Forest regeneration and restoration in Vietham

View of the valley in Khe Tre

Forest regeneration and restoration in Vietnam-Marijke van Kuijk



The research presented in this thesis was carried out within the framework of the Plant Ecology &
Biodiversity group, Institute of Environmental Biology, Utrecht University, of Tropenbos
International, Vietnam Program, and of the Prince Bernhard Chair for International Nature

Conservation.

Marijke van Kuijk

Forest regeneration and restoration in Vietham

ISBN: 978-90-393-4814-7
Copyright © 2008 by Marijke van Kuijk
Cover design: Jennie Burgers

Printed by: Wéhrmann Print Service, Zupthen

Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Forest regeneration and restoration in Vietham

Regeneratie en herstel van bos in Vietnam

(met een samenvatting in het Nederlands)

Phuc héi va tai sinh rieng & Viét Nam

(v&i phan tom tat bang tiéng Viét Nam)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de rector
magnificus, prof.dr. J.C. Stoof, ingevolge het besluit van het college voor promoties in het

openbaar te verdedigen op woensdag 25 juni 2008 des ochtends te 10.30 uur

door

Marijke van Kuijk

geboren op 27 juni 1979 te Nijmegen

Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Promotor: Prof. dr. M.J.A. Werger
Co-promotor:  Dr.ir. N.P.R. Anten

Dit proefschrift werd (mede) mogelijk gemaakt met financiéle steun van NWO.

Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Contents

Chapter 1

General introduction

Chapter 2

The limited importance of size-asymmetric light competition and growth of
pioneer species in early secondary forest succession

with N.P.R. Anten, R.J. Oomen, D.W. van Bentum and M.J.A. Werger

in press in Oecologia, DOI: 10.1007/s00442-008-1048-4

Chapter 3
Whole canopy nitrogen-use efficiency of pioneer species in early secondary
forest succession

with N.P.R. Anten

submitted

Chapter 4

Tree liberation to accelerate secondary forest succession: a model approach
with N.P.R. Anten, R.J. Oomen and F. Schieving

submitted

Chapter 5

Improving species-site matching for enrichment planting: a model approach

submitted

Chapter 6

General discussion and summary
References

Samenvatting

Toém tat bang tiéng Viét Nam
Acknowledgements

Curriculum Vitae

Forest regeneration and restoration in Vietnam-Marijke van Kuijk

17

35

49

7

95

105

119

125

135

137



View from the road to the summit of Bach Ma (8km pole)

Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Chapter 1

General introduction

Tropical forests

Tropical deforestation is a major issue of international environmental concern. Tropical forests
are valuable because of their high biodiversity in flora and fauna species and cultural, social and
environmental functions. Nowadays, in the context of global warming, forests are also considered
as important carbon sinks. Nevertheless they are disappearing at an alarmingly high rate (Hirsch
1997).

Due to the decline in primary forest area, secondary forests are becoming more important.
They will increasingly provide goods and services, such as biodiversity conservation, erosion
control, watershed management, soil improvement, timber production and other forest products.
Everywhere in the tropics, more and more people, especially the poor, will depend on these
forests to make a living. It is therefore important to increase our understanding and refine our

knowledge of ecological processes involved in secondary succession (Holl and Kapelle 1999).

Secondary forest succession

Secondary forests are formed through succession: this is the alteration in structure and species
composition of a vegetation stand after disturbance of the primary forest or after abandonment of
agricultural fields. In essence, forest succession is the continuous replacement of tree species,
starting with early pioneer (light-demanding) shrubs and trees, which are then gradually replaced
by longer-lived pioneer and climax (shade-tolerant) tree species (Finegan 1984; 1996; Pefia-
Claros 2003). This study focuses on natural regeneration of a young secondary forest in Vietnam

and on management activities that are supposed to accelerate succession.

The role of light

In wet tropical forests light seems to play a predominant role in determining the course of
succession (Denslow 1987; Gilbert et al. 2001; King et al. 2005). As secondary succession
proceeds both height and leaf area index of the stand increase rapidly (Swaine and Hall 1983;
Uhl 1987) creating an increasingly steeper gradient in light availability. Tall plants are able to
deploy their leaves in the most illuminated layers of the canopy where they can capture large
amounts of light, while simultaneously shading smaller plants. It is often assumed that

asymmetric competition for light, with taller plants capturing disproportionally more of the
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available light (Weiner 1990) and thus growing disproportionally faster, is the main factor shaping
forest succession (Huston and Smith 1987; Van Breugel 2007). Taller plants will finally win the
competition for light by outcompeting the smaller plants. This competition process is assumed to
strongly affect the structure and species composition of the forest. The question then arises: How
do morphological and physiological characteristics relate to the dominance or subordinance of
secondary forest species? What are the consequences for succession?

Hirose and Werger (1995) developed an approach to relate plant size to the efficiency with
which a plant uses its biomass to capture light. By dividing whole plant light capture by its above
ground biomass, a measure for light capturing efficiency is obtained and the level of asymmetry
in light capture can be quantified. Hirose and Werger (1995) applied this approach to grasslands
and found that tall shade-intolerant plants could capture more light per unit leaf area than smaller
shade-tolerant plants, simply because they occupied the more illuminated layers in the canopy.
However smaller plants could capture as much or even more light per unit above ground biomass
as the taller plants because smaller plants had a higher leaf area ratio (leaf area/ plant mass)
than taller plants. Thus due to different morphologies, taller and smaller plants had similar light
capturing efficiencies and were able to co-exist in a vegetation stand.

Similar results were obtained by Werger et al. (2002), Anten and Hirose (1999) and Aan et
al. (2006) but none of these studies were done in forests. Selaya et al. (2007) applied the above
mentioned approach in a young tropical regenerating forest stand and found that early and later
successional species captured similar amounts of light per unit above ground biomass. These
findings are in contrast to the general assumption that asymmetric light capture is important in
shaping the course of secondary forest succession (Huston and Smith 1987; Van Breugel 2007).

Growth of plants does not solely depend on light capture, but also on the efficiency with
which light is used for photosynthesis (LUE). Light use efficiency is highly dependent on plant
physiological characteristics such as (dark) respiration, quantum yield and maximum
photosynthetic rates with the latter being dependent on leaf nitrogen content and photosynthetic
nitrogen-use efficiency (e.g. Anten and Hirose 2003; Ellsworth and Reich 1996; Hiremath 2000).
This is the first study that relates size dependent light capture and LUE to plant growth over time
on the same plants. Thus until now the degree of asymmetry of competition for light and its
importance for secondary forest succession have remained unclear. It is therefore interesting to
analyse the morphological and physiological processes underlying growth patterns of early
successional species in a young secondary forest, and relate the efficiency of light capture and

light use to the observed size hierarchy.

Nitrogen-use efficiency

During forest regeneration soil nutrient availability decreases (Ewel et al. 1991), causing species
to increasingly compete for nutrients. Differences in nutrient-use efficiency between species can
partly determine their competitive interactions and associated size hierarchies in plant
communities (Aerts and Van der Peijl 1993). Nitrogen is an essential nutrient for plants because it

is one of the main components of the photosynthetic proteins (Evans 1989). As a result of its
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limited availability it is one of the primary factors that limits plant growth in many natural
ecosystems (Kachi and Hirose 1983; Vermeer and Berendse 1983) and it is therefore important
for plants to use nitrogen efficiently. Thus a plant’s nitrogen-use efficiency (NUE) may also partly
determine a plant’s success during succession (Ellsworth and Reich 1996; Herbert et al. 2004;
van der Werf et al. 1993).

NUE can be calculated as the product of nitrogen productivity (NP: rate of dry matter
production per unit of nitrogen per unit of time) and mean residence time (MRT: the amount of
days that a unit of nitrogen circulates in a plant) (Berendse and Aerts 1987). In general, fast
growing species reach the more illuminated layers of the canopy, which enables them to reach
high values of NP (Mediavilla and Escudero 2003; Reich et al. 1999; Reich et al. 1997). Slower
growing species on the other hand may have lower NP, but they have a longer MRT of nitrogen
(Escudero et al. 1992; Wright et al. 2002). Consequently, there seems to be a trade-off between
NP and MRT among species with different growth characteristics (Aerts 1989; Silla and Escudero
2004).

NUE consists of a suit of physiological components but it is also influenced by the plant’s
position in the canopy and its crown structure (i.e. leaf area distribution). Light levels decrease
from the top to the bottom of the canopy and plants occupying different positions in the canopy
may have very different leaf nitrogen contents and photosynthetic characteristics, and also within
an individual crown nitrogen contents vary from top to bottom (Han et al. 2004; Hikosaka and
Hirose 2001; Yuan et al. 2004). Much research has focused on how NP and MRT determine NUE
but little work has been done to quantitatively relate the underlying mechanisms of NP and MRT
to NUE (but see Funk and Vitousek 2007; Hiremath 2000).

Studies have shown that in regenerating tropical rainforest early successional species had
higher potential photosynthetic nitrogen-use efficiency at the leaf-level than species that
appeared later in succession (Reich et al. 1994; Selaya 2007). The question however remains
how whole canopy NUE and its underlying mechanisms compare among pioneer species. |
address this question here because during the first phase of succession there is generally
intense competition between pioneers and small differences in nitrogen-use efficiency may partly

explain the size hierarchy among species.

Retardation and acceleration of succession

Natural forest regeneration after disturbance is often slow or stagnates, many times caused by
excessive growth of shrubs, grasses and herbaceous climbers that hamper tree growth and thus
secondary forest succession (Aide et al. 1995; Guariguata and Dupuy 1997; Hooper et al. 2004;
Lei et al. 2006; Nykvist 1996; Woods 1989). Forest succession can even be arrested for more
than a decade (Bongers et al. 2002).

In recent years there has been increased attention for restoration ecology and in particular

for management options to accelerate recovery of forests (Holl and Kapelle 1999; Parrotta et al.
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1997). By accelerating succession more forest area is gained. This could reduce the negative
impacts of world wide deforestation.

When succession is hampered by certain plant species, the growth of desirable target
species should be stimulated. However, better understanding of the interaction of the target
species and the surrounding vegetation is needed in order to improve the success of attempts to
restore tropical forests (Hardwick et al. 2004). Forest managers need to know when, where and
how to intervene to accelerate forest succession. This knowledge can be obtained by field
experiments. However, experiments require a lot of time, space and money and the outcome is
usually restricted to a specific set of species in a specific setting and a limited amount of
experimental conditions and replicates that are created (see Paquette et al. 2006 and references
therein).

Knowledge about which type of intervention to apply and when to apply it can also be
obtained from well-parameterised model studies. Here | study two methods that are commonly
used to accelerate succession, using such a model: liberation and enrichment planting. Liberation
and planting can be approached as a geometrical problem because it is done in a three-
dimensional vegetation stand with varying height and density which is opened up to a certain
extent. Also the tree’s crown has a three-dimensional structure and differs between species and
individual trees. Therefore a three-dimensional model would be appropriate to analyse the effect
of management activities on the ecological processes that determine growth of target trees. This
significantly reduces the need for expensive and long-lasting experiments and strongly expands

the number of settings and conditions that can be tested.

Liberation

The role of pioneer tree species in succession is important as they have the ability to overgrow
grass and shrub species and in a later stage create suitable conditions for later successional
species to grow (Finegan 1984; 1996). When these pioneer trees are inhibited in growth by the
surrounding vegetation they can be liberated (Chapman and Chapman 1999; Dolanc et al. 2003;
Fuhr et al. 2001), meaning that the surrounding vegetation around target plants is removed.
Liberation reduces competition with neighboring vegetation for below ground resources and light
and thus facilitates a more rapid succession. Similarly in a later stage, later successional species
can be liberated.

Species have very different light requirements (Adjers et al. 1995; Dupuy and Chazdon
2006; Ramos and del Amo 1992). Some plants may grow best under full daylight while others
require optimal light levels for growth that can be as low as 10-20% of full daylight. Pioneer
species require more light than later successional species. Also over the life of a plant light
requirements may differ (Davidson et al. 2002): seedlings and saplings often require more shade
than adult trees. Thus the light levels created by liberation may be suitable for some plants but
not for others (Dupuy and Chazdon 2006; Montagnini et al. 1997; Ramos and del Amo 1992). As
a result, liberation has not always had the desired effect (Chapman et al. 2002). With a well-

parameterised mechanistic growth model the effects of liberation activities can be studied.
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In South East Asia species of the shrub Melastoma grow excessively on degraded lands
(Davies and Semui 2006). Species of the family Melastomataceae often grow on degraded lands
and are known to inhibit succession (DeWalt 2003). Pioneer tree species of the genera Mallotus
and Macaranga regenerate on deforested or degraded lands (Lee et al. 2005; Slik et al. 2003;
Toma et al. 2005) and are characteristic of secondary forests in South-East Asia (Primack and
Lee 1991; Steenis 1965). These early successional species are important because they have the
potential ability to overgrow Melastoma and thus facilitate succession. It is therefore important to
determine if these tree species are limited in growth by the surrounding vegetation (that consists
largely of Melastoma shrubs) and if liberation would result in these species having faster growth.

In this dissertation | study this in a field experiment and in a modeling approach.

Enrichment planting

Another method to accelerate or supplement succession is the planting of ecologically or
economically valuable tree species in an artificially created (timber) plantation or in the
understory of a young forest. This is called enrichment planting.

In South East Asia large areas of (secondary) forest are converted into grasslands
dominated by Imperata cylindrica (Otsamo et al. 1997; Werger 1983). These grasslands are
difficult to reforest because of fierce competition of the grasses, fire susceptibility and soil
degradation. Thus the original rain forest tree species may not be appropriate for first rotation
reforestation of grasslands.

I. cylindrica is an aggressive weed but intolerant to shade. Therefore for forest plantation on
such lands to be successful it is necessary to quickly create a closed canopy in order to eliminate
the grass. Often exotic species are used for this purpose, such as Acacia species (McNamara et
al. 2006; Otsamo et al. 1997). After a canopy has been created and grasses are suppressed,
species native to the area can be planted under the canopy. Overstory thinning is often applied to
create favorable light levels for the underplanted trees (McNamara et al. 2006; Otsamo 1998).

Not only plantations are suitable for enrichment planting. Native species are also often
planted in naturally existing regenerating vegetation in order to accelerate or supplement forest
succession. The most generally used method for enrichment planting in natural vegetation is line
planting. Lines of a certain width are created in the existing vegetation in which native species
are planted. This method has several advantages with respect to planting under a canopy of
exotic trees. No clear-cutting or pre-planting with fast growing exotics is needed and species that
would fail under open-site conditions can be planted.

As mentioned, species have different light requirements thus light levels at which species
are planted affect them differently in terms of survival and growth. Studies that have shown
interspecific variation in growth between underplanted tree species in relation to different
overstory densities stress the importance of species and site selection and suggest further
studies on species-site matching (Adjers et al. 1995; Lof et al. 2007; McNamara et al. 2006;
Montagnini et al. 1997; Otsamo 1998). Here | study the photosynthetic rates of species planted in

two different secondary forest stands and, using the modeling approach, determine the effects of
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line width, height and density of the vegetation on species with different morphological and

physiological traits.

