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Restoring Dipterocarp Rainforest Diversity. Tree Regeneration,
Life-history traits and the Light Factor

Abstract

Rainforest restoration is an important application in today’s multipurpose management
of secondary forests. In the Malaysian state Sabah (Borneo) most forests have been
selectively logged, but many still hold potential for high biodiversity and carbon
sequestration, as well as future timber production. Restoration for biodiversity is
increasing, but knowledge concerning tree species growth and adaptations are
insufficient for foresters to make good decisions for sustainable management. The PhD
research was mainly conducted in the Sow-a-Seed project (Sabah) that started in 1998
to restore rainforest biodiversity degraded from logging and wildfire. Within the project
area a common garden experiment was established in 2008, involving 34 tree taxa.
There, tree species responses to increased light were predicted with the help of species
traits, and related to a pioneer-climax continuum of life history characteristics. Some of
these traits, e.g. wood density, specific leaf area and foliar nutrient concentration were
major factors in predicting the trees growth responses. Also in the common garden,
young trees growth under different levels of canopy cover were studied to examine the
potential increase in growth under higher levels of light, and the occurrence of species
specific light optima for growth. The tree species showed varied growth performances
under different levels of light, e.g. that species with climax properties had optima at
lower light levels than species with pioneer properties; and life-history traits were used
to model these variations among species. Further, diversity patterns among naturally
regenerated trees (=10 cm diameter at breast height) were studied over 10 years after
selective timber harvesting, using a gradient of harvest intensities (0~16 trees cut ha ).
Results showed that for optimum biodiversity harvest intensities should not exceed 8
trees haﬁl; since species richness was highest at an intermediate level of extraction, after
which it started to decline. Also the broadest range of traits was achieved at
intermediate levels of disturbance. Tree species richness influence on the diversity of
foliar lichens and canopy arthropods was also studied. Results indicated that a
foundation species approach could be useful for selecting trees that promote high
biodiversity. The work in this thesis highlights that the biodiversity of regenerating
forests can potentially be enhanced with suitable post-disturbance management.

Keywords: canopy cover treatment, Dipterocarpaceae, late successional species,
resource investment strategies, tree seedling, tropical forest, visible sky.
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Preface

2 April 2014

I’'m back in Camp Marimba, about 2 hour’s bumpy car ride from my base in
Luasong village, southeast Sabah, Borneo. Gibbon monkeys are singing the
morning to life, and a monitor lizard hunts for fish in the jungle river below the
camp. The forest is contradictory with its intense peacefulness and beauty.

Marimba is home away from home for many of the project staff who
carefully manages this great rainforest infrastructure. It is remote... no cell
phone signals reach here. It is wild... I even saw a clouded leopard cross the
bush road one early morning not far from the camp. I feel such bliss to — for a
short moment — be part of this amazing wilderness. I am forever grateful.
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1 Introduction

1.1 Secondary rainforest

Disturbance and forest loss are part of the natural successional dynamics in
tropical rainforests, through processes such as natural fires, droughts, land-
slides, diseases and extreme weather. However, anthropogenic activities have
shown accelerating effects on the natural forest succession (Brancalion et al.,
2013). Secondary forests have been defined in many ways (Box 1), and in this
thesis 1 use a definition from Brown & Lugo (1990) "forests formed as a
consequence of human impact on forest lands", excluding both plantation
forests and secondary forests resulting from natural disturbances.

Box 1. Definitions of secondary forest and old-growth forest

Secondary forest

Forest with simple structure and low biodiversity that is dominated by tree
species with pioneer characteristics; the term generally refers to any forest
subjected to logging. Brown & Lugo (1990) use the term to describe human
induced forest degradation, while Ghazoul & Sheil (2010) also include
natural disturbance in the term. Secondary forest, also called second-growth
or regrowth forests, can refer to forests that are re-established on previously
forested land after complete or almost complete natural or human induced
clearing, (Chazdon, 2014; Kammesheidt, 2002)

Old-growth forest

Late successional forest with high biodiversity and dense canopy cover that
have reached a stabile stage in structure and species composition, and where
the tree species composition is dominated by tree species with climax
properties; also called mature, pristine or virgin forest (e.g. Chazdon, 2014;
Ghazoul & Sheil, 2010).
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Secondary rainforests may have been exposed to various degrees of
degradation; for instance anything from a single selective logging operation to
repeated wood harvesting over an extended time period (Kammesheidt, 2002;
Brown & Lugo, 1990). The disturbance intensity affects the forest structure
and species composition (Mouillot et al., 2013), and a majority of these
disturbed forests have undergone changes in vegetation structure and soil
properties that may influence productivity and processes related to ecosystem
services (Chazdon, 2008). Also, degraded biodiversity is common in secondary
forests and researchers have expressed their concerns regarding the conditions
of the expanding areas of degraded forests (Barlow et al., 2016; Keenan et al.,
2015). Nevertheless, many of today’s secondary forests hold high species
richness and potential to recover from previous disturbances (Gibson et al.,
2011).

Human-modified landscapes are expanding in the tropics mainly due to
conversion of natural ecosystems into production focused land-uses (Gibson et
al., 2011). Todays’ tropical rainforest degradations are mainly due to selective
logging and large scale conversions into industrial agriculture or timber
plantations, but also shifting cultivation (Fao, 2015); the lack of adequate forest
management constitute an additional influential factor in many countries
(Kobayashi, 2004). Even though there are indications that the net rate loss of
tropical forests has slowed down over the last 25 years, there has still been a
decline in forest cover by 10 percent between 1990 and 2015 (Keenan et al.,
2015). A study from the University of Maryland using satellite data show a
yearly trend in tropical deforestation by 2101 km” between the years 2000 and
2012, despite that the satellite data also indicate high levels of reforestation
(Hansen et al., 2013). It is reported that the trends of tropical deforestation are
actually declining in some areas, very likely a consequence of deforestation
having had a high priority on international policy agendas over the last decades
(Barlow et al., 2016; Fao, 2015). The tree cover has even been expanding in
some tropical regions due to reforestation and tree plantations (Fao, 2015). All
in all, todays’ about 1770 M ha tropical forests are facing challenges such as
large-scale degradation and fragmentation, diminishing biodiversity and
reduced genetic diversity in expanding monoculture plantations (Keenan ef al.,
2015).

In the repeatedly selectively logged forests of Southeast Asia deforestation
rates are declining at a slower pace compared to many other forested regions,
while secondary forest areas are increasing rapidly (Keenan et al., 2015). For
example, on the Island of Borneo almost 50 percent (~26.3 M ha) of the
original forest had been lost and another 25 percent (~13.6 M ha) had been
selectively logged in 2010 (Figure 1), while an additional 42 percent (6.6 M
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ha) of the remaining Bornean primary forests are expected to be logged since
they are designated within the ‘production forest’ land-use class (Gaveau et al.,
2014).

D) 2010 INTACT, LOGGED FOREST
and PLANTATIONS

2010 logged forest
I 2010 intact forest
I 2010 industrial plantations

Figure 1. Map of Borneo illustrating the forests cover in year 2010; intact forest (dark green),
logged forest (light green), and industrial timber and oil palm plantations (black). Map and
caption courtesy of Gaveau et al.(2014).