Objectives of this study

Even though the importance of secondary forests has become clear recently, there is still little
ecological understanding of underlying processes steering natural succession in these forests,
especially in very early stages when competition is mainly between early successional species.
Also little is known about the interaction of species with its surrounding vegetation, whether these
species are naturally occurring or planted. The aims of this dissertation are therefore:

1) to study the morphological and physiological traits related to light competition and

nitrogen-use efficiency of competing early successional species

2) to evaluate how competition for light and nitrogen-use efficiency relate to the size

hierarchy of species in the early stages of succession

3) to quantitatively examine the effect of different management practices on naturally

occurring and planted target trees

Outline of the dissertation

The morphological and physiological traits that are related to light competition and nitrogen-use
efficiency and that determine the observed size hierarchy of early successional species during
the first 5 years of succession, have been studied with a mechanistic approach. Different
management activities aimed at accelerating secondary forest succession were studied with a
combination of field studies, experiments and modeling.

Chapter 2 describes how the degree of size-asymmetric competition for light and light use
efficiency determine growth of tree species and a woody shrub during the very early stages of
succession. Individual plants were followed in time and the observed size hierarchy was related
to light capture per unit above ground mass.

Chapter 3 focuses on which morphological and physiological traits determine whole canopy
nitrogen-use efficiency and to what extent, how this relates to the size hierarchy among
competing pioneer species and how this changes in time.

Chapter 4 presents the outcome of a liberation experiment that was done on pioneer trees in a
young secondary forest. A model was used which made it possible to determine the effect of
liberation in different scenarios, i.e. with increasing gap radius and in different successional
stages of the same vegetation stand.

Chapter 5 determines the photosynthetic rate of target species planted in two different secondary

forest stands. The effects of planting in different successional stages of a stand, with different line
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width and the effect of overstory thinning were analysed by explaining the morphological and
physiological traits that influence plant growth.

Finally the results are summarised and discussed.

Vietnam

In relative terms, forest loss is most serious in South East Asia. Direct causes of forest loss and
degradation include unsustainable large-scale logging and the subsequent encroachment of
shifting cultivation into the remaining forest areas.

This study was done in Vietnam. The total forest cover in Vietnam declined rapidly from
around 43% of the country’s surface area in the 1940s to 17% by the late 1970s (De Koninck
1999). During the second Indochina war (1965-1975) the country lost large areas of forest due to
the destructive effects of bombs and Agent Orange, a defoliating chemical that was sprayed from
aircrafts and leached into the soil. The destroyed areas are often being invaded by fire-prone
grasses and vines which may arrest succession by preventing the establishment and growth of
tree species (Orians and Pfeiffer 1970). Since the war even larger areas have been cleared due
to logging activities, both for domestic use and as an export industry, shifting cultivation,
agricultural activities (slash and burn), the establishment of timber plantations and infrastructural
developments due to an increasing human population pressure (Hirsch 1997).

In 1988 the government of Vietnam launched the 5 Million Hectare Reforestation Program
(5MHRP) (1998-2010). The goal is to increase forest cover to the level it used to be in the 1940s
by enrichment planting, reforestation, protection and the establishment of natural reserves
(MARD 2001). The forest cover has increased since then but the quality of the forest is still poor.

Timber volume is low and valuable species are lacking as a result of overexploitation.

Study site

Part of this study was done in Bach Ma National Park (16°10’N 107°50’E) (Fig. 1) and part in its
bufferzone close to the village of Khe Tre. The park is located in Thua Thien Hue province in
central Vietnam. It is situated on a ridge towards the southern end of the Annamite mountains
and forms a biogeographic boundary between the floras and the faunas of northern and southern
Vietnam. It is probably the wettest place in the country with up to 8 m of rain annually on the top
of Bach Ma mountain (1450 m above sea level).

The main forest types found within the park are lowland evergreen forest below 900 m and
montane evergreen forest above. Large areas of the forest were destroyed by defoliants and
bombs during the second Indochina war. Subsequent large-scale commercial logging practices
resulted in the decline of economically valuable trees. lllegal exploitation of timber and non-timber

forest products has continued after the cessation of official logging operations. As a result of
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these activities, no undisturbed forest now remains
in the park. There are large parts covered by shrubs
and grasses which hardly regenerate due to
periodic burning. Aforestation and reforestation are

key activities of the park scientific staff.

Tropenbos International

The fieldwork of this study took place within the
framework of Tropenbos International (TBI). TBI is
a Dutch NGO which aims to contribute to the
conservation and sustainable use of tropical rain
forests by providing relevant knowledge, deepening
insight and developing and testing methods that
can be used at policy and management levels. In
order to achieve this goal, TBI tries to ensure that
research results are reflected in legislation and
regulatory measures and are applied in planning

and management.
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The TBI-Vietnam Program was implemented in 2002. Besides contributing to the

conservation and sustainable use of tropical forest resources, the aim is also to strengthen

Vietham’s professional and institutional capacity. TBI-Vietnam aims to generate and disseminate

meaningful information, promote its transfer into policy and the practice of forest management

and provide education and trainings to university students and other organisations. The 5SMHRP

partly forms TBI-Vietham’s framework for action.
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Chapter 2

The limited importance of size-asymmetric light competition and

growth of pioneer species in early secondary forest succession

with N.P.R. Anten, R.J. Oomen, D.W. van Bentum and M.J.A. Werger
in press in Oecologia, DOI: 10.1007/s00442-008-1048-4

Abstract

It is generally believed that asymmetric competition for light plays a predominant role in determining the
course of succession by increasing size inequalities between plants. Size-related growth is the product of
size-related light capture and light use efficiency (LUE). A canopy model was used to calculate light capture
and photosynthetic rates of pioneer species in sequential vegetation stages of a young secondary forest
stand. Growth of the same saplings was followed in time as succession proceeded. Photosynthetic rate per
unit plant mass (Pmass: mol C g'1day'1), a proxy for plant growth, was calculated as the product of light
capture efficiency (®Pmass: mol PPFD g'1day'1) and LUE (mol C mol PPFD'1). Species showed different
morphologies and photosynthetic characteristics but their light capturing efficiencies and light use
efficiencies, and thus Pmass, did not differ much. This was also observed in the field: plant growth was not
size-asymmetric. The size hierarchy that was present from the very early beginning of succession remained
for at least the first five years. Thus in a slow growing regenerating vegetation the importance of asymmetric
competition for light and growth can be much less than often assumed.
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Introduction

Secondary forest succession is generally described as the process in which different (groups of)
species replace each other in time after a disturbance (Finegan 1984; Pefa-Claros 2003).
Natural forest regeneration after disturbance is often slow or stagnates, many times caused by
excessive growth of shrubs or grasses (e.g. Aide et al. 1995; Guariguata and Dupuy 1997;
Nykvist 1996).

In wet tropical forests light seems to play a predominant role in determining the course of
succession (Denslow 1987; Gilbert et al. 2001; King et al. 2005). As secondary succession
proceeds both height and leaf area index of the stand increase rapidly (Swaine and Hall 1983;
Uhl 1987) creating an increasingly steeper gradient in Photosynthetic Photon Flux Density
(PPFD, 400-700 nm) and plants therefore strongly compete for light.

Competition for resources can be either symmetric or asymmetric and the degree of
asymmetry can have profound consequences for the dynamics in vegetation stands (Weiner
1990; Weiner and Thomas 1986). In the case of symmetric competition individuals grow in
proportion to their size while under asymmetric competition larger individuals grow
disproportionately faster. The latter results in increased size inequality among plants (Weiner
1990). It is often assumed that competition for light is asymmetric since larger individuals shade
smaller ones but not vice versa (Ford 1975; Schwinning and Weiner 1998). This in turn has lead
to the connotation that asymmetric competition for light is the main force shaping secondary
succession in tropical forests (Huston and Smith 1987; Van Breugel 2007).

Growth relative to size can be calculated as the product of size-dependent light capture and
light use efficiency (Hikosaka et al. 1999; Schwinning 1996; Schwinning and Weiner 1998).
Hirose and Werger (1995) introduced a model approach by which interspecific differences in light
capture of grasses and herbs were related to differences in size: i.e. leaf area and aboveground
mass. Shorter subordinate species captured similar amounts of light per unit aboveground mass
(Pmass) as taller ones despite the fact that they were growing in the shade (see also Aan et al.
2006; Anten and Hirose 1999; Hirose and Werger 1995). Going by the definition of Schwinning
and Weiner (1998) this similarity in ®,,,ss indicates that, contrary to what is generally assumed,
light competition among these species was size-symmetric (Anten and Hirose 1998). Light use
efficiency is highly dependent on plant physiological characteristics such as (dark) respiration,
quantum yield and maximum photosynthetic rates with the latter being dependent on leaf
nitrogen content and photosynthetic nitrogen-use efficiency (e.g. Anten and Hirose 2003;
Ellsworth and Reich 1996; Hiremath 2000).

As far as we know only one study (Selaya 2007) has quantified light capture and
photosynthesis of individual plants in a secondary tropical forest. She found that the two
disproportionately fastest growing species achieved high photosynthetic rates not due to higher
light capturing efficiencies but due to high light use efficiencies. But in secondary tropical forests

no one so far has related size dependent light capture and LUE to plant growth over time on the
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same plants. Thus the degree of asymmetry of competition for light and its importance for
secondary forest succession remain unclear.

Here we quantify light competition, light use, photosynthetic rates and growth of early
successional species in central Vietnam. Traditionally Vietnam is a forested country but it has lost
many of its forests due to wars, fires, logging and agricultural practices (Blanc et al. 2000; Chien
2006; Hirsch 1997) and natural forest regeneration is slow (Orians and Pfeiffer 1970). Most field
studies on succession have been done in chrono-sequences, in which sites of different age are
studied simultaneously (Selaya et al. 2007; Werger et al. 2002). Such studies have many
assumptions regarding site history, environmental conditions and seed availability (Bakker et al.
1996; Chazdon et al. 2007). Here we follow the same individuals in time during the first 18
months of secondary succession. A slightly older vegetation stand with higher LAl and vegetation
height was studied as well. Observed above ground growth patterns of early successional
species and the underlying processes concerning light capture (morphology) and light use

efficiency (physiology), will be analysed with a mechanistic approach.

Methods

Study area

The study site is located in the buffer zone of Bach Ma National Park, Thua Thien Hue Province,
in central Vietnam (16°10°’N 107°50’'E). Bach Ma National Park and its buffer zone were
established in 1991 with a total area of 43,331 ha. It is the core of the last remaining contiguous
forest belt in Vietnam, stretching from the South China Sea to the border with Laos. The area
experiences high rainfall, especially from November until February (up to 8,000 mm per year on
top of Bach Ma mountain). There is no distinct dry season and the vegetation is evergreen (Tran
and Ziegler 2001). After defoliation and destruction in the war (1965-1975), the study site was
used for monoculture plantations of Acacia mangium. Part of the site (two hectare) was left fallow

in 1999 and was a 5-year-old (5 y/o) secondary forest stand at the start of this study.

Species selection

We selected four study species in 2004, all co-dominant in the stand: the shrub, Melastoma
candidum (Melastomataceae) and three tree species, Mallotus microcarpus, Mallotus paniculatus
and Macaranga denticulata (all Euphorbiaceae). They represented over 75% of the total plant
cover and were the only woody species present in sufficient numbers for study. Species of
Melastoma (Davies and Semui 2006), Mallotus and Macaranga (Lee et al. 2005; Slik et al. 2003;
Toma et al. 2005) are known to regenerate on deforested or degraded lands and are
characteristic of secondary forests in South-East Asia (Primack and Lee 1991; Steenis 1965).

We selected plants for inclusion in this study from a 2 ha area making sure they covered the
entire height range (up to 8 m high). Selected individuals were surrounded by other saplings of

the same species and by other secondary vegetation such as ferns (Dicranopteris linearis),
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grasses (Phragmites communis, Imperata cylindrica) and lianas. Together these groups were
estimated to contribute less than 25% to the total leaf area of the stand. Later successional
species were absent at this stage. It can thus be assumed that competition was mostly among

the four selected species.

Measurements

Measurements on the individuals in the 5 y/o stand (vegetation stage IV) were done in
September and October of 2004. Light climate, LAl and biomass allocation were determined per
individual so that light capture could be calculated. In November 2004 the area was
experimentally slashed and burned. After 150 days (spring 2005; vegetation stage 1) 50
individuals per species divided over 10 plots of 25m® each, were randomly selected and
measured non-destructively (light climate, LAl and biomass allocation). The same saplings were
measured again at 330 days (fall 2005; vegetation stage IlI) and 510 days (spring 2006;
vegetation stage lll) after the slash and burn treatment. More than one third of the saplings died
during the course of the study due to anthropogenic factors but care was taken that all individuals
included in the data analysis were not disturbed. We analysed data in two ways: using all
individuals present at a certain time and using only individuals that survived until stage Ill. As
results were very comparable, we chose to include all individuals for the analyses, except for
growth analysis that was done for surviving individuals only.

In vegetation stage IV we established plots of 9m? each containing an individual sapling in
the center, in which light and LAl was measured. Within the 25m? plots of vegetation stage 1,II
and Ill we created 1m? subplots to measure light and LAI. All measurements were done similarly
in all vegetation stages, under a uniform overcast sky. Photosynthetic Photon Flux Density
(PPFD, 400-700 nm) was measured in the center of each quadrant of each (sub)plot, summing
up to four light profiles per target individual. These were averaged per (sub)plot. Light was
measured at ground level, 0.25 m, 0.5 m, 0.75 m and 1 m using spherical light quantum sensors
and meters (LI-250, LiCor). Field testing revealed that light levels higher up in the canopy could
be accurately calculated from these values. Simultaneously light measurements were done
above the vegetation canopy. The Leaf Area Index (LAI) was measured four times in each
(sub)plot at ground level from every corner of the (sub)plot facing the center (LAI-2000 Plant
Canopy Analyzer, LiCor, NE, USA). Vertical leaf area distribution was determined by counting the
number and recording the height of leaves touched by a telescopic rod when moved up through
the vegetation. This was done in the center of each quadrant of a sub(plot).

For individuals in vegetation stage IV height up to the highest leaf was recorded. Leaf angles
of 20 leaves randomly distributed over the tree’s crown were measured for 6 individuals per
species. The sapling was harvested: leaves were collected per layer of 25 cm whereas stem,
branches and petioles were pooled for the whole sapling. Leaf area was measured with a digital
photograph (SigmaScan Pro 5.0). All samples were dried in an oven for 72 hours at 70°C and
weighed. Nitrogen content of the leaves was analysed with a continuous flow analyzer (SKALAR,

Breda, the Netherlands) following the Kjeldahl method.
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In vegetation stages I, Il and Il we measured the following parameters on saplings: height,
leaf angles, length and diameter of stem, branches and petioles and length and width of leaves.
To obtain allometric relations between dimensions and biomass of above ground plant parts, 20
individuals per species were harvested in the same height range as the studied individuals. The
same dimensions were measured and dry weight of stem, braches, petioles and leaves was
determined. Dry weights and estimates based on dimensions were correlated and the function
that best described dry weight (r2 varied from 0.92 to 0.99) was used to calculate dry weight of
studied saplings.

In March 2005, photosynthesis measurements were done using an open gas exchange
system (CIRAS 2, PP systems, Hitchin, UK) equipped with a LED light source. Up to 28 leaves of
varying age (young, medium and old: related to position on the branch) were selected on different
individuals (max. three leaves per individual) that were growing outside the plots. Photosynthetic
rates were measured early in the morning when stomata were open. Maximum photosynthetic
rates were measured at Photosynthetic Active Radiation (PAR) values of 1200-1500 pmol m?s™.
In order to determine dark respiration and quantum yield we varied light from 80 to 0 pmol m?2s”
PAR in steps of 10-20 pymol m?s”. The CO, concentration in the chamber was maintained at 370

ppm throughout all measurements.

Model description
The model used here is almost identical to the one used by Anten and Hirose (2003) and was
described into detail by them. Here a short description is given including references to equations
used by them. The model simulates plots as used by us (1m2 in vegetation stages I-1ll and 9m? in
IV) with 25 cm horizontal vegetation layers. In each layer the leaf area of target individuals and
neighbors are assumed to be randomly distributed. Instantaneous photosynthesis is calculated
as a function of leaf nitrogen content and absorbed photon flux, which in turn is a function of the
leaf angle distribution and leaf absorbance of a target individual and the surrounding vegetation.
With respect to light capture two classes of leaves are distinguished: shaded and sunlit (following
De Pury and Farquhar 1997). The photon flux captured by the shaded leaf area is calculated by
summing the diffuse sky irradiance and the scattered beam irradiance (eq.(1)-(5) in Anten and
Hirose 2003). Sunlit leaves receive direct beam and diffuse sky irradiance (eq.(6)-(7) in Anten
and Hirose 2003). Since the distribution of diffuse irradiance is incident under various angles, the
sky dome is divided into three zones from which diffuse irradiance is calculated assuming a
standard overcast sky (Goudriaan 1977). For the calculation of the extinction coefficient for light
three leaf inclination classes are assumed following Goudriaan (1988) (see eq.(3)-(6) in Anten
1997). The distribution of diffuse light thus calculated corresponded well with our measured light
gradients.

A non-rectangular hyperbola was used to characterise the light response of net leaf
photosynthesis (Johnson and Thornley 1984) (eq.(8) in Anten and Hirose 2003). Light saturated
rates of photosynthesis are linearly dependent on leaf nitrogen content per unit leaf area (eq.(9a)

in Anten and Hirose 2003) but dark respiration is assumed to be constant in our study. For the
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quantum yield we used the measured value and the curvature factor was set to 0.8 (Hirose et al.
1997).

Calculation of the distribution of light saturated photosynthetic rates in the sapling’s crown
was done as a function of the nitrogen (N) distribution (Hirose and Werger 1987). Here the
calculation deviates from Anten and Hirose (2003). N content was only measured in the most
illuminated leaves (2-3) in the top of the crown (N,) in vegetation stage Ill. We calculated the N
distribution in the crown (N,a) using the equation proposed by Anten (1997): Narea=N0(I/Io)°'4 with
I/l, the relative light intensity. This equation shows that the N distribution scales with the light
distribution by a power 0.4. This is based on the mean distribution of N in various stands
reviewed by Anten (1997). For stages | and Il no direct N measurements were done. N content of
young fully exposed leaves in the top layer of the crown of an individual in these stages was
assumed to be similar to the N content as in stage lll, corrected for the SLA of the fully exposed
leaves. N content further below in the canopy was calculated similarly as before.

Whole plant carbon gain was calculated by integrating leaf photosynthesis over canopy
depth for each layer separately and distinguishing between photosynthesis of shaded and sunlit
leaves. Next, these values were integrated over all layers of the plant (eq.(10)-(11) in Anten and
Hirose 2003) and over the entire day to obtain the daily photosynthetic rate at plant level (from
sunrise to sunset at the latitude of the study site on the median day of the measurements) (cf.
Gates 1980). Whole plant daily light capture was calculated similarly.

Photosynthetic rate per unit above ground mass (Pass: mol C g'1day'1) was calculated by
dividing whole plant daily photosynthesis by the above ground plant mass. Py, consists of two
components; ®,.ss and Light Use Efficiency (LUE).

Pmass: q)mass*LUE (1 )

where @, is the daily light capture per unit above ground mass (mol PPFD g'1day'1) and LUE is
photosynthesis per unit of absorbed light (mol C mol PPFD'1).

Dividing whole plant daily light capture by the above ground mass also gives ®,,ss and by
dividing daily light capture by leaf area we obtain ®,.,, following Hirose and Werger (1995). In
turn, ®.ss is equal to the product of ., and LAR:

q)mass= q)area*LAR (2)
where ®,., is the daily light capture per leaf area (mol PPFD m'2day'1) and LAR is the Leaf Area
Ratio (m2 g'1).

LAR is made up of two components: Specific Leaf Area (m”g”") and Leaf Mass Ratio (g g™):

LAR=SLA*LMR (3)

Note that in this study LAR and LMR are calculated on the basis of above ground biomass.
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Statistical analyses

Data of saplings in vegetation stage IV were (log)transformed when necessary, after Levene’s
test. The effect of species on the average values of height, plant mass, SLA, LMR, LAR, ®a,
QDnass; LUE and Py Were analyzed using ANOVA tests, with Bonferroni (equal variances
assumed) or Games-Howell (equal variances not assumed) post-hoc tests to test for differences
among species. To test for slope-effects in the relations between SLA, LMR, LAR, ®,., and
®,ass and individual height we used ANCOVA.

We created plots after the slash and burn treatment to trace back the saplings in the
following measuring period. However, in this set-up both plot-effects and individuals-effects might
occur. Therefore analyses of the saplings were done with Linear Mixed Effects Model (in results
section abbreviated as MM). Whenever values of variables were analysed within one measuring
period, plot number was identified as subject. The effect of species on the average values of
RGR (of above ground biomass), height, plant mass, SLA, LMR, LAR, ®,ea, Pmass, LUE and
Pmass Was determined by identifying these variables as dependent and species as factor. When
designing the model, species was the sole fixed effect, including intercept. For random effect an
intercept was included for the subject plot number, but no model for random effects was
designed. No post-hoc tests were available but most between-species differences could be
deduced from the parameter estimates. When the change in the variables between species were
analysed with time or height, subjects included plot number and individual number. The variable
on the y-axis was the dependent, the variable on the x-axis the covariate (time or height) and
species was the factor. Slope-effects were tested by designing a model with an interaction term
of the fixed effects ‘species’ and ‘time’ or ‘height’. If a significant slope-effect was absent
(P>0.05), the test was repeated with both fixed effects as main effects. For random effect an
intercept was included for the subjects ‘plot number’ and ‘individual number’, but no model for
random effects was designed.

Average values of the photosynthetic characteristics were analysed using ANOVA tests with
Bonferroni post hoc tests. The increase in photosynthetic rates with light (quantum yield) and the

slopes of the P.x-Narea relation were analysed with an ANCOVA test.
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Results

Canopy characteristics
Light and Leaf Area Index (LAl) distribution in the canopy of each vegetation stage is given in Fig.
1a-d. In vegetation stages |, Il and Il the LAl tended to be concentrated near the soil while in

stage IV it was more evenly distributed throughout the vegetation.

Stage | Stage Il
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Fig. 1a-d Light (PPFD) and LAl distribution in the canopy of four successional secondary forest stages. Stage |, Il and
Il are stages of the same stand. Stage IV is a separate stand. Note that in stage IV layers of 25 cm are grouped
together into layers of 1 m. Bars denote standard error.

Sapling growth

In vegetation stages I, Il and lll Mallotus microcarpus attained the greatest height (Fig. 2a) (MM,
p<0.001) and it exhibited the fastest increase in height with time (MM, p=0.003). Its above ground
plant mass was also higher than the mass of the other species at all vegetation stages (Fig. 2b)
(MM, p<0.001). Melastoma candidum, i.e. the smallest species, exhibited the highest RGR in the
period from 150 until 510 days after the slash and burn treatment (Fig. 3) (MM, p<0.001) (note
that RGR was solely calculated for above ground biomass). Consequently, size inequalities that
were present 6 months after the slash and burn treatment decreased somewhat during the
subsequent year. Within species there was no relation between RGR and individual plant height
(MM, p>0.05). RGR was also calculated for half year periods (results not shown) but values did

not significantly differ from the RGR values calculated over a year.
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Fig. 2a-b Height (a) and above ground plant mass (b) of pioneers species during early forest succession in Vietnam
(150-510 days after the slash and burn treatment). Abbreviations: Malm, Mallotus microcarpus; Malp, Mallotus
paniculatus; Macd, Macaranga denticulata;, Melc, Melastoma candidum. Bars denote standard error.

0.016 -
X o Malm
0.014 4 X x o0 Malp
coooi2y o X e x x AMacd
> X O«
o004 addh D@zg xA . Melc
> 0.008 | ¢
o A N
% 0006 A *BpC o A
] | o
O 0.004 RN o
0.002 - a
0.000 —— ; ; .
0 10 20 30 40 50
height (cm)

Fig. 3 Relation between above ground Relative
Growth Rate (RGR) and height for four pioneers
species calculated for a 360 day period from 150-
510 days after the slash and burn treatment.
Abbreviations: Malm, Mallotus microcarpus; Malp,
Mallotus paniculatus; Macd, Macaranga
denticulata; Melc, Melastoma candidum.

Interspecific differences in photosynthetic rates, light capture and use and biomass

allocation

Photosynthesis per unit above ground mass (Pn.ss) Was calculated as the product of a

physiological component, Light Use Efficiency (LUE), and a morphological component, light

capture per unit above ground mass (®.ss, calculated with the model) (eq.(1)). Fig. 4a-c show

how these components varied in time and how they determined P.,s from 150-510 days in

succession. The greater LAI in stage Il as compared to stages | and Il (Table 1), were not

reflected in greater differences between species in ®.ss Or Phass, indicating that there was no

effect of these differences in LAl on interspecific competition (regardless of species height).

Table 1 Characteristics of successional vegetation stages of a Vietnamese forest

Stage |

Stage Il

Stage I Stage IV

age (days)
mean LAI (m2m'2)
mean height (m)

150

330

3.03+/-1.74 5.46+/-0.91 3.73+/-0.75 5.72+/-1.16
0.61+/-0.18 0.99+/-0.31

Note: stages |,Il and Ill are different successional stages of one stand

510 5 years

1.44/-0.41 4.71+4/-1.54
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denticulata; Melc, Melastoma candidum. Bars denote
standard error.
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exhibited
average Pn.ss Vvalues on average than
Mallotus  paniculatus  and
denticulata (Fig. 4a) (MM, p=0.003) but not

higher than Mallotus microcarpus. The

Melastoma  candidum higher

Macaranga

interspecific differences could not be related
to species height. LUE was higher for
Mallotus
candidum than for the other two species (Fig.
4b) (MM, p<0.001). This can be explained by
the photosynthetic characteristics of the two
species (Table 2): both had low dark

respiration.

paniculatus and  Melastoma

Quantum  yield, maximum
photosynthetic rate (Pax) and photosynthetic
nitrogen use efficiency (PNUE) were similar
for all species. The differences in s
between species were not very large (Fig.
4c). Even though Mallotus microcarpus
showed the highest ®,,,ss on average (MM,
p<0.001), there was no relation between
species height and ®,,,ss Which indicated that
the degree of asymmetric competition for
light was small. ®,.ss equals the product of
@,req (calculated with the model) and LAR
(eq.(2)). Mallotus microcarpus had a higher
®,e2 On average than the other species (MM,
p=0.009) but a similar LAR (Table 3). The
small differences in @, Were caused by
small differences in LAR between species
which in turn were caused by differences in
SLA (Table 3) (eq.(3)) with Mallotus
microcarpus and Macaranga denticulata
having relatively high SLA values (but see
below).
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Because of the higher LAl and a more than
three-fold greater vegetation height, one
would expect stronger competition between
species in stage IV than in the younger
stages. Pn.ss differed between species (Fig.
5a). Mallotus microcarpus had the same
value as Melastoma candidum and these
were lower than the values of Mallotus
paniculatus and Macaranga denticulata
(ANOVA, p=0.006). There was no clear
relation between species height and P .
LUE was highest for Melastoma candidum
(Fig. 5b) (ANOVA, p<0.001). There were
differences in the @, values (Fig. 5c)
(ANOVA, p=0.004) with the tallest and the
smallest species having similar, relatively
low ®,.ss compared to the species with
intermediate height. Values of ®.s Were
10-fold lower than in the younger stages
because plants had lower LAR and @,
(Table 4). Values of ®,., were on average
the same for all species in stage IV (Table 4)
(ANOVA, p=0.558), so between species
differences in ®.,s were caused by
differences in biomass allocation (Table 4)
(eq.(2)). Mallotus microcarpus had a
relatively low LMR which caused a low LAR
while Mallotus paniculatus had a high SLA
and thus a high LAR (eq.(3)). Macaranga
denticulata and Melastoma candidum had

intermediate values for LAR.

Table 4 Plant height, above ground mass, Specific Leaf Area (SLA), Leaf Mass Ratio
(LMR), Leaf Area Ratio (LAR) and light capture per unit leaf area (¢ aea) Of pioneer species

in stage IV

Species n height s.e. plantmass s.e. SLA

(m) (@) (m’g™) (9g™") (m’g") (mol m2day™)

se. LMR se. LAR se. ¢ area s.e.

Mallotus microcarpus 15 4.64° 0.46 3427.29° 781.74 0.0150° 0.000 0.085% 0.012 0.0013% 0.000 12.77° 2.03
Mallotus paniculatus 17 3.48%° 0.27 570.72° 145.23 0.0192° 0.001 0.176" 0.020 0.0033" 0.000 12.96° 1.89
Macaranga denticulata 19 4.08%° 0.24 2024.41*° 316.20 0.0151% 0.001 0.150° 0.009 0.0024° 0.000 16.13° 2.33
Melastoma candidum 19 2.95° 0.16 1123.03°°° 254.23 0.0146% 0.001 0.161° 0.025 0.0025% 0.001 12.52° 1.97

Notes: Values are means. Significance for species-effect (ANOVA) is indicated with different superscript letters (Bonferroni or Games-Howell

post hoc test, p<0.05). Letter n indicates sample size and s.e. indicates standard error of the mean
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Intraspecific differences in light capture and biomass allocation

The data of stages Ill and IV were used to compare differences in intraspecific competition as
they differed in LAI, vegetation height and light extinction (Table 1). Stages | and Il showed
qualitatively the same data with respect to intraspecific competition as stage lll, so for clarity we
present only the data of stages Ill and IV.