1.2 In the light of species coexistence

Primary tropical forests are known to sustain a seemingly incomprehensible
diversity of trees. A recent pantropical study estimate that the number of
tropical tree species might exceed 50 000, which is an enormous contrast to the
about 130 tree species native to temperate Europe (Slik et al., 2015). On the
island of Borneo around 3000 native tree species have been identified
(MacKinnon et al., 1996), and 200-300 different tree species can be found in
just one hectare (Richards, 1952). Tropical rainforest biodiversity is supported
by a large variation in habitats that the tree diversity offers (Baltzer & Thomas,
2010). High species richness causes competition for resources, and many
theories aim to explain the co-existence of life forms. One commonly
suggested mechanism is niche differentiation (Poorter & Bongers, 2006;
Wright, 2002), i.e. that the rainforest heterogeneity reduces interspecific
competition and provides for coexistence of many species with different
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resource requirements and competitive abilities in various temporal and spatial
scales.

The available light is generally the most limiting resource for growth
among seedlings and young trees in evergreen tropical rainforest (Rozendaal et
al., 2006; Poorter, 1999); where the multi-layered canopy and gaps create a
diverse and dynamic forest light environment. It might be surprising that these
equatorial forest trees suffer from limited light, but imagine a closed canopy as
a roof where very little light is let through to the forest floor and where
stochastic events cause gaps that, for a short while, increase light and boost
plant growth. Under an intact canopy, only about 1-2 percent of the
photosynthetically active radiation will reach the understory plants and
seedlings (Romell et al., 2009; Chazdon & Fetcher, 1984). A vertical light
resource gradient ranges from the dark forest floor where tree seedlings usually
have to compete with dense understory vegetation, to the emergent tree crowns
in bright sun light. A disturbance — human or natural — can cause gaps that are
big enough to make a new successional regeneration cycle possible (Romell et
al., 2009; Brown & Whitmore, 1992). Secondary forests are found in different
stages of succession depending on the intensity of and time since the last
disturbance, and successional processes that lead to variabilities in the forest
light environment constitute key drivers for tree species composition (Walker
& Wardle, 2014).

1.3 Tree resource investments explained by life-history traits

The heterogeneous rainforests support a large diversity in ecological strategies
of trees relating to their life histories (Figure 2). These strategies govern
different dimensions of plant function, such as regeneration adaptations,
disturbance tolerance, and response capacity to light or nutrient limitations
(Wright et al., 2003; Westoby et al., 2002). Varieties in plant function are
expressed in functional traits, i.e. characteristics that have effects on individual
trees physiological functions, and thus directly influence organism
performance and fitness (e.g. Kunstler et al., 2015; Lebrija-Trejos et al., 2010;
Wright et al., 2010). A plants actual fitness is obtained by compromises (trade-
offs) in life-history traits; i.e. those acquisitive or conservative strategies that
influence the plants life history, like reproductive behaviour, growth rate, shade
tolerance, and resilience (Philipson et al., 2014; Wright et al., 2010; Poorter &
Bongers, 2006).
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Environmental factors
influencing rainforest trees
succession dynamics
Canopy closure
Disturbance regime
Available light at the
forest floor

‘with low wood

‘Pioneer’ seedling

leaf mass area
and foliar K

Tree traits explain seedling growth
responses to light along a gradient of
resource investment strategies.

Trait-light interactions influence
young trees’ optimal growth.

Traits explain diversity and
richness of tree species
in-growth after disturbance.

Tree species richness influence
foliar lichen community assembly.

‘Climax’ seedling
with high wood density,
leaf mass area
and foliar K

density,

P

Trees with pioneer traits
Light demanding, fast growth

Resource investment gradient Trees with climax traits

of life history traits

Shade tolerant, slow growth

and high responsiveness

and high resilience

Figure 2. Successional dynamics of trees in secondary lowland dipterocarp rainforest described
from a gradient of resource investment strategies based on life-history traits. The studies in the
thesis are listed as I - IV. Illustration by Karina Kaliadka

Rainforest trees’ different light requirements for regeneration can be
illustrated with a resource investment axis; at one extreme with trees having
‘climax’ properties (e.g. shade tolerance, slow growth and high leaf mass per
area) that limits tree growth in favour of stability and resilience, and at the
opposite side of the gradient light-demanding trees displaying contrasting fast-
growing ‘pioneer’ properties (Baltzer & Thomas, 2007; Rozendaal er al.,
2006). Shade tolerant trees with climax properties will invest in long leaf
lifespan with thick leaves or high leaf tissue density, while trees with pioneer
properties are associated with fast relative height growth and thin leaves with
short leaf lifespan (Asanok et al., 2013; Wright et al., 2004). Although forests
never actually reach that climax equilibrium stage of succession, the term is
still useful in explaining basic non-pioneer tree species characteristics and
adaptations. The pioneer—climax gradient shows a trade-off in life-history traits
among trees; for instance a young tree that experience rapid growth in bright
light will likely have a larger mortality rate in the dark understory shade
compared to an individual with a slower growth rate. Thus, different adaptions
of tree species to site conditions are visible in their resource investment
strategies through the life-history traits (Salguero-Gomez et al., 2016;
Philipson et al., 2014). The prevailing stage in forest succession after
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disturbance determines the species community composition through
predictable patterns in life-history traits and vital rates (Wright et al., 2010;
King et al., 2006; Davies & Ashton, 1999).

1.4 Dipterocarps — rainforest giants

One tree family — the Dipterocarpaceae — dominates the lowland rainforests of
Southeast Asia; ecologically in forest biomass, but also from an economic
aspect since many valuable timber species belong to this family (Ashton,
1988). The dipterocarps are long-lived tree species with strong habitat
associations and are generally described as late successional with climax
properties, all though it is becoming more and more recognized that there are
large variations in resource requirements also within the dipterocarp family
(Born et al., 2015; Ashton & Kettle, 2012; Kettle et al., 2012 and Paper I).
Still, there are large knowledge gaps concerning dipterocarp resource
investment strategies and adaptations to site conditions. Due to intensive
harvest over the last decades many dipterocarp species are now listed as
endangered or even critically endangered in the IUCN Red List of Threatened
Species (IUCN, 2016). For instance, out of the 195 dipterocarp species native
to Sabah 44 species are listed as critically endangered, 20 species as
endangered and 1 species as vulnerable in the Red List (IUCN, 2016).
Noteworthy is that Maycock et al. (2012) have questioned current conservation
assessments of Sabah dipterocarps for not considering the full aspects of the
species’ ecology. By using ecological niche models sensitive to ecological
factors their estimates indicated greater habitat loss within dipterocarp species’
historic distributions in lowland rainforest than earlier reported. Still, the
Maycock et al. study (2012) estimated a lower category of threat for most of
the studied species compared to the estimates by IUCN in 2010, and they
concluded that other dipterocarps likely are more threatened. Overall, the
dipterocarps are among the tree species in most need of management measures
like restoration for biodiversity.

1.5 Foundation tree species

Foundation species, i.e. species with disproportionately large effect on
associated biodiversity of organisms, create and maintain habitats that locally
support other species and structure communities; they also tend to have a
stabilizing influence on ecosystem processes (Whitham et al., 2006; Ellison et
al., 2005). Late successional tree species truly construct the characteristic
rainforest architecture, and some of these tree species may well act as

16



foundation species. Slik et al. (2013) recognize the importance of large old
trees in a forest ecosystem, and that their (life-history) traits can influence
ecosystem dynamics, e.g. in influencing hydrological processes, storing large
quantities of carbon and creating niches such as nesting and sheltering sites.
However, also young individuals of certain tree species may have a facilitating
influence on other species groups in the local environment, and thus acquire
the status of foundation species.

1.6 Management for multi-functional forests and biodiversity

Managers are facing many challenges in reversing the current trends in forest
degradation. New measures of management for biodiversity are required to
meet the needs of the widespread areas of secondary tropical rainforests
recovering from disturbances like fragmentation and loss of biodiversity. Our
levels of understanding are hampered from insufficient knowledge regarding
e.g. forest recovery processes and drivers of species community assembly
(Lebrija-Trejos et al., 2010; Clark & Clark, 1992). It has been shown that
ecosystem functioning and biodiversity are closely related during secondary
succession (Bu et al., 2014), and in order to enhance degraded biodiversity we
need to increase our knowledge regarding such processes and drivers.

The fitness of a tree, i.e. the individuals reproductive success in a specific
environment, illustrates a relationship between phenotypic variation and
environmental conditions that reflect the adaptive value of the trees life-history
traits (Ackerly, 2003). By studying life history strategies we can better
understand forest successions and the relationships between functional traits
and demographic rates among tropical rainforest trees. Many traits are difficult
to measure, while others are easier to acquire and easier to use in practice.
Traits usefulness mainly lies in their rapid and consistent responses - regardless
of taxa - to the complex processes caused by major changes in the environment
(Mouillot et al., 2013). There are numerous studies on traits interspecific
variations (among species), while intraspecific variations (within species) have
been less researched. Tree traits have been proven useful for modelling the
variation among species to better understand species interactions and responses
to disturbance (e.g. Philipson et al., 2014; Poorter et al., 2008), and trait-based
approaches have helped gaining significant understanding in how the
environment affects the species community composition (e.g. Kunstler ef al.,
2015; Asanok et al.,, 2013). This is valuable knowledge indicating how
relatively easily measured traits that can be obtained for large numbers of
species can be used to predict tree resource requirements for less studied
species in the highly diverse tropical forests. Predicting tree species strategies
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for resource use is important for management focusing on production and
ecosystem services, and it also applies to biodiversity focused management
(Baltzer & Thomas, 2010).

Today’s declining deforestation rates are partly due to earlier reforestation
and timber plantation operations for wood production purposes (which often
used only a limited number of species, usually <5), and often monocultures of
highly productive exotic tree species (Lamb et al., 2005). Now reforestation
can have different aims, for instance to restore biodiversity and to enhance
carbon sequestration (Kettle, 2010; Chazdon, 2008; Brown & Lugo, 1994).
Restoration methods include support of naturally regenerated seedlings and
enrichment planting of absent species (Hector et al., 2011; Adjers et al., 1995);
for instance focusing on foundation plant species (Ellison et al, 2005).
Ecological restoration for biodiversity raise the interest to involve a much more
diverse tree species pool compared to traditional reforestation, but so far
practical experience from enrichment plantings with more than a handful
species is scarce.

My PhD research was conducted in the INIKEA Sow-a-Seed project, which
started in 1998 in Sabah to restore rainforest degraded from logging and
wildfire. The main aim of the Sow-a-Seed project has been to improve
biodiversity by planting a multitude of native tree species; mainly
Dipterocarps, but also other climax species and fruit trees. Today about 13000
ha have been treated, and almost 100 tree species have been included in the
restoration efforts. Two enrichment planting methods — line planting and gap-
cluster planting — has been used alongside assisting the natural regeneration by
canopy reduction and removal of competing herbaceous vegetation (Alloysius
et al., 2010). The project now holds great knowledge from planting and
managing these many species. Trees’ survival rates vary between 25-80
percent, and the largest trees after 18 years have reached almost 60 cm
diameter at breast height, while many individuals are smaller (around 10 cm
diameter at breast height). The main question of the project is no longer
whether it is possible to plant many species; instead the focus is on fine-tuning
methods to enhance tree survival and forest structure. The experiences from
restoration efforts have greatly enhanced our understandings of the restoration
process. At the start there was a focus on how to restore a degraded rainforest
in a wide sense, whilst now the questions are much more specific, e.g.
regarding the impact of certain tree planting methods and tree species
interactions with site conditions. Still we only have a very limited degree of
understanding the whole system. I seek with this thesis to contribute to
increased knowledge regarding management of secondary rainforest.
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1.7 Objectives

The overarching aim of my PhD thesis was to improve future forest restoration
by enhancing the understanding of post-disturbance processes in secondary
lowland dipterocarp rainforest. Based on life history theory I aimed to
investigate relationships between tree traits and interactions with site factors by
modelling tree species responses to limiting resources and to disturbance. I
aimed to use life-history traits of a diverse selection of tree species to gain
general knowledge of tree dynamics through multivariate models, and thereby
also to increase the understanding of lesser known tree species. I also scaled up
from the species level to the community level to gain a broader understanding
of the secondary forest system. Thus, I examined tree species’ responses to
disturbance, as well as the community composition of trees regenerating and
growing into the tree strata after disturbance (Paper I1I). Further I examined the
influence of the tree community on the diversity of other life forms (Paper IV).

The central research questions of this thesis are:

I.  Can models based on life-history traits predict tree species’
responses to increased light; and do these responses relate to a
possible pioneer—climax continuum of resource investment
strategies?

II.  Can life-history trait interactions with light predict young trees
growth — irrespectively of species identity; and is it then possible to
identify optimal light conditions for growth?

III.  Does an intermediate level of disturbance benefit the diversity of
trees growing into the strata after selective logging, and can life-
history traits be used to predict species-specific patterns of post-
disturbance in-growth?

IV.  Does a higher number of planted tree species promote the diversity
of other life forms (e.g. lichens and insects); and is it then possible
to optimize tree species selection by using foundation species, or
with the help of life-history traits?
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2 Study system

The PhD studies were conducted in two forest reserves in southeast Sabah, a
Malaysian state on the Island of Borneo, and managed by Yayasan Sabah a
State Government statutory body. The area consists of undulating lowland
dipterocarp rainforest (altitudes between 300 m and 600 m a.s.l.) with tropical
humid equatorial climate and mean annual temperatures around 27°C. The
monthly precipitation exceeds 100 mm throughout the year, with moderately
more intense rainfalls between October and February (Peel 2007). Mean annual
precipitation has been measured to 2517 mm in the project area (SD 760 mm)
for the years 2002-2013. Today the production forests surrounding the forest
reserves have been selectively logged and large parts have been converted into
oil palm plantations.

2.1 Field sampling

Most of the research in this thesis (Paper I, II and IV) was conducted in the
Sow-a-seed restoration project area, a 18,500 hectare experimental forest
within the Sg. Tiagau Forest Reserve (approximately 4°360°N, 117°120’E).
This area was logged in the 1970’s and subsequently burned in the 1982-1983
ENSO event resulting in one of the most extensive forest fires in recent times
(Goldammer, 2006). The wildfire event resulted in secondary forest largely
dominated by pioneer trees, primarily from the Macaranga genus (Figure 3b),
while some areas that were subjected to a higher degree of disturbance had a
large element of herbaceous vegetation mixed with the pioneer trees (Figure
3a). Still a few adult canopy trees with climax properties could be located in
most parts of the project area, as well as fragments of primary forest (Figure
3c). In 1998 the project was initiated with the aim to restore the forest
biodiversity by using enrichment planting methods, and to date more than 2
million native trees have been planted.
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Figure 3 (a-c). Forest types based on levels of degradation in a secondary lowland dipterocarp
rainforest subjected to selective logging and wildfires over 30 years ago in Sabah, Borneo.
Fisheye photos illustrate the canopy cover of the forest types (top row), and photos show the
vegetation at the forest floor (bottom row). A mix of herbaceous vegetation and pioneer trees
create the broken canopy that dominate the areas that were subjected to the highest level of
degradation (a), while the most common forest type that was subjected to an intermediate level of
disturbance is dominated by pioneer tree species (b). In areas that were less degraded adult late-
successional tree species mixed with pioneer tree species form a more closed canopy (c). Fisheye
photos by Lukas Holmstrom and photos by Ulrik Ilstedt.