In stage Il ®,,.ss did not increase with individual height (Fig. 6a & Table 5) (MM, p=0.130),
indicating that there was no size-asymmetric competition for light within species. Values of @,
increased with individual height for Mallotus microcarpus and Melastoma candidum (Fig. 6b &
Table 5) (MM, p=0.027) simply due to the fact that taller individuals reached the more illuminated
layers of the canopy where they could capture more light. LMR and SLA decreased when
individuals were taller (Table 5), thereby decreasing LAR (eq.(3)). The increase in @,

compensated for the loss in LAR, therefore ®,,,ss remained constant with individual height within

all species.
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Fig. 6a-d Relation between ®n,ss and P,e. and individual plant height in stage Il (Fig. 6a-b) and IV (Fig. 6¢c-d). In (b)
and (c) the regression lines indicate a significant relation ((b): solid line for Malm, broken line for Melc and (c) dashed
line for Malp, broken line for Macd). Abbreviations: Malm, Mallotus microcarpus; Malp, Mallotus paniculatus; Macd,
Macaranga denticulata;, Melc, Melastoma candidum.
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Table 5 Analysis of covariance (ANCOVA) with light capture per unit leaf area (¢ area), light
capture per unit mass (¢ mass), Specific Leaf Area (SLA), Leaf Mass Ratio (LMR) and Leaf Area
Ratio (LAR) as dependent variables and plant height as covariate
Slope-effect Height-effect Species-effect
Stage Dependent Covariate F-value p-value F-value p-value F-value p-value
1] b area height 0.227 n.s. 4.871 0.027 0.746 n.s.
O mass height 1.014 n.s. 2.340 n.s. 3.015 0.035
SLA height 26.092 0.000 25.024 0.000 55.511 n.a.
LMR height 2.102 n.s. 4.892 0.029 3.565 0.017
LAR height 0.374 n.s. 0.314 n.s. 0177 n.s.
\Y) ® area height 2.701 n.s. 0.086 n.s. 0.639 n.s.
¢ mass height 1.932 n.s. 9.021 0.004 5.702 0.002
SLA height 1.622 n.s. 19.496 0.000 1.721 n.s.
LMR height 16.094 0.000 57.590 0.000 14.760 n.a.
LAR height 11.781 0.000 68.344 0.000 10.702 n.a.
Note: n.s. indicates a p-value greater than 0.05, n.a. means non-applicable

In stage IV, ®.ss decreased with individual height for Mallotus paniculatus and Macaranga
denticulata (Fig. 6¢ & Table 5). ®,., was not correlated with individual plant height (Fig. 6d &
Table 5). Apparently individuals had already reached the most illuminated layers of the canopy,
so an increase in height did not increase ®,.,. The decrease in @5 could be attributed to a
decrease in LAR with individual height due to concomitant reductions in SLA and LMR (Table 5).

Discussion

Limited degree of size-asymmetric competition for light

When competition for a resource is asymmetric larger individuals get a disproportionately larger
share of the available resource, which in turn can lead to increases in plant size inequalities. In
our study, differences in light capture relative to size between species were present but relatively
small and not related to plant size, thus the degree of asymmetric competition was very small.
This result is in contrast to the general assumption that asymmetric competition for light is
important as larger individuals shade shorter ones (see Weiner and Thomas 1986) but it is
consistent with several studies on grasslands (Aan et al. 2006; Anten and Hirose 1999; Hirose
and Werger 1995) and a secondary forest (Selaya et al. 2007) where similarity in light capture
per unit mass between species of different size was also observed.

Asymmetric light competition was not observed between taller and smaller individuals
within one species. This is in contradiction to Anten and Hirose (1998) who suggested that while
light competition between species maybe size-symmetric, within species it is generally
asymmetric. Other studies further reported that the degree of size-asymmetry in light competition
increases with both the height and LAI of a vegetation stand (Aan et al. 2006; Anten and Hirose

1999; Hikosaka et al. 1999). We however did not observe such a trend: differences in light
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capture per unit mass (®nass) between larger and smaller plants were not greater in the taller and
denser stand (stage IV) than in the younger vegetation stages.

Growth per unit mass was independent of plant size both when comparisons were made
among and within species. As a result, the relative height differences between species that were
present at five months after field abandonment stayed more or less constant during the
subsequent five years of succession. None of the species or individuals was outcompeted in the
study period, nor did they seem to get outcompeted in the near future. Thus, the results in this
study contradict the notion presented in the literature (Huston and Smith 1987; Van Breugel
2007) that in young secondary forest asymmetric competition for light should be the main
mechanism shaping secondary forest dynamics. Our study does not preclude however that
asymmetric competition may become more apparent in later stages of succession. Furthermore
we did not consider below ground competition and as this often tends to be size-symmetric
(Weiner 1986)-but see Hikosaka and Hirose (2001) where it was found to be asymmetric- it might
have contributed to the size-symmetric growth observed by us.

The only other study that we know of that quantified light capture relative to plant size and
related that to changes in size hierarchies in secondary tropical forest (the Bolivian Amazon,
Selaya 2007), reported that during the first three years of succession taller species grew
disproportionately fast compared to smaller ones (but species were measured simultaneously in
different aged stands). This pattern was not so much related to larger species capturing
disproportionately more light but rather to them having higher photosynthetic rates per unit of
captured light (LUE). The discrepancy with our results might be related to differences in the
overall growth rate of the plants at the two sites: at the Bolivian site the vegetation reached a
height of 1.8 m on average within the first 6 months after field abandonment and 7.8 m after 3
years (Selaya 2007), a pattern also observed in another neotropical site (Mexico, Van Breugel
2007), while in our study in Vietnam it only reached 0.6 m in 5 months and 4.7 m after 5 years.
Our study site was very degraded and probably had poor soil conditions. For the past 25 years it
has been repeatedly used as a plantation site for Acacia trees (1 cycle takes 5-6 years). By
contrast, the sites studied by Selaya (2007) and Van Breugel (2007) were in their first slash and
burn agricultural cycle. Thus, as was predicted by Schwinning (1996), the degree of asymmetry
in competition might be related to the overall rate of height increment and canopy development in
a vegetation stand and not so much to the height or LAl ultimately achieved.

We could well explain the observed results of the limited occurrence of asymmetric growth
and light competition in a mechanistic way using a canopy photosynthesis model, where
photosynthetic rate per unit mass was used as a proxy for size dependent growth. The relative
growth rate that was observed in the field was strongly correlated with the calculated
photosynthetic rates per unit mass for species (r2=0.87). Photosynthetic rate per unit of mass in
turn was analysed as the product of light capture per unit mass, which is mainly determined by
morphological plant traits, and light use efficiency, which is largely associated with physiological
characteristics of plants (Anten and Hirose 2003). In general, taller plants captured slightly more

light per unit leaf area (but not in vegetation stage V), but due to species differences in LAR, light
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capture per unit mass, i.e. light capturing efficiency, was relatively similar for taller and smaller
species and within species for taller and smaller individuals. Overall Melastoma candidum had
the highest light use efficiency but other species were similar to each other. Regarding the leaf
physiological traits that determine LUE, species mainly differed with respect to dark respiration
and the associated light compensation point. Due to the relatively small differences in LUE and
light capture per unit mass, differences in photosynthetic rates per unit mass between species

were small too. This was reflected in the stable size hierarchy of the saplings in the field.

Pioneer species differed strongly in functional traits
Usually pioneers are grouped together as one functional group and compared with other
functional groups with respect to light requirements (Chazdon 1992; King 1990; King 1994;
Kitajima 1994; Poorter 2001; Poorter and Werger 1999; Selaya et al. 2007; Valladares et al.
2000). Implicitly they are therefore assumed to have similar functional traits. This study shows
that pioneer species can have quite similar light capturing efficiencies and photosynthetic rates
per unit mass but that they can differ considerably from each other when it comes to morphology
and physiology, even when congeneric species are compared. The differences between the two
Mallotus species were considerable. Mallotus paniculatus initially had an almost two-fold lower
SLA than Mallotus microcarpus but its SLA increased in time while that of the other species
remained constant. Mallotus microcarpus and Mallotus paniculatus also exhibited respectively
the highest and the lowest values for light compensation point, dark respiration and P The
dark respiration and associated light compensation point differed at least four-fold between them.
Melastoma candidum showed the highest RGR and it could also very well keep up with
vegetation height in the sapling stage. Since it is a shrub its inherent architecture inhibits it to
grow tall (>5 m), but it was able to persist at least in the first five years of succession. Melastoma
candidum produced many branches that were all directed upwards and leaves were placed at the
growing tips of these branches (also found by Davies and Semui 2006) in the most illuminated
layer of the crown, thereby increasing light capture per unit leaf area. More than 70% of the
leaves were placed horizontally which is also favorable for light capture (Falster and Westoby
2003; Hikosaka and Hirose 1997; Muraoka et al. 1998). Macaranga denticulata, on the contrary
hardly produced branches in vegetation stages I-lll and also in stage IV branch mass was low
compared to the other species (results not shown). However, it did make long petioles, thereby
placing the leaves in lighter environments in order to increase light capture per unit leaf area
(although this petiole trait is not incorporated in our model). The same phenomenon was

observed for its congener Macaranga gigantea (Yamada et al. 2000).
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Whole canopy nitrogen-use efficiency of pioneer species in

early secondary forest succession
with N.P.R. Anten

submitted

Abstract

The size hierarchy among plants during forest succession can be influenced by differences in nitrogen-use
efficiency. During succession soil nitrogen availability decreases which increases the importance for species
to use nitrogen efficiently. We compare whole canopy photosynthetic nitrogen-use efficiency (PNUE,m) and
its underlying traits among pioneer species in a tropical forest over the first years of succession. PNUEcum
was largely determined by leaf life span and resorption and differed twofold among species. It was however
not related to growth rates and only partly to species height. PNUEum was slightly different within a species
between successional stands that differed in height, leaf area index and resource availability, but an
increase in competitive pressure did not result in major changes in the use of nitrogen. At the leaf level,
potential PNUE (PPNUE: photosynthetic rate/leaf N content) was partly related to species growth rate but
not to species height. Results showed that species that are generally considered part of the same functional

group (pioneers) can differ considerably in nitrogen-use efficiency and its underlying traits.
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Introduction

Differences in nutrient-use efficiency between species can partly determine their dominance and
associated size hierarchies in plant communities (Aerts and Van der Peijl 1993). Nitrogen is an
essential component of photosynthetic proteins (Evans 1989) and as a result of its limited
availability it is one of the primary factors that limits plant growth in many natural ecosystems
(Kachi and Hirose 1983; Vermeer and Berendse 1983). Even under non-limiting conditions its
acquisition requires a large amount of energy (Field 1988). It is therefore important for plants to
use nitrogen efficiently. Berendse and Aerts (1987) defined nitrogen-use efficiency (NUE) as the
amount of dry matter that can be produced per unit of nitrogen. It can be calculated as the
product of two components: nitrogen productivity (NP; rate of dry matter production per unit of
nitrogen per unit of time) and the mean residence time (MRT) of nitrogen in a plant (the inverse of
nitrogen turnover when plant growth is at steady state). At the leaf level nitrogen-use efficiency is
often quantified as the ratio between photosynthetic capacity and leaf nitrogen content (potential
photosynthetic nitrogen-use efficiency: PPNUE).

A high nitrogen productivity is associated with a high relative growth rate (Mediavilla and
Escudero 2003; Reich et al. 1999; Reich et al. 1997). Leaves of fast growing species generally
are low-cost leaves with high SLA (Garnier 1992; Poorter et al. 2005; Walters and Reich 1999), a
short leaf life span (Coley 1988; Reich et al. 1992) and high investments of nitrogen in the
photosynthetic machinery. These traits also facilitate high PPNUE (Poorter and Evans 1998;
Poorter and Bongers 2006). Leaves of slow growing species show the opposite: low specific leaf
area (SLA) with longer leaf life span and high nitrogen investment in cell walls (Onoda et al.
2004) as defense mechanisms against herbivory and physical damage (Coley 1988). They tend
to have a lower nitrogen productivity and PPNUE but a longer mean residence time of nitrogen
(Escudero et al. 1992; Wright et al. 2002). As a consequence of different growth characteristics
for fast and slow growing species, there appears to be a trade-off between NP and MRT among
species (Aerts 1989; Berendse and Aerts 1987; Silla and Escudero 2004).

The results above apply to comparisons between species native to different soil types.
Comparisons between species growing on the same soil in a vegetation stand are much less
common. In dense stands, light intensity declines from the top towards the bottom of the canopy
(Monsi and Saeki 1953) and NUE would therefore be expected to depend on plant height and
leaf area distribution. But plants occupying different positions in the canopy may have very
different leaf nitrogen contents and photosynthetic characteristics (Anten and Hirose 2003; Han
et al. 2004; Hikosaka and Hirose 2001; Yuan et al. 2004). Overall it has been found that
differences in nitrogen-use efficiency tend to be small among such species growing in a single
habitat in a stable vegetation stand (Hikosaka and Hirose 2000; Hikosaka et al. 2002; Yasumura
et al. 2002). Hirose and Werger (1994) suggested that this similar resource use efficiency
facilitates species co-existence in a stand.

In a regenerating forest, height and leaf area index of the vegetation rapidly increase

(Swaine and Hall 1983; Uhl 1987) while light availability inside the canopy and soil nutrient
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availability (Ewel et al. 1991) decrease, causing species to increasingly compete. Thus an
efficient use of nitrogen for biomass gain may partly determine a plant’s success in such a
competitive setting (Ellsworth and Reich 1996; Herbert et al. 2004; van der Werf et al. 1993).
Studies have shown that in regenerating tropical rainforest early successional species tend to
have higher leaf-level PPNUE and faster growth than species that appeared later in succession
(Reich et al. 1994; Selaya 2007). The question however remains how whole canopy NUE
compares among pioneer species. During the first phase of succession there is generally intense
competition between pioneers and even small differences in nitrogen-use efficiency may partly
explain the size hierarchy among species.

As noted nitrogen-use efficiency is a function of a suit of traits including leaf life span,
nitrogen resorption, leaf-level PPNUE but also plant height, crown structure, leaf area and
nitrogen distribution. However, very little work that we know of has been done to quantitatively
link these traits to nitrogen-use efficiency. Hiremath (2000) developed a concept to study the
different components that determine leaf life time nitrogen-use efficiency in a detailed and
integrated manner (see also Funk and Vitousek 2007). She defined cumulative photosynthetic
nitrogen-use efficiency as the ratio of total carbon assimilation by a leaf (integrated over the life
span of a leaf taking a decline in photosynthetic rates with leaf age into account) to total nitrogen
investment in that leaf over its lifetime. Since her experiment was performed at leaf-level in an
experimental plantation, traits such as plant height (i.e. canopy position), whole canopy light
capture and nitrogen distribution in the canopy were not taken into account.

Here we report a study in which nitrogen-use efficiency at the canopy level is compared
among early successional species over the first years of succession. Whole canopy cumulative
photosynthetic nitrogen-use efficiency (with adaptations as compared to Hiremath 2000) is
compared between four pioneer species at two stages of succession (1.5 and 5 year old forest) in
a strongly degraded secondary forest in Vietham (see chapter 2). We relate nitrogen-use
efficiency to the size hierarchy among species. Based on previous findings (Reich et al. 1994;
Selaya 2007) we predict that taller plants have a higher whole canopy nitrogen-use efficiency

than smaller plants.

Methods

Study area

The study site is located in the buffer zone of Bach Ma National Park, Thua Thien Hue Province,
in central Vietnam (16°10°'N 107°50'E). Bach Ma National Park and its buffer zone were
established in 1991 with a total area of 43,331 ha. It is the core of the last remaining contiguous
forest belt in Vietnam, stretching from the South China Sea to the border with Laos. The area
experiences high rainfall, especially from November until February (up to 8,000 mm per year).
There is no distinct dry season and the vegetation is evergreen (Tran and Ziegler 2001). The

study site was used for monoculture plantations of Acacia mangium after defoliation and
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destruction in the second Indochina war. Part of the site was left fallow in 1999. Secondary forest

succession started and by 2004 a 5 year old forest stand (hereafter 5 y/o stand) had developed.