In 2008 a 3 ha field trial study plot was established in the interior of the
project area where plants were propagated in a relatively homogenous
environment. Trees from 34 species replicated 20 times were planted 3 m apart
with a random distribution along lines with 10 m apart over the study area
(Figure 4). This “common garden” approach allowed studies of the
interspecific tree variation within a standard environment - the suitable set up
for studying tree species common in forest restoration, their traits and response
to light. There was also conducted a study on the relationship between the tree
species richness and the diversity of other life forms, i.e. foliar lichens (Figure
5) and canopy arthropods.

The study for Paper III was conducted in the Gunung Rara Forest Reserve
(approximately 4°33°N, 117°02’E) about 40 km from the Sow-a-seed project
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area. The experimental area comprised 20 study plots (6 ha study plots, with
enumerated 100x100 m net plots) established in 1992 in primary forest, with
the initial aim to evaluate the impact of different tree harvest methods, where
logging was carried out in 1993. Based on this long-term selective logging
experiment the study of Paper Il was focused on in-growth development of
trees (=10 cm diameter at breast height) over a period of 10 years after logging,
using a gradient of selective logging intensities i.e. number of harvested trees
per ha. More detailed information on study sites and sampling methodology
can be found in respective Paper.

Figure 4. Schematic description of line planting as implemented in the Sow-a-seed restoration
project, an 18,500 hectare experimental forest within the Sg. Tiagau Forest Reserve, Sabah
Malaysia.

-2
Figure 5. Foliar lichens on a leaf from a tree planted in the common garden experiment of the
Sow-a-Seed project in Sabah, Borneo.
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2.2 Life-history traits

Functional traits are known to have strong correlations to growth and response
to light (Wright et al., 2010; King et al., 2005 and Paper I), and life-history
traits have frequently been used to examine species’ resource requirements
(Salguero-Gomez et al., 2016; Kunstler et al., 2015; Born et al., 2014). For
instance have wood density historically been used to group tree species into
different timber categories (e.g. light or heavy hardwood); while it today also is
used in trait-based analyses, indicating tree species resource investment
strategies (i.e. acquisitive or conservative) along a pioneer—climax continuum
(Rozendaal et al., 2006; Swaine & Whitmore, 1988). Trees with high wood
density have more robust stems that are resistant to herbivores and pathogens,
while trees with low wood density instead invest in high volume growth per
synthesised carbon compound. Specific leaf area (and its inverse, leaf mass
area) represents the cost of light absorption at leaf level and indicating trees
leaf strategies for resource capture, where high specific leaf area indicates
resources invested in pioneer properties e.g. fast growth and strong responses
(Diaz et al., 2015; Lambers & Poorter, 1992). Specific leaf area is a good
indicator of plant functioning (e.g. photosynthetic and respiratory rates), and
plays an important role in plants responses to both light and nutrient
availability (Wright et al., 2010). Further, I also examined leaf nutrient
concentrations (i.e. nitrogen, phosphorous and potassium). Pioneer properties
such as fast growth and high photosynthetic capacity can be linked to high
levels of both nitrogen (an essential component of both chlorophyll and amino
acids) and phosphorous (for instance necessary in the regulation of
photosynthetic capacity) (Wright et al., 2010; Mengel & Kirkby, 1987).
Potassium leaf concentrations effects on trees growth and resource use is much
less studied, but it has been linked to species investment in resilience e.g.
unpalatable and disease resistant leaves (Tripler ef al., 2006). I have taken use
of a selection of life-history traits commonly used in studies on trees growth
performance to examine the variation among tree species resource investment
strategies (Table 1, next spread).

2.3 Canopy cover and forest light conditions

I used two complementary methods to estimate the light environment; image-
based measurements of the visible sky to reflect the proportion canopy
openness, and the subjective crown illumination index, CII (Jennings et al.,
1999; Clark & Clark, 1992) to estimate the light that actually reaches a tree
crown. A canopy reduction treatment was conducted to mimic a natural (or
human induced) gap dynamic process and I took measurements before and
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after treatment to calculate the overall change in forest light conditions for the
two canopy/light parameters. The canopy openness (percentage of visible sky)
from 1.30 m above the forest floor was estimated by analyzing circular 180°
hemispherical photographs (Figure 6). The light environment for an individual
tree was calculated using the mean values from two photographs, taken at 1.5
m from each planting point in both directions of a planting line (in total >1500
photos*2 inventories). CII was based on a subjective scale where 1.0 indicated
no direct light on the tree crown, while 5.0 indicated a fully illuminated tree
crown (Jennings et al, 1999; Clark & Clark, 1992). A more detailed
description of the light estimates can be found in Paper L.

Figure 6. Canopy openness before (left) and after (right) a canopy reduction treatment in the
common garden experiment of the Sow-a-Seed project in Sabah (Borneo), measured using
hemispherical fisheye photos.
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Table 1. Tree species’ life history traits and related resource investment strategies in the pioneer—climax continuum. Variables (Var.) are shown as predicted (P)
or explanatory (e) in the trait-based models.

Life-history traits Var. Resource investment strategies in pioneer—climax continuum Evidence for trait function
ﬁila[t}llgfa{]l e_llgo ht[}‘%ﬁ,ou:}}]t)}; rate p Monthly height (h) increment from stem base to top of the crown. Species with E.g. Paine et al. (2015) and
(ti Iieﬁna]_ time%‘m“l) pioneer properties grows faster compared to species with climax properties. Philipson et al. (2011).
Height growth response p Monthly response in height growth to increased light. Stronger response for species E.g. Paine et al. (2012) and
(cm/month) with pioneer properties compared to species with climax properties. Baker et al. (2003).
Trees growing into the forest after disturbance. Pioneer properties dominate early . .
In-growth (stems/ha) P succession stages, with an increasing element of climax properties in later stages. Molino and Sabatier (2001).
Potential response in height p The 75percent quantile of a species’ HGR response. The growth response of Wright et al. (2010)
growth (cm/month) individuals less limited by other factors from each species. & ’ '
Crown depth (m) R Vertical measurement from lowest branch to top of the crown. High values indicate a ~ E.g. Kitajima ef al. (2005)
P tall crown, fast growth and pioneer properties. and Poorter et al. (2003).
Crown depth/tree height ratio o Tall trees have high values, potentially indicating climax properties. Light limitation Sterck et al. (2001)
(m/m) can potentially be indicated by a tall and slim individual with short crown depth. erar ’
Crown width (m) R Mean horizontal crown width, measured in two directions. Wide crowns indicate fast ~ E.g. lida ef a/. (2014) and
growth and pioneer properties. King et al. (2005).
. Height growth from six months after planting to 12 months after planting. Strong

Early height growth (m) ¢ early height growth can potentially indicate pioneer properties. N.a
Foliar potassium R Measured with an atomic absorption spectrometer. High values indicate conservative Tripler et al. (2006)
concentration (mg/g) climax properties e.g. reduced herbivory and strong resistance to disease. P ’ ’

2 Leaf dry mass per unit area. High values indicate climax properties e.g. thick long- E.g. Diaz et al. (2015) and
Leaf mass area (g/om’) e lived leaves. Wright et al. (2004).
Leaved stem length (cm) R Total length of leaf display on a branch. Indicates recent extension growth, e.g. high King and Clark (2004).
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Mortality rate (log[N™"] -
log[N™")/time

Maximum diameter at breast
height (m)

Maximum height stature (m)

Foliar nitrogen concentration
(mg/g)

Foliar phosphorous
concentration (mg/g)

Specific leaf area (cm? g ")

Wood density (g/cm’)

Young tree mortality (excluding the six first months after planting). High values
indicate pioneer properties e.g. investments in early growth.

Trunk diameter measured at 1.3 m above stem base. High values indicate investments
in climax properties, e.g. investment in stability.

Tree height from stem base to tip of the crown. High values indicate investments in
climax properties, e.g. investment in stability.

Measured using an autoanalyzer. Essential for plant growth and photosynthesis, and
high levels indicate pioneer properties.

Determined using the molybdenum-blue method. High levels indicate pioneer
properties. Low levels can result in stunted growth in young plants.

The inverse of LMA. High values indicate pioneer properties e.g. thin leaves with
short lifespan.

Dry weight per unit volume wood. High values indicate climax properties, e.g.
stability and resilience.

E.g. Philipson et al. (2014)
and Wright et al. (2010).

King et al. (2006).
E.g. Kunstler et al. (2015)

and Wright et al. (2010).

E.g. Baltzer and Thomas (2007)
and Wright et al. (2004)

E.g. Baltzer and Thomas (2007)
and Tripler et al. (2006).

E.g. Philipson et al. (2014) and
Poorter and Bongers (2006).

E.g. Kunstler ef al. (2015) and
lida et al. (2014).
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2.4 Trait-based multivariate analysis

I have based a large part of the statistical analyses of my PhD research on
multivariate Partial Least Square Regressions (PLS) analyses (Paper I, II and
IIT), mainly in an attempt to capture and examine as much of the variation as
possible in a highly diverse lowland dipterocarp rainforest. There are still
numerous unidentified species and many to us unknown basic ecosystem
processes i.e. species community assembly, interspecific competition and
response to disturbance, and thus relationships between species traits and site
factors. Hence, PLS is an adequate analysis method to examine such a complex
and unknown system since it allows the inclusion of several correlated
dependent variables (Eriksson et al., 2013).

PLS is a multivariate extension of a multiple linear regression (MLR) that,
similarly to a Principal Component Analysis (PCA), summarizes the variation
in the data by calculating linear components. New components are created as
long as Q* (predicted variance based on cross-validation) is increasing. The
PLS identifies a linear (or polynomial) relationship between two matrixes of
predicted Y-variables and explanatory X-variables (i.e. traits or site factors).
Thus in contrast to PCA the PLS components are optimized to predict Y-
variables based on the X matrix (Eriksson et al., 2013). Consequently the
explanatory variables do not need to be independent as in MLR, and it is also
possible to use several y-variables. In Paper Il and III, squared terms of the
environmental variables (i.e. light and disturbance, respectively) and their
interactions with the traits, i.e. trait*trait, site*site and trait*site*site, were
include to explore the presence of young trees relative height growth optima in
relation to light availability (Paper II), and the disturbance intensity required
for optimal tree species diversity establishment after selective logging (Paper
III). More detailed descriptions of the PLS analysis method can be found in
Paper I and 11
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3 Results and Discussion

3.1 Life-history traits’ predictive power

Modelling tree’s functional traits have been proven useful for creating a better
understanding of forest structure, plant life history strategies and response to a
changing environment (Salguero-Goémez et al., 2016; Diaz et al., 2015; Poorter
& Bongers, 2006). There are traits that seem to correlate positively with
patterns of genetic diversity, for instance seed dispersal syndromes (e.g.
gyration, wind, animal) for maternally-inherited markers (Thomas et al., 2014).
Building on previous knowledge, the studies of this thesis have shown that
trait-based models can be used for predicting general patterns of tree species
resource use strategies and thus how they responded to an altered light
environment (Paper I), but also to predict relative growth for individual trees at
different levels of light (Paper II) and tree species in-growth after disturbance
(Paper III). The model’s explained variance ranged between 20-50 percent (20
percent, 30 percent and 47 percent for Paper I, II and III respectively), quite
promising results considering that they were examining a hyper diverse
tropical rainforest ecosystem. In addition to the variables included in these
models, there were probably numerous other factors influencing the tree
growth. For instance competing vegetation, i.e. climbers, herbaceous
understory vegetation and early successional trees, would likely have
influenced the monitored trees, as well as available soil nutrients, erosion,
compaction during logging operations, herbivory and pathogens.

With the multivariate models I aimed to identify a limited number of traits
that could explain a large part of the variation influencing the studied system;
more specifically I wanted to examine the extent of variation in resource
investment strategies among a large group of late-successional 'climax' species,
but also study the variation among a selection of taxa from different families.
The trees in the common garden were germinated from seeds collected from
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the same area and planted under realistic conditions in this degraded forest,
which is in contrast to many studies conducted in tropical rainforest that have
been examining either existing natural regeneration (e.g. Holste et al., 2011;
Whitmore & Brown, 1996; Clark & Clark, 1992) or seedlings in "greenhouse-
like" environments (e.g. Paine et al., 2012; Philipson et al., 2011; Wright &
Westoby, 1999). In a study with similar methodology and from similar
conditions as my common garden experiment Philipson et al. (2014) identify a
trade-off in life history characteristics between trees with different ecological
strategies, and they highlight wood density as an especially useful trait when
examining variation among trees life history strategies. My prediction models
also showed systematic patterns among trees life history strategies that could
be related to a pioneer—climax continuum, i.e. that tree species exhibit a
continuum of resource investment strategies related to their successional status
(Paper I). Further, by including a canopy reduction treatment I could also relate
the trees responses to increased light to the pioneer—climax continuum (Paper
I). The light factor was later also used in analyses that showed that young trees
light requirements for optimal growth varied with resource investment
strategies (Paper II). Additionally, by examining tree species in-growth after
disturbance I showed that mild disturbance can enhance tree species richness
and thereby influence life history trait diversity (Paper III). The results are
consistent with other studies that have shown how relationships between life
history adaptations and vital rates (e.g. relative height growth) vary along a
pioneer—climax gradient of resource investment strategies (Diaz et al., 2015;
Wright et al., 2010).

The rich flora of lowland dipterocarp rainforest partly belongs to tree
species that are still unknown or unidentified. I showed in Paper I and II that
by applying traits-based models to lesser known tree species it was possible to
predict e.g. growth or response patterns for species where that information
were not known to us, and thus broaden the understanding of rainforest trees
interspecific competition and community assembly. Based on the trait-based
model (Paper I) I created a prediction plot, where some of the species in the
study were used to predict the values of the remaining species in a cross-
validation approach (Figure 7). The result showed a clear correlation between
measured and predicted values - indicating the models strong predictive power.
The species positions along the 1:1 line (blue in Figure 7) indicated a pioneer—
climax continuum, where species with high response indicated pioneer
properties. Both dipterocarps and non-dipterocarps were found in the full range
from weak to strong response to the change in light conditions, but the majority
of our dipterocarps exhibited a high response.
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Figure 7. Response prediction plot for height growth response (m). The Y-axis represents

measured values and the X-axis predicted values of the potential height growth response, where

the positions along the 1:1 line (blue) indicates a pioneer—climax continuum among 33 planted

native tree species in Sabah, Borneo. For full methodology and tree species’ codes see Paper 1.

I used a large number of life-history traits in this thesis (Table 1), all with
the aim to address different aspects of tree resource investment strategies and
thus to increase our understanding of secondary rainforest dynamics. The traits
can show different explained variance, depending on the focus of the study as
well as the species included. For instance, when examining different tree
species response in height growth to an increased irradiance (Paper 1) a suit of
traits related to pioneer properties showed high explained variance, i.e. fast
early height growth and large tree crown (i.e. long leaved stem length, large
crown width and long crown depth). Trees acquisitive or conservative
strategies can influence competitive dominance through resource requirements
and responsive abilities (Kunstler et al., 2015; Walker & Wardle, 2014).
Consequently, life-history traits affect the rainforest tree community
composition. The traits interspecific variations are drivers for a growth—
mortality trade-off (Philipson et al., 2014; Wright et al., 2010; Ackerly, 2003;
Kitajima & Bolker, 2003), where adaptations related to fast growth (e.g. high
SLA and mortality) are opposing adaptations related to stability and resilience
(e.g. high wood density and foliar K concentrations) illustrated in Paper I, II
and III.