Species selection

We selected four study species in 2004, all co-dominant in the stand: the shrub, Melastoma
candidum (Melastomataceae) and three tree species, Mallotus microcarpus, Mallotus paniculatus
and Macaranga denticulata (all Euphorbiaceae). They represented over 75% of the total plant
cover and were the only woody species present in sufficient numbers for study. Plants therefore
predominantly interacted with conspecifics or with plants of the three other selected species.
Species of Melastoma (Davies and Semui 2006), Mallotus and Macaranga (Lee et al. 2005; Slik
et al. 2003; Toma et al. 2005) are known to regenerate on deforested or degraded lands and are
characteristic of secondary forests in South-East Asia (Primack and Lee 1991; Steenis 1965). We
selected plants for inclusion in this study from a 2 ha area making sure they covered the entire
height range (up to 8 m high). The surrounding vegetation consisted of ferns (Dicranopteris
linearis), grasses (Phragmites communis, Imperata cylindrica) and lianas. Later successional

species were absent at this stage.

Measurements

Measurements on the individuals in the 5 y/o stand were done in September and October of
2004. Light climate, LAI, biomass allocation and nitrogen content of leaves were determined per
individual (see chapter 2) so that photosynthetic rates could be calculated (see section
‘Calculation of whole canopy photosynthesis’). In November 2004 the area was experimentally
slashed and burned. After ~0.5 years 50 individuals per species divided over 10 plots of 25m?
each, were randomly selected. After approximately 1.5 years (hereafter 1.5 y/o stand) we
measured light climate, LAI, biomass allocation and the nitrogen content of young fully exposed
leaves (2-3) in top of the canopy of each individual (see chapter 2) in order to calculate
photosynthetic rate (see section ‘Calculation of whole canopy photosynthesis’). Growth data of
the saplings and data on photosynthetic traits of each species were taken from chapter 2.

The 1.5 y/o and the 5 y/o stand differed in height and Leaf Area Index (LAl). The mean
vegetation height in the 1.5 y/o stand was 1.4 m (£0.41 m) and the LAl was 3.73 (x0.75). In the 5
y/o stand vegetation height was 4.71 m (x1.54 m) and the LAl was 5.72 (+1.16) (see Table 1 and
Fig. 1c & d in chapter 2).

Leaf life span was measured on 7 individuals per species growing in the study plots for a
period of one year. Every month the newest leaves were marked with a straw. Newly developed
leaves and old leaves (including the ones with a straw) were counted monthly to obtain leaf
production and leaf loss rates. Since the plants were still growing they were not at steady state,
thus leaf life span was calculated as the number of leaves on the plant, divided by the average of
the slopes of cumulative leaf production and leaf loss (King 1994). We did not measure leaf life

span in the 5 y/o stand.
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Nitrogen resorption was determined by measuring leaf nitrogen content of yellow leaves (4-
6) of each species. The nitrogen resorped was expressed as a fraction of the average nitrogen

content of young fully exposed leaves in the top of the canopy.

Calculation of whole canopy photosynthesis
The model used here is almost identical to the one used by Anten and Hirose (2003) and was
described into detail by them. In chapter 2 a short description is given including references to
equations used by them.

The light response of net leaf photosynthesis (P in umol m'zs'1) was characterised by a non-

rectangular hyperbola (Johnson and Thornley 1984):
P = ((Prmaxt ®I)-[(Praxt ®1L)? - 40Pmaxd]**)/26)-Ry (1)

where P, is the maximum photosynthetic rate, I, the absorbed photon flux, Ry the dark
respiration, ® the quantum yield (calculated from measured values) and 6 the curvature factor
(set to 0.8, see Hirose et al. 1997).

Pmax Was calculated as a function of leaf nitrogen content per unit leaf area (Naea) (Anten et al.
1995):

Pmax=a*Narea+b (2)

with a the slope and b the intercept of the relation.

Calculation of the distribution of light saturated photosynthetic rates in the sapling’s crown
was done as a function of the nitrogen (N) distribution (Hirose and Werger 1987). For the 5 y/o
stand we used the measured nitrogen distribution. In the 1.5 y/o stand nitrogen content was only
measured in the most illuminated leaves in the top of the canopy (N,). We calculated the nitrogen
distribution in the canopy (Ngea: mmol m'z) using the equation proposed by Anten (1997):
Narea=No(I/l,)>* with I/, the relative light intensity. This equation shows that the nitrogen
distribution scales with the light distribution by a power 0.4. This is based on the mean
distribution of nitrogen in various stands reviewed by Anten (1997) and it is also similar to the

nitrogen distribution found in this study in the 5 y/o stand (scaling coefficient 0.32-0.45).

Calculation of nitrogen-use efficiency

Potential photosynthetic nitrogen-use efficiency (PPNUE: umol C mmol N'1s'1) was calculated as:

PPNUE=P,.,/N, (3)
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with Pax @s the maximum photosynthetic rate (umol C m'zs'1) of young fully exposed leaves and

N, as the nitrogen content per unit area of young fully exposed leaves (mmol N m'2).
Whole canopy cumulative PNUE (PNUE_,,: mol C mmol N'1) was calculated as:
PNUEcum = (Paaily” LLS) / ((Ntota)*(1-r)) (4)

where the numerator is the whole canopy daily carbon gain (Pgaiy: mol C g Ieafmass'1day'1)
multiplied by the leaf life span (LLS: days). The denominator is the amount of nitrogen invested in
a gram of leaf over its life span and then lost from the plant, i.e. the product of whole canopy
foliar nitrogen content (Ni,: mmol g'1) and the fraction of nutrients not resorped before leaf
abscission ((1-r), in which r indicates resorption). This formula is based on the calculation for
cumulative PNUE in Hiremath (2000) with the main exception that carbon gain and nitrogen
content are determined for the whole canopy, thus including leaves of different age.

Equation (4) can be divided into two parts, i.e. whole canopy Photosynthetic Nitrogen

Productivity (PNP: mol C mmol N"'day™) and mean residence time (MRT, days) of nitrogen.

PNP=Pgaily/Neotal )
and
MRT= LLS/(1-r) (6)

MRT was compared between species but we did not consider intraspecific variation in this trait
(Hiremath et al. 2002).

Statistics

Even though plots were established only to be able to trace back the saplings in the following
measuring period, both plot-effects and also individuals-effects have occurred. Therefore
analyses regarding the 1.5 y/o stand were done with Linear Mixed Effects Model (in results
section abbreviated as MM). Normality and Levene’s tests were done. Whenever necessary, data
were (log)transformed. When values of variables were analysed between species, plot number
was identified as subject. The effect of species on the average values of N,, Pn.x, PPNUE,
height, plant mass, RGR, SLA, PNP and PNUE_,, was determined by identifying these variables
as dependent and species as factor. When designing the model, species was the sole fixed
effect, including intercept. For random effect an intercept was included for the subject plot
number, but no model for random effects was designed. No post-hoc tests were available but
most between-species differences could be deduced from the parameter estimates. When the
change in PNP between species was analysed with height, subjects included plot number and

individual number. The variable on the y-axis was the dependent (PNP), the variable on the x-
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axis the covariate (height) and species was the factor. Slope-effects were tested by designing a
model with an interaction term of the fixed effects ‘species’ and ‘height’. If a significant slope-
effect was absent (P>0.05), the test was repeated with both fixed effects as main effects. For
random effect an intercept was included for the subjects ‘plot number and ‘individual number’,
but no model for random effects was designed.

For the 5 y/o stand the effect of species on the average values of N,, P.x, PPNUE, height,
plant mass, SLA, PNP and PNUE.,, were analyzed using ANOVA tests. Post-hoc tests, either
Bonferroni (equal variances assumed) or Games-Howell (equal variances not assumed), were
done to test for differences among species. To test for species differences in the relation between
PNP and individual height, an ANCOVA test was used. If a significant slope-effect was absent
(P>0.05), ANCOVA was repeated with the species and the height only as main effects.

The differences in slopes of the P.x-Narea relation was analysed with an ANCOVA test and
the differences in leaf life span and mean residence time were tested with an ANOVA test with a

Bonferroni post hoc test.

Results
From the photosynthesis measurements the
27 omam ro P species-specific relation between maximum
= ] 9 Malp . .
o 201 abteca Ho © photosynthetic rates (Pnhax) and nitrogen
€ 15 4 x Melc A O . .
E A ﬁgf - _Q ‘o content in the leaf (Nge,) was determined
2 109 MP 0 o (Fig. 1). All species showed an increase in
E g L ATRT Q% o _ _ _
o }’g x& & Pmax With an increase in N,e.. Slopes were
A
0 . : , N . .
not significantly different among species
0 50 100 150 9 y 9 sp
N,... (Nmol m?) (ANCOVA, p=0.404). The formulas
Fig. 1 Relation between maximum photosynthetic rate describing these relations and the maximum

(Pmax) @and nitrogen content of leaves (Naea) Of pioneer
species. Abbreviations: Malm, Mallotus microcarpus; Malp,
Mallotus paniculatus; Macd, Macaranga denticulata; Melc,
Melastoma candidum. Regression lines are depicted: solid

nitrogen content of young fully exposed

leaves (N,) of the trees in the plots were

line for Mallotus microcarpus, dashed line for Mallotus used to calculate maximum photosynthetic
paniculatus, fine broken line for Macaranga denticulata
and coarse broken line for Melastoma candidum. Capacity per unit leaf area (Pmax) of the trees

in the plots (Table 1). Dividing Pnax by No
gave potential photosynthetic nitrogen-use efficiency (PPNUE) (eq.(3)). Differences between
species and between stands were small but in both stands Melastoma candidum showed the
highest, Mallotus microcarpus and Macaranga denticulata intermediate, and Mallotus paniculatus
the lowest PPNUE.
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Table 1 Mean values of maximum leaf nitrogen content (N,) of leaves in the top of the
canopy, maximum photosynthetic rate (Pn.x) of leaves in the top of the canopy and potential
photosynthetic nitrogen-use efficiency (PPNUE) of trees in the field

Species n N, s.e. p-value Prax s.e. p-value PPNUE s.e. p-value
(mmol m'z) (umol m'zs'1) (umol C mmol N'1s'1)

1.5 y/o stand 0.023 0.014 0.000

Mallotus microcarpus 38  89.81 4.81 10.83 0.81 0.121 0.003

Mallotus paniculatus 38 7426 3.73 7.81 0.36 0.105 0.000

Macaranga denticulata 38  83.30 2.60 10.91 0.46 0.131 0.002

Melastoma candidum 37 7745 425 11.30 0.94 0.146 0.004

5 y/o stand

Mallotus microcarpus 15 109.28 6.83 a 14.10 115 ac 0.129 0.003 a

Mallotus paniculatus 17 93.21 8.38 a 9.63 0.80 b 0.103 0.001 b

Macaranga denticulata 19  92.63 3.21 a 12.57 0.57 bc 0.136 0.002 a

Melastoma candidum 19 100.61 5.78 a 16.43 1.28 a 0.163 0.003 c

Notes: Values are means. Significance levels (p-values) of the overall species-effects are shown and letters indicate significance of the

ANOVA post-hoc tests (p<0.05). Letter n indicates sample size and s.e. indicates standard error of the mean

Growth data (Relative Growth Rate: RGR) were taken from chapter 2. Plant mass was measured
non-destructively several times after the slash and burn treatment on the same individuals.
Melastoma candidum showed the highest relative increase in mass (MM, p<0.001) (RGR: Table
2) in the period from 150-510 days after the slash and burn treatment which corresponded to its
high PPNUE. The other species did not show significant differences in RGR. Mean species
height (Table 2) and PPNUE were not related in both stands. In the 1.5 y/o stand the smallest
species, Mallotus paniculatus, had the lowest PPNUE but for the other species and in the 5 y/o
stand no relation was found. The tallest species, Mallotus microcarpus, had intermediate values
of PPNUE in both stands. The species with the highest PPNUE, Melastoma candidum, had the
longest leaf life span while the species with lowest PPNUE, Mallotus paniculatus, had an
intermediate leaf life span (Tables 1 and 2). They both had intermediate values of SLA in the 1.5
y/o stand. In the 5 y/o stand SLA was highest for the species with the lowest PPNUE, Mallotus
paniculatus, and lowest for the species with the highest PPNUE, Melastoma candidum.

Table 2 Mean values of height, above ground mass, relative growth rate (RGR), leaf life span
(LLS) and specific leaf area (SLA) of pioneer species

Species n height s.e. p-value mass s.e. p-value RGR s.e. p-value LLS s.e. p-value SLA s.e. p-value
(m) () (mg g''day™) (day) (m’g")

1.5 ylo stand 0.00 0.00 0.00 0.000

Mallotus microcarpus 22 121 0.13 482 146 6.52 0.57 88 4 a 0.0163 0.000

Mallotus paniculatus 32 091 0.04 1.5 14 7.42 0.33 106 4 b 0.0134 0.000

Macaranga denticulata 34 1.05 0.07 255 36 8.02 0.27 108 4 b 0.0155 0.000

Melastoma candidum 35 0.95 0.05 299 99 9.63 0.43 143 10 c 0.0133 0.000

5 y/o stand

Mallotus microcarpus 15 4.64 0.46 a 3427.3 781.7 a - - - - - - 0.0151 0.000 a

Mallotus paniculatus 17 348 027 abc 570.7 1452 b - - - - - - 0.0192 0.001 b

Macaranga denticulata 19 4.08 0.24 ab 20244 316.2 ac - - - - - - 0.0151 0.001 a

Melastoma candidum 19 295 0.16 c 1123.0 254.2 abc - - - - - - 0.0146 0.001 a

Notes: Values are means. Significance levels (p-values) of the overall species-effects are shown and letters indicate significance of the ANOVA

post-hoc tests (p<0.05). Letter n indicates sample size and s.e. indicates standard error of the mean
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Fig. 2 Whole canopy photosynthetic nitrogen productivity
(PNP) and mean residence time (MRT) of nitrogen of four
pioneer species in a 1.5 y/o forest stand. Abbreviations:
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Forest regeneration and restoration in Vietnam-Marijke van Kuijk

Chapter 3

We determined photosynthetic
(PNP)  (eq.(3))
residence time (MRT) (eq.(6)) of nitrogen for

nitrogen
productivity and mean
the saplings in the 1.5 y/o stand (Fig. 2).
There were no differences

in PNP between species (MM, p=0.051)
despite differences in species height and
RGR. Species differed in MRT with
Macaranga denticulata and Melastoma
candidum showing significantly higher values
than Mallotus microcarpus and Mallotus
paniculatus (ANOVA, p<0.001). There tended
to be a positive relation between PNP and
MRT. The latter consists of two omponents:
leaf life span (LLS) and resorption (eq.(6))
(Fig. 3). LLS was highest for Melastoma
candidum Mallotus
microcarpus (ANOVA, p<0.001). Mallotus

paniculatus and Macaranga denticulata had

and lowest  for

intermediate  values. Resorption values
ranged from 51% for Mallotus paniculatus to
69% for Macaranga denticulata.

PNP was lower in the 5 y/o stand than in
(Fig. 4)
(ANOVA, p=0.021, 0.029, 0.042 for Mallotus

Mallotus

the 1.5 y/o stand for all species

microcarpus, paniculatus and

Macaranga denticulata except for
Melastoma candidum (ANOVA, p=0.101). In
the 5 y/o stand there were no differences
between species for PNP (ANOVA, p=0.207).