In my studies a few traits stood out as especially well-suited to predict tree
species’ growth and responses, as well as their resource investment strategies;
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foliar potassium concentration consistently showed high explained variance
with high values indicating climax properties, so did also wood density and
leaf mass area (or its inverse specific leaf area). Wood density is a well-known
trait that has been used for decades in the timber industry to group tree species
after timber density and thus approximate values can be found for most tree
species (Faridah Hanum & Van Der Maesen, 1997). 1 used wood density
values from the literature, which probably decreased the models degrees of
explanation. Still wood density had a large impact in my models, for instance
showing a strong negative correlation between wood density and the response
to light (Paper I). Also foliar K concentration — up until now rarely used as a
life history trait in trait-based modelling — was negatively correlated with both
tree height growth response (Paper I) and relative height growth rate for young
trees (Paper II), as well as the response to disturbance (Paper 1II); indicating
that high values of K can be an evidence of climax properties. Also lichen
community composition was correlated to foliar K concentrations (Paper IV).
Based on my results I would strongly support further inclusion of foliar K
concentration in life history trait studies.

3.2 The light factor

The forest light environment plays a key role in this thesis (Paper I, II, III and
IV). In general it is dark at the rainforest floor, also under a broken canopy
(Figure 3). The levels of transmitted radiation reaching the planted trees in our
common garden study (Paper II) ranged from complete shade to just above ten
percent canopy openness in the largest gaps (Figure 8). Only three percent of
the seedlings were found in bright light (CII level 4 and 5). Under the closed
canopy at CII level 1 a median value of 4.1 percent visible sky (1st quartile
0.035 /3rd quartile 0.048) was measured; while the least shaded points at CII 4
showed a median value of 7.5 percent visible sky (1st quartile 0.055 /3rd
quartile 0.086) and at CII 5 a median value of 11.3 percent visible sky (1st
quartile 0.068 /3rd quartile 0.130). An additional value of the dual light
measurements is that the results indicated that crown illumination index — a
simple and cheap estimation method — can estimate the forest light
environment with reasonable accuracy.

I performed a canopy reduction treatment 50 months after planting to study
the young trees growth responses to increased light (Paper I). The post-
treatment increase in visible sky from 4.8 percent to 7.3 percent might seem
small, but it is actually an increase in canopy openness of 34 percent (Figure
9). Other studies from the same region show similar levels of light after
disturbance; e.g. a study examining naturally created gaps in Sabah show
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canopy openness of 11.2 percent in the gaps and 2.4 percent in the shaded
understory (Born et al., 2015). Another study in lowland dipterocarp forest in
Sabah with a slightly higher level of disturbance compared to the common
garden show levels of visible sky at 8.8—10.7 percent before treatment (Romell
et al., 2009).
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Visible sky (%)
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Crown lllumination Index

Figure 8. Box plot illustrating the relationship between the measured percentages of visible sky
(or canopy openness) and the estimated values of crown illumination index (CII) for young
planted trees in a common garden experiment in Sabah, Borneo. CII level 1 indicates a tree crown
in complete shade, while CII level 5 indicates a fully illuminated tree crown. N is the number of
individuals for each CII category. For full methodology see Paper I1.
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Figure 9. Frequency of visible sky (i.e. canopy openness) at individual planting points before
(black) and after (grey) a canopy reduction treatment in a common garden experiment in Sabah,
Borneo. For full methodology see Paper 1.
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3.3 Trait — light interactions influence growth

Rainforest trees have to compete for resources and their establishment at
suitable sites are decisive for trees to obtain optimal fitness (Philipson et al.,
2014; Ackerly, 2003). Fast growth and strong responses will depend on how
well a tree is adapted to its site conditions as well as the amount of available
light at its growing site. Trees adaptations to site factors can be examined
through trade-offs in regeneration strategies, and multivariate trait-based
analyses can model relationships between species’ traits and site factors
(Legendre & Legendre, 2012; Dray & Legendre, 2008). In Paper I it was
possible to predict tree species height growth responses to increased light
succeeding a canopy reduction treatment based on traits (Paper I). Further, by
combining traits and light factors as explanatory variables in multivariate
models more of the variation among tree species, but also among individual
trees could be explained (Paper II).

In accordance with Poorter et al. (2003) my results showed that pioneer
traits related positively to species with requirements of high light levels across
a large number of species and genera (dipterocarps and other genera).
Additionally, by using a taxon-free approach it was possible to identify
different resource investment strategies, and light levels for optimal growth
among the young planted trees (Paper II), where trees with acquisitive pioneer
growth patterns had optima at higher light levels than trees with conservative
climax growth patterns (Figure 10). The models’ best fit was achieved by
including quadratic terms, indicating non-linear relationships between traits
and light.

It has been debated whether species with high growth rates in
comparatively open environments also exhibit better growth in light-poor
environments (Bloor & Grubb, 2003; Poorter, 1999; Clark & Clark, 1992), or
if species change ranks when not growing in their optimal light (Philipson et
al., 2014; Sack & Grubb, 2001). In Paper II the response surface with respect
to the leaf mass area variable indicated a week rank reversal between young
trees adapted to bright light or full shade; i.e. that trees not only experienced an
optimal light for growth, but also decreased growth rates in less favourable
light environments. However, the identified differences were small and it is
doubtful whether they are important for population dynamics, and the
differences in survival were probably larger and thus had greater impact in low
light conditions
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Figure 10 (a and b). Response surfaces based on a PLS regression model illustrating young trees
relative height growth rate (hRGR, m/month) among 34 tree species at different levels of forest
light under rainforest canopy predicted by traits in a common garden experiment in Sabah,
Borneo. (a) Total foliar K concentration (K, mg/g), (b) Leaf mass area (LMA, g/m?). The Y-axes
represents a continuum of life-history traits, with pioneer properties (e.g. low K and LMA) at low
levels and properties of shade tolerant species (i.e. high K and LMA) at the high levels. The forest
light (X-axis) is qualitatively estimated using the crown illumination index, where level 1
indicates complete shade and level 5 indicates total canopy openness. The colour scheme
indicates increasing hRGR from blue to red colour. For full methodology see Paper 1.
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3.4 Disturbance effects on tree species coexistence

The forest light environment is closely linked to the forest disturbance regime,
may it be of natural cause or induced by human activities. Trees exhibit
different adaptations to disturbance based on a natural succession dynamic that
can be illustrated with the pioneer—climax gradient in species resource
investment strategies (Rozendaal et al., 2006; Wright ef al., 2003, as well as
Paper I and III). Patterns of tree species in-growth after selective logging could
be illustrated by relating tree wood densities to number of harvested trees
(Paper III); where for instance, species with pioneer properties might have
been favoured by the increased light and soil exposure after harvest (Figure
11). Disturbance is therefore an important factor for tree growth and survival,
and thus a driver of tree species community composition (Kunstler et al., 2015;
McConkey et al., 2012). Interspecific variations in demographic rates are
primarily observed in tree’s early life stages, and growth variations among
young trees are often linked to theories on coexistence, such as gap dynamics
and niche partitioning (Ghazoul & Sheil, 2010). These coexistence theories are
supported by the results in Paper 1I, showing differences in optimal growth
among young trees that can be related to the forest light conditions after
disturbance. Frequent and intense disturbance events such as forest fires or
overharvesting of forest resources will likely change tree species composition
and generate homogeneous low-diversity forests (Lamb et al., 2005; Woods,
1989). Conversely, low disturbance intensities can support spatial
heterogeneity and higher life-history traits diversity, and thus a larger tree
species pool (Paper III). The polynomial diversity—disturbance relationship in
Paper III indicates that low harvest intensities of 2-8 trees ha' increased
species richness of trees growing into the tree strata by giving disturbance
favoured species a chance to establish in newly formed gaps in the forest
vegetation. The study provides a mechanistic understanding of individual tree
species disturbance responses under different competitive conditions.
However, Paper III provides a comparatively strong evidence since it is based
on a replicated, long-term and controlled experiment. In this respect, it seems
like moderate selective logging does not involve substantial damage to
biodiversity.
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Figure 11. Patterns of in-growth for 15 tree species, in relation to wood density (g cm ) and
disturbance (number of harvested trees per hectare). Tree species are marked in different colours
and the in-growth over 10 years (number of stems per hectare; diameter at breast height > 10 cm)
is illustrated with different sized dots (a larger dot indicates greater in-growth). See Paper III for
full methodology and a key to the species abbreviations.

3.5 Trait-based management applications

The diversity of trees’ life-history traits influence tree species communities
response to disturbances and other factors changing the environment (Thomas
et al., 2014), subsequently these traits facilitate rainforest resilience and
evolutionary potential. Restoration for biodiversity can therefore be improved
by reliable predictions of e.g. tree species life-history traits and growth
response potentials (Paper I) and optimal light for growth (Paper II). By
planting a mix of tree species with different life history adaptations it may be
possible to regenerate a rich climax tree species community, where certain tree
species are foundation species supporting the diversity of other life forms
(Paper 1V). With current increasing interest in management for biodiversity
and other ecosystem services it will be necessary to restore a rich and diverse
tree species pool. Consequently, traditional knowledge from conventional
management operations using a very limited number of tree species for
regeneration and timber production are no longer sufficient to accommodate
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this broad spectrum of life history adaptations and interactions with other
species groups. Mace et al. (2012) highlight the importance of including
functional trait diversity in largescale research on biodiversity and ecosystem
services. Hence, to ensure positive outcomes of restoration for biodiversity we
need to enhance tree diversity, but also secure high trait diversity. The
generalizing predictive power of multivariate trait-based analyses can be used
to enhance planted tree survival and fitness in forest restorations, as showed in
Paper I and II. For instance, for tree species whose traits indicate lower than
general survival rates managers can compensate by planting more individuals
of that species to reach a certain target. Also, the use of native species in
management operations like enrichment plantings enable a possible
enhancement in e.g. genetic diversity, inter- and intraspecific interactions, as
well as interactions with their environment (Thomas et al., 2014).

Life-history traits were proven useful in predicting e.g. tree growth rates
and responses to site conditions (Paper I and II). Hence, I showed that cost
effective tools based on easily observed traits can facilitate species-site
matchings and thus species selection for forest restoration. For instance, the
strong relationship between initial growth rates of trees and their response to
increased light and other traits in Paper I propose a possibility to make a fast
screening of species with unknown characteristics, which can be of great value
in practical forest management. This is of particular importance at present
when knowledge is lacking on most rain forest tree species. Potentially traits or
combinations of traits can be used in forest management to optimize between
production focused values, e.g. timber, and ecosystem services. It was also
possible to predict effects of harvest operations impacts on tree diversity and
species composition (Paper III). Life-history traits provide increased insight
into the understanding of forest drivers and processes, based on that we can
make targeted management operations that imitate forest dynamics and give
long lasting support to biodiversity.

3.6 Tree species and other life forms

In order to evaluate the success of restoration for biodiversity the entire system
needs to be taken into consideration — including species variation among
taxonomic groups, but also genetic variation and the diversity of natural
communities and habitats; therefore I looked beyond the tree diversity by
including other species groups. In an attempt to assess whether the efforts of
including a large tree species pool in the restoration will enhance the diversity
of other life forms I conducted an inventory of foliar lichens, where a total of
102 lichen taxa from 17 families were identified across 18 tree species in our
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common garden (Paper IV). I found significant differences of lichen taxa
diversity and abundance among host tree species with tree species average
values of 0.6—14.6 lichens per tree species, and 0 to 29 lichens were found per
individual tree. About 25 percent (24 taxa) of the lichens preferred certain tree
species hosts, and 11 of these taxa were host-specific to one unique tree
species. Trait-based analyses indicated some evidence that life-history traits
can predict lichen community structure and lichen richness, i.e. lichen
community composition was correlated to foliar potassium concentration, and
that lichen richness was predicted by lichen abundance. In addition to the
common garden a wildland survey was conducted at a nearby site with high
tree species biodiversity (within the Sow-a-seed project area), to examine the
lichen community of a less degraded site with fewer pioneer trees and several
adult individuals of late successional tree species. It showed that the same tree
species that promoted high lichen richness in the common garden also did so in
the wildland area. Three tree species (Shorea fallax, Canarium sp., and
Pentance adenophora) with the highest number of indicator species (from 7 to
11 species) hosted 76 percent of all lichen taxa. Furthermore, I also performed
a small study on the diversity of canopy arthropods, examining 5 of the tree
species included in the lichen inventory. The results showed that the arthropod
richness was significantly though negatively correlated to lichen taxa richness.
My studies indicated that different tree species were needed to support both
lichen and arthropod richness, and that a significant part of the lichen taxa were
host-specific. Based on these results I concluded that in forest management for
biodiversity it can be of value to include a large diversity of tree species.

Enrichment plantings can promote a relatively rapid recovery of the tree
community in degraded rainforest (Yeong et al., 2016), and increased tree
diversity may support the recovery of other life forms. A study from Sabah on
the bird community within rainforest regenerating after selective logging
showed that avian species richness and diversity were significantly lower in
naturally regenerating forest, compared to restored forest where values were
similar to unlogged forest (Edwards et al., 2009). Identifying tree species with
a strong association to one or (preferably if possible) several other taxa to
include in enrichment plantings could likely enhance the outcome of the
restoration efforts for biodiversity. This kind of foundation species approach
has not been previously tested during restoration or in tropical forests of
Southeast Asia. The lichen inventory in Paper IV showed that the three tree
species with the highest lichen richness supported nearly 75 percent of all
identified lichen taxa; hence, I suggest that a foundation species approach may
be a useful for selecting trees that promote high biodiversity.

39



3.7 Conclusions

The research presented in this thesis was based on the various aspects of
restoration ecology in secondary forest, even though the research questions had
elements of a more general ecological nature. This resulted in studies where the
general ecological findings could be presented with recommendations for
management.

Based on the results presented in this thesis I here address my four research

questions (Objectives, section 1.7):

I

II

40

In the common garden, I predicted young tree species responses to
increased light with the help of species traits, and related these responses to
a possible pioneer-climax continuum of life history characteristics. I found
significant tree species responses in height growth to the increased light. In
accordance to my hypotheses the results showed that resource investment
related traits, such as wood density, specific leaf area and foliar nutrient
concentration, were major factors in predicting species average growth
responses. This was especially the case for the least limited trees of each
species, representing the tree species potential in growth response. I found
systematic patterns that earlier have been recorded for a small number of
species in green house studies or among naturally regenerated seedlings
also were applicable under conditions with a diverse range of
predominantly late successional ‘climax’ species relevant for practical
restoration plantings. In Paper I, II and III, I have presented indications that
these differences are due to variations in tree species traits, and thus how a
trait-based approach can be used to understand and predict species
responses.