Fig. 5 shows whole canopy cumulative
PNUE (PNUE,y). In both stands Macaranga
denticulata and Melastoma candidum showed
values than Mallotus
microcarpus Mallotus
(ANOVA, p<0.001 and MM, p<0.001 for the

1.5 y/o and the 5 y/o stand respectively).

resp.),

significantly higher

and paniculatus

PNUE., in the 5 y/o stand was lower than in

the 1.5 y/o stand for Mallotus microcarpus,
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Mallotus  paniculatus and  Macaranga

z :ZZ otoyo s denticulata (ANOVA, p=0.021, 0.029 and
e 0.042 respectively) but not for Melastoma
S 0807 candidum (ANOVA, p=0.101). There was no
fE’, 0001 distinct relation between RGR and PNUE_,.
'5’ 2:22 In general, PNUE_,, was high for Melastoma
o 0.00 N | candidum, the smallest species with the

Malm Malp Macd Melc longest leaf life span, and low for Mallotus

Fig. 5 Whole canopy cumulative photosynthetic nitrogen-  /microcarpus, the tallest species with shortest

use efficiency (PNUE.m,) of four pioneer species in two
successional forest stands. Abbreviations: Malm, Mallotus
microcarpus;  Malp, Mallotus paniculatus;  Macd,
Macaranga denticulata;, Melc, Melastoma candidum. Bars
denote standard error.

leaf life span.

We did not consider intraspecific variation in MRT, therefore only PNP is plotted against
individual height to test for within species variation (Fig. 6). Only for Melastoma candidum a
significant positive relation was observed between PNP and individual height in both stands

(linear regression, p=0.011 and 0.008 for the 1.5 y/o and the 5 y/o stand respectively).
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Fig. 6a-b Relation between photosynthetic nitrogen productivity (PNP) and individual plant height of four pioneer
species in a 1.5 y/o (a) and a 5 y/o (b) secondary forest stand. Abbreviations: Malm, Mallotus microcarpus; Malp,
Mallotus paniculatus; Macd, Macaranga denticulata; Melc, Melastoma candidum. Regression lines are depicted for
Melastoma candidum in both windows.

Discussion

Cumulative photosynthetic nitrogen-use efficiency (PNUE.,,) differed twofold among species but
was not related to species growth rate and only partly related to species height. Nitrogen-use
efficiencies of species were quite similar between successional stands, indicating that a higher
leaf area index and lower resource availability leading to higher competitive pressure did not
result in major changes in the use of nitrogen.

Cumulative photosynthetic nitrogen-use efficiency (PNUE.,,) is the product of two
components: photosynthetic nitrogen productivity (PNP) and mean residence time (MRT). PNP
did not differ between species despite differences in species height. Yasumura et al. (2002)

found that canopy species in a beech forest had higher nitrogen productivity than understory
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species, but the height difference between the species in their study was much greater than in
ours (16 m for canopy species, 1-2 m for understory species). Furthermore differences in light
levels were much greater than in our study where differences in species height and light levels
were relatively small (see similar average values of ®,., among species in Table 3 & 4 in chapter
2). In the 5 y/o stand PNP was lower for most species than in the 1.5 y/o stand. This can be
attributed to lower light levels in general in the 5 y/o stand as the LAl was greater and leaves
were therefore on average more shaded.

PNP can also be determined by differences in leaf-level PPNUE. The pioneer species in this
study showed small differences in potential photosynthetic nitrogen-use efficiency (PPNUE),
which partly contributed to species having a similar PNP. Plants with a high potential growth rate
are thought to have high nitrogen investments in the photosynthetic machinery, causing them to
have high PPNUE (Poorter and Evans 1998; Poorter and Bongers 2006). In this study growth
rate was only partially correlated to PPNUE: the species with the highest RGR had the highest
PPNUE, but for the other species no such relation was found. Reich et al. (1994) did find a
relation between growth rate and PPNUE and also Selaya (2007) found that a high PPNUE was
related to dominance of species early in succession. They however studied early versus later
successional species. In our study, all species are early pioneers. Within a community growth
characteristics and associated growth rates are believed to be more similar among pioneers than
between pioneers and later successionals (Poorter 2006). Since only four species were studied
here this could explain why, contrary to other studies, we did not find a relation between PPNUE
and other leaf traits such as SLA and leaf life span.

Species height growth rate (which can be directly correlated to species height in this case)
was not correlated with PPNUE either, in contrast to what was found by Poorter and Bongers
(2006). In the 1.5 y/o stand species height differences were still small. In the 5 y/o stand they
were more pronounced and the competitive pressure for resources was higher but also in this
stand height was not correlated to PPNUE.

In our study no trade-off between the two components of PNUE.,,, (PNP and MRT) was
found. In general species that tended to have a higher PNP also had a higher MRT. When
different species with short leaf life span (<1 year) were compared, this trade-off has been found
to be very weak or absent (Aerts and de Caluwe 1994; Vazquez de Aldana and Berendse 1997;
but see Yasumura et al. 2002). Thus the degree to which there is a trade-off between nitrogen
productivity and MRT largely depends on the degree of interspecific variation in leaf life span.
When this is relatively small there is no such trade-off and variation in other traits influencing
nitrogen-use efficiency become more important (Eckstein et al. 1999; Escudero et al. 1992). In
our study resorption and leaf life span both influenced MRT. The amount of days that a unit of
nitrogen circulated in the plant’s canopy was twice as long as leaf life span for Mallotus
paniculatus while it was more than three times as long for Macaranga denticulata. This difference
is caused by their different resorption efficiencies (51% for Mallotus paniculatus; 69% for

Macaranga denticulata). Thus resorption is of great influence on MRT.
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Species with higher MRT had approximately twofold higher PNUE,,, than species with
lower MRT. Differences in PNUE,,,, were not related to species growth rates and only partly to
species height with the tallest species having a low PNUE_,, and the smallest species a high
PNUE.. This is opposite to what we predicted. It might be due to the fact that in our study
PNUE.,., appeared to be largely determined by MRT and not by the plant’s position in the canopy
and its concomitant NP. Hiremath (2000) found that the species with the longest leaf life span, a
later successional tree species, had a higher cumulative photosynthetic nitrogen-use efficiency
than a early successional tree species. Similar results were obtained here: the species with the
longest leaf life span had a two-fold higher PNUE,,, than the species with the lowest leaf life
span.

Hiremath (2000) found a two-fold difference in cumulative photosynthetic nitrogen-use
efficiency between early and later successional species. We found the same degree of difference
among only pioneer species. Usually pioneers are grouped together as one functional group
(King 1994; Selaya et al. 2007). Implicitly they are therefore assumed to have similar functional
traits. However, this study shows that leaf functional traits can differ considerably between
pioneer species (see also chapter 2 and Dalling et al. 2004) and that this can result in substantial
differences in nitrogen-use efficiency. In contrast to what was previously found by others
(Hikosaka and Hirose 2000; Hikosaka et al. 2002; Hirose and Werger 1994) these results show
that species growing in the same habitat can show differences in nitrogen-use efficiency, even
though species composition was stable during several years in this system (see chapter 2).

In this study nitrogen-use efficiency was not calculated based on N contents of litter as is
done by others (Herbert and Fownes 1999; Smith et al. 1998; Yasumura et al. 2002). When we
did, it appeared that the results were in the same order of magnitude, albeit slightly lower
(calculations not shown). It has to be pointed out that calculations based on litter assume steady-
state conditions with respect to leaf production and leaf loss. In our study plants were growing
and therefore not in steady-state. This could have lead to underestimations when the nitrogen-
use efficiency was calculated based on litter.

A high MRT is likely to be advantageous in nutrient limited environments, where nutrient
conservation rather than rapid growth is the key to persistence (Hiremath 2000). Slash and burn
practices lead to land degradation (Gehring et al. 2005; Styger et al. 2007). Even though fires
increase nutrient availability for a short time (Kennard and Gholz 2001; Soto et al. 1995),
biomass growth during secondary succession is inhibited due to nutrient limitation (Davidson et
al. 2004). The number of slash and burn cycles and the fallow length influence the availability of
soil nutrients (Bruun et al. 2006; Lawrence et al. 2005) and this affects species composition of the
vegetation (Paniagua et al. 1999). It was previously found that on soils with low fertility, species
with high MRT instead of high PNP are favored (Aerts and de Caluwe 1994; Vazquez de Aldana
and Berendse 1997; Yuan et al. 2005). Our study site was very degraded due to effects of war
followed by several slash and burn cycles of 5-6 years with very short fallow lengths (several
months) thus a high nutrient retention and an efficient use of resources seems beneficial here

(see also dos Santos et al. 2006).
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So far we have discussed interspecific differences in nitrogen-use efficiency. For
intraspecific differences we only considered PNP since resorption and leaf life span appeared to
be similar for individuals within a species. For Melastoma candidum individuals PNP increased
with an increase in height. However, no such relation was found for the other species. Others
found taller individuals in monostands to experience higher light levels and as a result they had
higher nitrogen productivity than smaller individuals (Han et al. 2004; Hikosaka and Hirose 2001;
Yuan et al. 2004). Our vegetation stand was less homogeneous than the mentioned monostands.
As a result individuals of different height experienced relatively similar light conditions (see @ 4,
data in Fig. 6 in chapter 2). Since Melastoma candidum is a shrub, its inherent architecture
inhibits it to grow tall, it could not reach the most illuminated layers of the canopy by growing tall
like the other species. Instead, it produced many branches that were all directed skywards and
leaves were placed at the growing tips of these branches (also found by Davies and Semui 2006)
in the most illuminated part of its crown, thereby increasing light capture per unit leaf area (see
chapter 2). More than 70% of the leaves were placed horizontally which is also favorable for light
capture (Falster and Westoby 2003; Hikosaka and Hirose 1997; Monsi and Saeki 1953; Muraoka
et al. 1998). Thus instead of growing tall, Melastoma candidum reaches illuminated environments

by efficient leaf positioning.
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Tree liberation to accelerate secondary forest succession: a

model approach
with N.P.R. Anten, R.J. Oomen and F. Schieving

submitted

Abstract

Excessive growth of non-woody plants and shrubs on degraded lands can strongly hamper tree growth and
thus secondary forest succession. One often used method to accelerate succession, called liberation, is
opening up the vegetation canopy around young target trees. This can increase growth of target trees by
reducing competition for light with neighboring plants. Due to the different light requirements of target
species, liberation has not always had the desired effect. Here we present a 3D-model which calculates
photosynthetic rate of individual trees in a vegetation stand. It enables us to examine how stature, crown
structure and physiological traits of target trees and characteristics of the surrounding vegetation together
determine the growth of trees. Various types of management practices can be simulated. The model was
applied to a liberation experiment that we conducted on pioneer species in a young secondary forest in
Vietnam. Species responded differently to the treatment depending on their height, crown structure and their
shade-tolerance level. The responses were also dependent on the height and density of the vegetation and
the gap radius from which it was removed. There were strong correlations between calculated
photosynthetic rates and observed growth, indicating that the model was well able to predict growth of trees
in young forests and the effects of a commonly applied practice there upon. With the approach presented
here we can simulate vegetation removal in different scenarios. As such it provides a useful tool in planning

liberation activities without performing costly and long-lasting experiments.
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Introduction

In tropical regions the area of secondary forests is expanding due to the increased pressure on
primary forests. However, natural forest regeneration after disturbance is often slow or stagnates,
many times caused by excessive growth of shrubs, lianas or grasses (Aide et al. 1995; Chapman
and Chapman 1999; Guariguata and Dupuy 1997; Hooper et al. 2004). Often these plants invade
degraded sites and they may compete with trees for resources (Berkowitz et al. 1995; Holl 1998;
Parrotta et al. 2002; Putz and Canham 1992) or catch fire in the dry season that destroys young
forest growth (Werger 1983). This strongly hampers forest succession.

In recent years there has been increased attention for restoration ecology and in particular
for management options to accelerate recovery of forests (Holl and Kapelle 1999; Parrotta et al.
1997). One often used method to increase tree growth and thus facilitate more rapid succession
is opening up the vegetation surrounding target individuals (Chapman and Chapman 1999;
Dolanc et al. 2003; Duncan and Chapman 2003; Fuhr et al. 2001). This method, called liberation,
can stimulate growth of these individuals by reducing competition with neighboring plants,
especially competition for light. However, liberation has not always had the desired effect
(Chapman et al. 2002; Collet et al. 1998; De Graaf et al. 1999; Otsamo 2000).

Liberation increases light levels at which target trees grow. Studies have shown that tree
species have different light requirements (Dupuy and Chazdon 2006; Montagnini et al. 1997;
Ramos and del Amo 1992), even closely related ones (Adjers et al. 1995), and this can change
within a tree with tree age (Davidson et al. 2002). Thus the light levels created by liberation may
be suitable for some species and some individuals but not for others. Forest managers need to
know when, where and how to intervene to accelerate forest succession. However, experiments
require a lot of time, space and money and the outcome is usually restricted to a specific set of
species in a specific setting and a limited amount of experimental conditions (for instance gap
size) that are created (see Paquette et al. 2006 and references therein).

In this study we therefore present a three-dimensional model (see ‘Model description’) which
enables us to examine how stature, crown structure and physiological traits of the target trees
and the density and height of the surrounding vegetation in concert determine the growth of
target trees. Height, crown dimensions, leaf area, leaf angle distribution and leaf physiological
characteristics of target trees can be varied. The characteristics of the surrounding vegetation
(Leaf Area Index, leaf angle distribution, height) can also explicitly be specified and the effects of
various types of management practices (e.g. gap creation) can be simulated.

The model will be applied to a dataset from a young natural secondary degraded forest in
Vietnam. Saplings of pioneer tree species that recruited after a slash and burn treatment were
monitored over time (see chapter 2). In the 1.5 year old vegetation stand 50% of the individuals
were liberated of surrounding vegetation. With model calculations we determine the effect of
liberation of individual trees of three woody species in terms of light capture and photosynthesis
and relate this to growth of the target trees. The validity of the model is critically tested by

comparing predicted tree photosynthetic rates for a given point in time to subsequent growth
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rates. We also simulate the effects of vegetation LAl and height and gap radius in vegetation
removal events, and we determine the effect of liberating target trees in stands of different

successional status.

Methods

Study area

The study site is located in the buffer zone of Bach Ma National Park, Thua Thien Hue Province,
in central Vietham (16°10’N 107°50’E). Bach Ma National Park and its buffer zone were
established in 1991 with a total area of 43,331 ha. It is the core of the last remaining contiguous
forest belt in Vietnam, stretching from the South China Sea to the border with Laos. The area
experiences high rainfall, especially from November until February (up to 8,000 mm per year).
There is no distinct dry season and the vegetation is evergreen (Tran and Ziegler 2001). After
defoliation in the war, the study site was used for monoculture plantations of Acacia mangium.
Part of the site was left fallow in 1999.

Study species

In November 2004 we applied a slash and burn treatment (see chapter 2 for details). The woody
species that recruited afterwards were monitored over time. For this study three tree species
were selected: Mallotus microcarpus, Mallotus paniculatus and Macaranga denticulata (all
Euphorbiaceae). Species of Mallotus and Macaranga are known to regenerate on deforested or
degraded lands (Lee et al. 2005; Slik et al. 2003; Toma et al. 2005) and are characteristic of
secondary forests in South-East Asia (Primack and Lee 1991; Steenis 1965). The role of these
pioneer tree species in succession is important as they have the ability to overgrow grass and

shrub species that may strongly hamper succession (see also Finegan 1984; 1996).