Secondly, also in the common garden, I studied growth of young trees
under different levels of canopy cover to explore if an increase in light
under a dense canopy boost growth for all species, or if there are species
specific light optima for growth. The results showed that young trees of
different species have varied growth performances under different levels of
light, and that life history traits can be used to model these variations
among species. It was possible to identify different species light optima for
growth with traits, e.g. that species with pioneer properties had optima at
higher light levels than species with climax properties. With these findings
we can make more successful species-site matchings in future management
operations in tropical rainforests.



IIT Moderate selective logging does not involve substantial impact on life
history trait diversity or tree species richness. Both tree in-growth and tree
species richness increased after the selectively logging. Number of
regenerated trees increased from about 6 trees ha ' year ' in uncut forests to
about 25 trees ha ' year ' in forest that had been harvested (averaged across
harvest intensity). The findings indicated that in order to promote high tree
species richness harvest intensities should not exceed 8 trees ha '; since
species richness was highest at an intermediate level of extraction, after
which it started to decline. The trait-based approach also showed that the
broadest range of traits was achieved at intermediate levels of disturbance
and that a species in-growth could be predicted by its traits.

IV A substantial part of the lichen taxa (about 25 percent) had high affinity for
specific tree hosts, which highlights a potential positive effect of including
a large variety of tree species in enrichment plantings for biodiversity.
Furthermore, the foundation species approach indicated that a few tree
species tend to drive the diversity of other life forms. Lichen diversity
varied by tree species host with an average richness of 0.6—14.6 across tree
species, and 27 of 102 lichen taxa showed high affinity for specific tree
hosts. Hence, the study indicated that a foundation species approach can be
useful for selecting trees that promote high biodiversity. For instance, the
three tree species with the highest lichen richness supported nearly 75
percent of all lichen taxa. Associated trait-based multivariate analyses
indicated low explained variance, although tree species with a low
compared to high number of indicator species had 20 and 23 percent more
foliar N and P concentration, respectively. Also, lichen taxa richness was
negatively correlated to arthropod richness, thus supporting the idea that
planting more tree species promotes diversity of other life forms.

3.8 Future research recommendations

The biodiversity of regenerating forests can potentially be enhanced with
suitable post-disturbance management. Restoration has in recent years gained
recognition as an important management option for today’s large areas of
degraded secondary rainforest. Though, current knowledge of tree traits
diversity and adaptations expressed in resource use strategies is limited to very
few taxa, while studies often are confounded by methodological shortcomings
such as insufficient replication or edge effects (Barlow et al., 2007). This thesis
presented trait-based methods that can be used to better match available tree
species in a forest restoration operation to suitable planting sites. Systematic
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patterns among tree species (Paper I and II) indicated that it is possible to use a
trait-based model to make predictions also for trees with unknown resource
requirements — using only a small number of easily acquired traits, e.g. leaf
mass area, foliar potassium content and wood density. Also the trait "early
height growth" showed a strong degree of explanation in Paper I, and may be
used to quickly (within a few months in the nursery or in a "common garden")
obtain valuable information for species with "unknown" properties. By
increasing both survival and growth for these planted or naturally regenerated
young trees that need to compete for light in the forest understory it might be
possible to enhance the success rate of future forest restorations. For instance,
for the maintenance of species with high ecologic or economic value (such as a
foundation species) but low survival rate, it may be useful to increase the
number of planted individuals and thus enhance the total number of surviving
individuals. In the future — to further add to this knowledgebase — it would be
useful to also study interactions with more species and combinations of
species, as well as the within-species variation due to traits plasticity.

Scaling out to the tree community level, and to better understand forest
structure and dynamics it was important to include environmental factors in the
models. Available light may often be the most limiting factor for tree growth in
tropical rainforest, but there are also other environmental factors that can have
large impact on the young trees. For instance, different habitat associations of
trees to specific soil types can influence species coexistence mechanisms (Born
et al., 2014). I suggest that one succeeding step could be continued studies in
the common garden experiment to examine the edaphic properties of the site
and make similar experiments in other sites with contrasting conditions. Also
Paper I1I would benefit from including soil properties in the analyses. Logging
operations are known to cause soil degradation (Chazdon, 2008), thus the
explained variance of the trait-based analyses in Paper III might be improved
by adding interactions between disturbance and soil properties. Multivariate
models can increase our understanding of lowland dipterocarp forest dynamics,
and further improvements of life-history traits modelling can be accomplished
with new field experiments where environmental factors are systematically
controlled.

In Paper IV, the study was manly focused on different aspects of foliar
lichen diversity — to my knowledge this is the first detailed diversity study on
foliar lichens in Southeast Asia, but there occur some studies from Australia
and Latin America (e.g. Anthony et al., 2002; Liicking & Matzer, 2001). My
study was conducted only six years after the inventoried trees were planted,
and over 30 years after the selective logging and forest fires took place. Hence,
this study was a ‘snapshot’ of the development in forest structure after
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enrichment planting in degraded secondary forest. It could be of great value for
future forest management for biodiversity to follow up on these results with
more extensive studies on the occurrence and influence of foundation species
in tropical rainforest. In a recent study on rainforest restorations' influence on
dung beetle species diversity along a restoration chronosequence, it is showed
that both species richness and community composition are improved in the
latter stages of restoration (Derhé et al., 2016). I suggest that future studies in
the Sow-a-Seed project will apply a similar approach, where we follow the
development in species diversity and community composition (e.g. foliar
lichens) over a longer time period to gain further understanding of species
interactions and forest structure development after restoration. There are
numerous other aspects related to the foliar lichens that would be of interest to
study; for example possible impact that the lichens have on the trees e.g.
facilitative properties, protection against herbivores, nitrogen fixating
properties, or influence on the photosynthesis of the host tree, as well as further
studies on the relationships between foliar lichens and different tree life-history
traits.

Restoration is at present an accepted and common management practice in
secondary rainforest, but in a long-term perspective we need to further quantify
and understand the biodiversity of these amazing ecosystems in order to keep
them healthy, productive and resilient. For instance, tropical deforestation is a
substantial contributor to climate change, whereas rainforest restoration is
recognised to be a potentially powerful management option for climate change
mitigation (Imai et al., 2014; Kettle, 2012). Building on that, knowledge
derived from trait-based modelling and life-history traits can be useful for
climate change mitigating forest management. For example in Paper I, there
was a general correlation between tree traits (e.g. wood density) and the growth
response, but there was also variation between species. These intraspecific
variations could potentially be used to find tree species that are particularly
good at binding carbon.

Late successional rainforest trees have long regeneration cycles that require
a lot of time for a planted seedling to become a productive seed tree. The future
of a rainforest relies on wise management and policy decisions extending over
long time periods. Kettle et al. (2011) highlights the inadequacy of existing
policy instruments, financial mechanisms, and forestry infrastructure to
sufficiently manage future forest restorations, for example concerning the
management of the large seed resources that come from synchronized — but
unpredictable — mass fruiting events of forest trees in Borneo. But all is not
lost; a new global study shows the positive impacts of protected areas for local
biodiversity (Gray et al., 2016). This is favourable for the Sow-a-Seed project
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area (a land area owned by the state of Sabah) that in was 2014 placed under
the highest form of protection, i.e. Protection Class 1, including full protection
of the trees that have been planted in the project.

All in all, areas of restored tropical rainforest will most likely increase
globally over the coming decades, and thus it will require adaptive forest
management to mitigate future biodiversity losses and for these dynamic
systems to withstand the stresses of climate change and other anthropogenic
effects. My research contributes to generalizations that can facilitate the
restoration of rainforest biodiversity.
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