Measurements

Measurements were done in April 2006, 1.5 years after the slash and burn treatment (1.5 y/o
stand hereafter). Crown allometry of the individual target trees (20 individuals for Mallotus
microcarpus, 31 for both Mallotus paniculatus and Macaranga denticulata) was determined by
measuring crown dimensions in four wind directions and from the bottom to the top of the crown.
Biomass allocation, photosynthetic characteristics and nitrogen contents of the same individuals
and data on the light climate in which they grew were measured at the same time (see chapter 2
for methods).

After finishing the measurements half of the individuals were selected randomly distributed
over the study area to be removed of surrounding vegetation (‘liberated plants’). All vegetation
(shrubs, grasses, lianas etc.) was removed in a radius of 0.5 m around the stem of the selected
individuals, from soil level until the top of the surrounding vegetation, so that their crowns did not

interact with the surrounding vegetation any longer. Regrowing vegetation was removed monthly.
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The vegetation around the other half of the individuals was left intact (‘control plants’). After 174
days biomass allocation of all individuals was determined non-destructively (they were part of
another ongoing study) so that growth of control and liberated trees could be calculated (for

methods and calculations on non-destructive measurements see chapter 2).

Model description

The PHOLIAGE-model is designed to calculate light absorption and photosynthetic rate of
solitary trees in a vegetation stand. Here a short description of the model is given. For a detailed
description and formulas see Appendix |.

We assume a tree with specific crown dimensions placed in a vegetation stand with a
specific canopy height (as in Fig. 1). The length to width ratio of the crown can be varied such
that vertically elongated, spherical and flatter broader crowns can be considered. The canopy of
the vegetation can be fully closed and thus surround and even overtop the tree, or it can be
opened up as a circular gap around the tree, thus simulating liberation. Characteristics of the tree
and surrounding vegetation can be varied.

A light beam coming from any angle of the sky dome may or may not enter the surrounding
vegetation before it hits the tree crown, depending on if and to what extent the canopy is opened
up and on the height of the canopy. The tree crown is divided into infinitely small volume
elements, approaching points. The amount of light coming from a given direction of the sky dome
in a given point in the crown is calculated as a function of the path length through the crown and
surrounding vegetation, their respective leaf area densities and extinction coefficients for light.
This is then converted to absorbed irradiance, taking leaf absorbance and leaf angle distribution
into account. The absorbed irradiance is used as input for the light response curve calculated for
light saturated photosynthesis per unit volume as function of leaf nitrogen content. Subsequently
integration over the sky dome gives the light absorption and photosynthesis of a given point in
the crown which is then integrated over the volume of the ellipsoid to calculate whole crown light

absorption and photosynthetic rate.

Light above the canopy
We assume a standard overcast sky (Goudriaan 1977). The light intensity per steradian from the
sky dome (inﬂ) depends on the polar angle of a light beam (9: measured from the zenith) but is

similar for light beams with different azimuth angles (measured in a horizontal plane):
i (%) =igo(1-(sin 8)°)
with iz," the reference light intensity (from the zenith) and c the curvature type of the light-polar

angle relation (in this chapter the horizontal light intensity on top of the canopy=1000 pmol m?s”
and c=2).

Path length calculation
With a technique called ‘ray-tracing’ (Bartelink 2000; Pearcy and Yang 1996; Rohrig et al. 1999)
we determine the path length of the beam through the crown of the tree and the surrounding
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vegetation by tracing it from a certain point within the crown into the direction the light is coming
from (see Fig. 1 in Appendix |). Depending on the incidence angle and the gap size it will pass
through the surrounding vegetation or not. If it does, it can enter the vegetation canopy either
from below or from the side. By calculating the length between the point in the ellipsoid crown
and the outer boundary of the crown we determine the path length of the beam through the tree’s
crown. We also calculate if and where the light beam enters the surrounding vegetation and the
path length of the beam through the vegetation. In this way for every point in the crown and for
every direction of the light beam, the path length of a beam through the crown and the vegetation

can be calculated.

Light extinction

The photon flux density in a certain direction d; must be specified in order to calculate photon
absorption rate in a certain point p in the ellipsoid crown. The directional photon flux density is
determined by the sky photon flux density (if,Q) from that direction (thus by the polar angle of
incoming light), the light extinction coefficient (K) in that direction, the path lengths (A) through
and the leaf area density (f) of the crown (E) and the vegetation (V). The light extinction
coefficient is determined by the leaf angle distribution. Leaf angles are categorized in three
classes: 0-30°, 30-60° and 60-90° and are assumed to be random in the azimuth direction
(Goudriaan 1988). Taking the path length through the vegetation and the crown into account, we
can calculate total light extinction of a beam of any direction for any point in the crown:

i%(p.d,)=i%(3 )e*[KE(d,-)fElE(pHKV(d, Y2y ()]

with Kg, fz and Ag indicating the light extinction in the crown of the plant itself and Ky, f, and Ay the

extinction by the surrounding vegetation.

Light absorption

The crown is divided into volume elements. The light absorption in a volume element approaches
light absorption in a point when the volume element is sufficiently small. Light absorption
depends on the leaf area density of a volume element and the leaf angle distribution. The light
absorption rate per volume element (/,) at point p in the ellipsoid crown is calculated by
multiplying light absorption per unit leaf area with a certain angle (/,), with the fraction of leaves in

the same direction. This is integrated over all leaf angles (Q,) within each leaf angle class:

l,(P)= [£(d, )l (p.d, ),

Photosynthesis
The net photosynthetic rate per unit leaf area in a point (P,) in the ellipsoid is determined by
absorbed light per unit of leaf area in that point and the nitrogen content of leaves. The light

response curve is described by a non-rectangular hyperbola (Johnson and Thornley 1984):

(P (N)+ @)= (P (N)+ g1 — 4P, (N
20

p.(I,N)= —Ry(N)
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where P, is the maximum photosynthetic rate, / the absorbed photon flux, Ry the dark
respiration, ¢ the quantum yield (calculated from measured values) and 6 the curvature factor
(set to 0.8, see Hirose et al. 1997). P,,..x and Ry are linearly related to leaf nitrogen content. We
calculated the nitrogen distribution in the canopy using equation (16) proposed by Anten (1997)
in which the nitrogen distribution scales with the light distribution (see also chapter 3 in which the
scaling coefficient was determined for trees in a 5 y/o stand). In our model the scaling coefficient
can be varied. Next the crown is divided into volume elements. Net photosynthetic rate per crown

volume element (P,) at point p is calculated similarly as /, (p):

P.(p) = [*(d,)P,(p,d, 2,

Whole crown photosynthesis and light absorption
Whole crown net photosynthetic rate (Pg) is calculated by integrating the net photosynthetic rate

per volume element over the volume of the crown:

Pe= [P.(p)aV

ellipsoid
Because integrating over an ellipsoid creates certain difficulties, the ellipsoid is transformed into a
sphere. Each point and volume element in the ellipsoid is coupled to a point and volume element

in a sphere. Next, an integration is made over the whole volume of the sphere:
+zR(z") 2x

P. =abc j j r j P,'(p')dy'drdz
-z 0 0

For explanation on coordination symbols see Appendix |I. Whole crown photon absorption is

calculated similarly, by substituting Pg with Iz and P, with /,.

Model simulations

Several model calculations and simulations were done. First, we calculated whole canopy light
capture and photosynthetic rates of each individual control and liberated tree immediately after
removal of the vegetation in the 1.5 y/o stand (Fig. 1a). Second, we simulated the effect of an
increasing gap radius in which vegetation was removed (Fig. 1a). Third, we simulated the effect
of a vegetation removal event (gap radius=0.5 m) in a vegetation stand with an increasing LAl

(Fig. 1b). Fourth, the effect of surrounding vegetation height was simulated in a vegetation

(a) (b) (© Ao.5m

Fig. 1a-c Schematic presentation of model simulations. In Fig. 1a vegetation is removed around the individual within a
variable radius, in Fig. 1b the LAl of the surrounding vegetation is increased and in Fig. 1c the vegetation height is
increased (leaf area density remains constant).
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removal event (gap radius=0.5 m; leaf area density of the vegetation was kept constant while
height varied) (Fig. 1c). Fifth we simulated vegetation removal events with variable gap radii in
three successional forest stands.

In the second, third and fourth simulation we did not consider individual trees as measured
in the field. Instead, we calculated average values for tree height, crown dimensions, leaf area,
leaf angle distribution and leaf nitrogen content per species based on all existing individuals of a
species in the 1.5 y/o stand. Also the surrounding vegetation of the stand was averaged (LAl,
height, leaf angle distribution), so that the vegetation had the same characteristics throughout the
whole stand. This was done to analyse the effect of an increasing gap radius, vegetation LAl and
vegetation height on species with different dimensions, leaf area and leaf nitrogen content. In the
fifth simulation we digitally performed vegetation removal events with variable gap radii for
individual trees within their surrounding vegetation based on actual field data as measured in
chapter 2. The same individuals were liberated in three successional stands (~0.5, 1 and 1.5 y/0)
of the same forest in order to determine the combined effect of tree and vegetation

characteristics.

Statistical analysis

Plots were created after the slash and burn treatment with the sole purpose to be able to trace
back the saplings in following measuring periods. However, in this set-up plot-effects might occur.
Therefore analyses were done with Linear Mixed Effects Model (in results section abbreviated as
MM).

The effect of species on the average values of light capture, photosynthetic rates and growth
were determined by identifying these variables as dependent and species as factor. When
designing the statistical model, species was the sole fixed effect, including intercept. For random
effect an intercept was included for the subject plot number, but no model for random effects was
designed. No post-hoc tests were available but most between-species differences could be
deduced from the parameter estimates.

The relation between observed growth and calculated photosynthetic rate was analysed with

linear regression and the difference in slopes was analysed with ANCOVA.

Results

Vegetation removal in the 1.5 y/o stand

The average height of the vegetation in the 1.5 y/o stand was 1.4 m and the LAl was on average

3.73. Species differed in height but were on average lower than the vegetation (Table 1).
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Model calculations showed that in all species liberated individuals on average tended to have
higher absolute whole canopy light capture rates (umol s'1) (the horizontal light intensity on top of
the canopy was set to 1000 pmol ms™) and photosynthetic rates (umol s™') immediately after
removal of vegetation than the control individuals (Fig. 2a-b) but none of these differences were
significant (MM, p>0.05). Liberated plants had significant higher light capture per unit of leaf area
(Parea) and photosynthetic rate per unit of leaf area (Paea) (Fig. 2c-d) (MM, p<0.05) than control
plants, except for P, of Mallotus microcarpus (MM, p=0.133).
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T 140 @) liberated =
< i O liberate -
0 Q o5
E 120 A O control g
< 100 ® 207
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Fig. 2a-d Mean values of whole canopy light capture and photosynthetic rate of control and liberated plants
immediately after vegetation removal (gap radius=0.5 m) in a 1.5 y/o secondary forest stand in Vietnam (the horizontal
light intensity on top of the canopy was set to 1000 pmol m™s™). Abbreviations: Malm, Mallotus microcarpus; Malp,
Mallotus paniculatus; Macd, Macaranga denticulata. Bars denote standard error.

Above ground Relative Growth Rate (RGR) and relative height growth rate were determined
in the period following the removal of the surrounding vegetation (Fig. 3). Vegetation removal
tended to result in a higher RGR (Fig. 3a), but this was only significant for Mallotus paniculatus
(MM, p=0.043). Height growth tended to be lower for liberated plants (Fig. 3b), but this was only
significant for Macaranga denticulata (MM, p=0.036).
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Fig. 3a-b Above ground Relative Growth Rate (RGR) and relative height growth rate of control and liberated plants in
174 days after vegetation removal (gap radius=0.5 m). Abbreviations: Malm, Mallotus microcarpus; Malp, Mallotus

paniculatus; Macd, Macaranga denticulata. Bars denote standard error

] Model calculations of instantaneous
Mallotus microcarpus
absolute photosynthetic rates immediately
o after removal of vegetation, were correlated to
‘E, above ground mass growth (g day) in the
§ o iberateg period following removal (Fig. 4). All species
o
> ® control showed significant positive correlations for the
3 4 control and the liberation treatment. Within a
species slopes between treatments were
Mallotus paniculatus similar (MM, p>0.05). Slopes were higher for
14 o Mallotus paniculatus than for the other species
{1 (b)
~ 15 (MM, p=0.011). Mallotus paniculatus had
-§' 0.8 relatively low dark respiration (Table 1) which
(=2
E g'i might be related to the higher slope.
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0.0 ; : : Model simulation: variation in gap radius
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The characteristics of the average trees and
Macaranga denticulata the average stand are given in Table 1. The
14 © simulated effects of vegetation removal in an
1.2 1
10+ increasing gap radius on light capture and
i 0.8 1 photosynthetic rate of the target trees are
~ 06 u
§ 04 depicted in Fig. 5.
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Fig. 4a-c Correlation between observed above ground
biomass growth in 174 days after vegetation removal and
calculated whole canopy photosynthetic rates
immediately after vegetation removal. All correlations are
significant (MM, p<0.01) and r? values varied from 0.6928
to 0.9744.
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Fig. 5a-f Model simulations of the effect of gap radius on whole canopy light capture and photosynthetic rate of
species in a 1.5 y/o secondary forest stand. Mean parameter values were used for each species and treatment.
Abbreviations: Malm, Mallotus microcarpus; Malp, Mallotus paniculatus; Macd, Macaranga denticulata.

Values of absolute light capture and photosynthetic rates increased with increasing gap
radius and reached near-maximum values at a gap radius of approximately 1 m (Fig. 5a-b).
Mallotus microcarpus captured the largest amount of light and had highest photosynthetic rate
while Mallotus paniculatus captured the least light and had the lowest photosynthetic rate. This
corresponded with species height and leaf area (Table 1). Mallotus microcarpus was the tallest
species, the top of its crown reached on average 90% of the surrounding vegetation height, and it
had the most leaf area. Mallotus paniculatus was the shortest species with a mean height of 67%
of the surrounding vegetation height, and it had the smallest leaf area. Macaranga denticulata
showed intermediate values for light capture, photosynthetic rates, height and leaf area.

Fig. 5¢ shows that Mallotus microcarpus reached maximum values of light capture (as
percentage of light capture at a gap radius of 2.5 m) before the other species did. This was
related to the crown shape of the species and species height. Mallotus microcarpus had the

smallest crown length compared to its crown width (Table 1) and it was positioned relatively high
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in the canopy. Thus with increasing gap radius, the bottom part of its crown will be capturing
maximum light levels sooner than a crown that is placed lower in the vegetation and has a longer
crown length compared to its width like that of Mallotus paniculatus (Fig. 6). Macaranga
denticulata had an intermediate crown size and was positioned at intermediate height in the

vegetation and the simulation line in Fig. 5c fell between that of the other species.

(@) (b)

Fig. 6a-b Schematic presentation of the effect of vegetation removal on light capture of trees with different crown
position and crown shape: a spherical shaped crown high in the canopy (a) versus an elongated crown lower in
the canopy (b).

Photosynthetic rate as percentage of the maximum photosynthetic rate was approximately
equal for all species at all gap radii (Fig. 5d). The discrepancy between Fig. 5¢c and 5d can be
explained by the photosynthetic characteristics of the species (Table 1). Mallotus microcarpus
could achieve high levels of maximum photosynthetic rates (high N, and high slope of the P ax-
Narea relation) and had a high dark respiration (Ry). Mallotus paniculatus on the other hand was
not able to achieve such high levels of maximum photosynthetic rates and its dark respiration
was low, which is favorable in low light conditions. Macaranga denticulata could also achieve
relatively high maximum photosynthetic rates and had intermediate Ry. Thus the tallest species,
Mallotus microcarpus, was most able to keep up with the surrounding vegetation height, but was
also most light-demanding.

With increasing gap radius, @, increased for all species (Fig. 5e). The lower increase of
Mallotus microcarpus can be explained by its relatively short crown and is position high in the
canopy. Many leaves already experience high light levels thus an increase in gap radius will
increase ®,., but not as much as for a tree with a more elongated crown positioned lower in the
canopy. The relatively low value of maximum @, for Mallotus microcarpus is the consequence
of its higher leaf area density compared to the other species (Table 1). This increases self-
shading.

Mallotus paniculatus had the lowest mean photosynthetic rate per unit leaf area (Fig. 5f).
This related to its relatively low maximum photosynthetic rate. Macaranga denticulata showed the

highest P, because of its high maximum photosynthetic rates and high ® ..
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Model simulation: variation in LAl and vegetation height

The effect of LAl of the surrounding vegetation on photosynthetic rates of the average trees for
both the control and the liberated plants is shown in Fig. 7 (for average vegetation characteristics
see Table 1). When the surrounding vegetation was left intact, photosynthetic rates declined with
increasing LAl for all species (Fig. 7a). The decline was steepest for the species highest in the
canopy, Mallotus microcarpus, because in absolute terms light availability diminishes more
strongly higher in the canopy than lower down and this species had higher respiration. When
vegetation was removed around the individual trees in a radius of 0.5 m, its LAl hardly influenced

photosynthetic rates (Fig. 7b).

control plants liberated plants (gap radius=0.5m)
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Fig. 7a-b Model simulations of the effect of LAl of the surrounding vegetation on whole canopy photosynthetic rates of
species in a control situation (surrounding vegetation intact) (a) and liberated plants (b) in a 1.5 y/o secondary forest
stand. Mean parameter values were used for each species and treatment. Abbreviations: Malm, Mallotus microcarpus;
Malp, Mallotus paniculatus; Macd, Macaranga denticulata.

The effect of height of the surrounding vegetation on photosynthetic rates of the average
trees for both the control and the liberated plants is shown in Fig. 8. When vegetation height was
increased (for average vegetation characteristics see Table 1), photosynthetic rates declined in
the control and the liberation treatment, but the effect for the control plants 5was stronger than for
the liberated plants. Mallotus microcarpus reached negative photosynthesis values before the
other species did. The sudden decline in photosynthetic rate indicated the moment the height of

the surrounding vegetation exceeded that of the target trees.

control plants liberated plants (gap radius=0.5m)

—o— Malm

photosynthetic rate
(umol s™)

-0.3 ¢ 2 4 6 8 10
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Fig. 8a-b Model simulations of the effect of height of the surrounding vegetation on whole canopy photosynthetic rates
of species in a control situation (surrounding vegetation intact) (a) and liberated plants (b) in a 1.5 y/o secondary forest
stand (LAl was changed with vegetation height so that leaf area density remained constant). Mean parameter values
were used for each species and treatment. Abbreviations: Malm, Mallotus microcarpus; Malp, Mallotus paniculatus;
Macd, Macaranga denticulata.
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Model simulation: vegetation removal in successional stands

The average response of all individuals of a species to a vegetation removal event with different
gap radius in three successional stands of the same forest (Table 2) is shown in Fig. 9. In all
stands and for all species photosynthetic rate (as a percentage of photosynthetic rate in the
control situation: gap radius=0 m) increased with increasing gap radius. In the 1.5 y/o stand the
effect of vegetation removal was not as great as in the 1 and 0.5 y/o stands. In the 1.5 y/o stand
trees were on average closer to the top of the vegetation than in the younger stands (see chapter
2). Thus average photosynthetic rates in the 1.5 y/o stand were closer to the maximum values

than in the same individuals in the younger stands.

Table 2 Characteristics of successional vegetation stands in a Viethamese forest

Stand | Stand |l Stand Il
age (yr) ~0.5 ~1 ~1.5
mean LAl (m’m?)  3.03+/-1.74 5.46+/-0.91 3.73+/-0.75
mean height (m)  0.61+/-0.18 0.99+/-0.31 1.4+/-0.41

Note: data are taken from chapter 2

In the 1 y/o stand (Fig. 9b) it seems as if
1.5 y/o stand
240 vegetation removal affected photosynthetic
Q .
B iﬁg rates of Mallotus microcarpus less than those
o °
% < 180 of Mallotus paniculatus and Macaranga
L o
S 2 160 _ .
> § 140 denticulata. In the 0.5 y/o stand (Fig. 9c) the
2 £ 120 .
% = 100 opposite seemed to occur. In the 0.5 y/o stand
80 all species had approximately the same height
respective to the vegetation height (results not
shown). M. microcarpus had a two-fold higher
p 9
240 leaf area and a lower leaf area density than the
& 220
g T 200 other species (results not shown), resulting in a
2 £ 180 . . .
£ 160 higher potential photosynthetic rate. In the 1
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7 g 1‘2‘8 y/o stand M. microcarpus had the highest
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maximum levels of photosynthesis than the
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§ g on whole canopy photosynthetic rates of species in
= 120 three successional vegetation stands of the same forest.
s 1008 Simulations were done for individual trees (data were
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0 1 . 2 3 microcarpus; Malp, Mallotus paniculatus; Macd,
gap radius (m) Macaranga denticulata.
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When calculating the increases in photosynthetic rates as percentage of the maximum
photosynthetic rates (at a gap radius of 2.5 m), differences between species and stands were
small (90-96% with a gap radius of 0.5 m and 98-99% with a gap radius of 1 m, depending on

species and stand).

Discussion

Removing surrounding vegetation around target trees in a young secondary forest stand was
calculated to be beneficial in terms of light capture and photosynthetic rate. The species in this
study responded differently to the treatment depending on their morphological and physiological
characteristics. The responses were also strongly dependent on the characteristics of the
surrounding vegetation. There were strong correlations between calculated photosynthetic rates
and observed growth, indicating that the model presented in this paper was well able to predict
the growth of trees in early successional forests and the effects of a commonly used practice,
removal of surrounding vegetation, there upon.

In the 1.5 y/o stand vegetation removal in a gap radius of 0.5 m resulted in higher light
capture and higher photosynthetic rate per unit leaf area and a tendency towards higher biomass
growth and reduced height growth of the trees as compared to the trees in the control situation.
Similar results were obtained by Collet et al. (1998) in an oak plantation. They related differences
in stem allometry to the effect of shade produced by the surrounding vegetation, or reduction
thereof which decreases the need to grow tall (see also Guariguata 1999). Differences in growth
were according to them the result of the reduction of belowground competition between
neighboring plants and the target trees. In our study this reasoning may hold but we argue that
higher biomass growth of the liberated trees certainly also was a result of increased light levels.

Near-maximum values of light capture and photosynthetic rates were reached at a gap
radius of approximately 1 m. Additional cutting in a bigger radius would hardly increase light
capture and photosynthetic rates. Adjers et al. (1995) found that planted trees showed no
additional growth in strips wider than 2 m in a 3 m high tropical forest. The radius (or width in
case of a strip) at which near maximum light levels for growth are reached depends on the
vegetation height relative to that of the target tree and thus will be different for every forest stand
(Adjers et al. 1995; Pena-Claros et al. 2002). The optimal radius for any stand can be determined
with the model presented here.

The degree to which light capture of plants increased with increasing gap radius differed
considerably between species. This could be related to interspecific differences in morphological
traits such as leaf area, tree height (i.e. the crown’s position in the canopy) and crown
dimensions. Crown architecture determines the display of leaves, light interception, and thus
carbon acquisition (Bongers and Sterck 1998). In our study leaf area density appeared to
influence light capture per unit leaf area. A high leaf area density results in self-shading within the

crown and this reduces light capture. Shaded leaves do not necessarily have negative carbon
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balances but self-shading does lower whole plant carbon gain (Pearcy and Yang 1996; Sterck et
al. 2003). Differences in physiological traits between species explained the course of the
photosynthetic rate with increasing gap radius, increasing LAl and increasing height. Mallotus
paniculatus plants had lower photosynthetic capacities but also lower rates of dark respiration
than the other species, and this favored their net carbon gain at low, but not at high light. Thus
while this species exhibited a great increase in light capture per unit leaf area, it did not similarly
show a great increase in net photosynthesis.

Above mentioned results show that as was found by others, species, even the closely
related ones, differ in their optimal light conditions (Adjers et al. 1995; Dupuy and Chazdon 2006;
Montagnini et al. 1997; Ramos and del Amo 1992). In our study it appeared that the species that
was most able to keep up with the vegetation height was the most light-demanding one. Slower
growing species grow in increasingly darker environments since they lack the ability to grow tall
rapidly, however, they are also less light-demanding and respond less strongly to increasing light
levels. This could result in equal effects of increasing gap radius for species with different light
requirements (see Fig. 9a) growing at different light levels.

Vegetation removal experiments in forests generally result in increased growth of the
liberated trees (Collet et al. 1998; Finegan et al. 1999) but they have not always been successful
because in some cases vegetation surrounding trees appeared to facilitate tree recruitment by
changing soils conditions (Aide et al. 1996; Li et al. 1999; Vieira et al. 1994). The degree of
success of a vegetation removal event depends on many factors such as site characteristics (soil
moisture content and nutrient availability) (Li et al. 1999; Putz and Canham 1992), the light
requirement of the target species (Dupuy and Chazdon 2006; Petritan et al. 2007), the type of
plants in the surrounding vegetation (Holl 1998; Vieira et al. 1994), the number of removal events
(De Graaf et al. 1999; Pariona et al. 2003) and the timing of the intervention (Fuhr et al. 2001).
We demonstrated that our model can provide insight into the effects of vegetation removal and
how this depends on the characteristics of the target species and the vegetation, the radius in
which vegetation is removed and the timing of removal events. For this specific forest we showed
that the greatest effects of vegetation removal are resorted if the vegetation is removed in the 0.5
or the 1 y/o stand rather than in the 1.5 y/o stand. When we compare the effects of a gap radius
of 0.5 m versus a gap radius of 1 m we hardly see additional gains in photosynthetic rates but it
will cost a lot more labor, and thus money, to create a gap with a larger radius. Thus a gap radius
of 0.5 m seems appropriate here. Even though factors such as soil and climate characteristics
are not incorporated in the model, the simulation of vegetation removal in different successional
stands is an appropriate practical example that shows the potential use of the model for decisions
in the field.

Obviously costs are involved when vegetation removal events are performed (McNamara et
al. 2006; Montagnini et al. 1997). The model presented here seems to make good qualitative
predictions of the effects of vegetation removal on tree growth and as such it is useful in planning
vegetation removal events that are productive in terms of tree growth and economically feasible.

In the case of commercial species being liberated (De Graaf et al. 1999; Guariguata 1999), costs

64 Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Chapter 4

of liberation will eventually be returned by the profit of selling increased quantities of timber
(Pariona et al. 2003; Wadsworth and Zweede 2006).

Many field experiments on vegetation removal have been done but they require a lot of time,
space and money and results are restricted to a particular situation and generally cover limited
amounts of experimental conditions and replication (Paquette et al. 2006). With the model
approach presented here we can simulate vegetation removal events in different scenarios and

as such it provides a useful tool in planning liberation activities.
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Appendix |

PHOLIAGE-model description

A short description of the PHOLIAGE-model is given in the Methods section. Here the model is
described in detail. First it is explained how integration over an ellipsoid crown is done in order to
calculate whole crown light absorption and photosynthetic rate. Next we explain how the
photosynthetic rate per volume element of the crown is calculated and how this is determined by
light absorption in the volume element and leaf nitrogen content. Finally we show how the light
intensity for each point in the crown can be found by ray-tracing. Here path lengths of the light
beam through the crown and the surrounding vegetation are taken into account. It should be
noted that in this appendix we use a different argumentation than the one in the Methods section.
Here we start with how the total photosynthetic rate of the plant is to be interpreted as a sum (an

integral) of rates over the crown, and end with a formalisation of the light coming from the sky.

The model tree and its surrounding vegetation

We assume a target tree with an ellipsoid shaped crown placed in a vegetation stand (see Fig. 1
in Methods). All positions in and around the ellipsoidal crown are given in terms of Cartesian
coordinatisation, with the origin in the centre of the ellipsoid. The shape of the ellipsoid is
characterised by the lengths of the semi-axes a, b and c in the x-, y- and z-direction, with the z-
axis pointing towards the zenith.

The tree crown is surrounded by vegetation with infinite horizontal extensions. The vertical
dimensions of the vegetation are given by top height h; and bottom height h,. The tree and the
surrounding vegetation are completely separated in terms of leaf distribution. The vegetation
around a target tree can be opened up as a cylinder with the z-axis of the cylinder coinciding with
the z-axis of the ellipsoid. The radius of the cylinder (rg,,) can have any non-negative value and is
not limited by the a- or b-axes of the ellipsoid. The top and bottom positions of the ellipsoid (with
z=-c and z=c) can have any position with respect to the surrounding vegetation. For both the
crown and the surrounding vegetation, leaf area density and leaf angle distribution are assumed

to be homogeneous.

Whole crown photosynthetic rate and photon absorption rate

The net whole crown photosynthetic rate is calculated by integrating the net photosynthetic rate

per unit volume over the crown. P, denotes the net photosynthetic rate per unit volume at a point

66 Forest regeneration and restoration in Vietnam-Marijke van Kuijk



Chapter 4

p within the ellipsoidal crown. The total net photosynthetic rate of the crown Pg (in pmol s'1) is

given by the integral:
P = [P,(p)dV (1)

ellipsoid
To simplify the integration the ellipsoid is related to a unit sphere, meaning that every point p’ in
the unit sphere is related to a point p in the ellipsoid by:

(b.:Py.p;) =(ap’,.bp’,.cp";) (2)
The photosynthetic rate per unit volume P, (p’) in the unit sphere is related to the photosynthetic

rate P,(p) in the associated ellipsoid by:

p'—F,'(p')=F,(ap’,.bp',.cp’,) = F,(p) 3)
For the net crown photosynthetic rate we now find:
P; =abc [P,'(p')dV" )
sphere

When expressing the Cartesian coordinates in terms of cylindrical coordinates this results in:

P = abcTRT‘)r' 2an'(p' Ydy'dr'dz (5)
- 0

z 0
with
p'=(r'cosy',r'sny',z")
Riz)=V1-27
and
Z'e(-11)
Net crown photon absorption rate is calculated similarly, by substituting Pg with Iz and P, with /,

(for P, and /, see next sections).

Photosynthetic rate per unit volume

Net photosynthetic rate per unit crown volume P, (umol m'3s'1) is calculated by integrating the
product of net photosynthetic rate per unit leaf area for leaves with normal d, and the fraction of
the total leaf area in direction d, per steradian °, over all positive (faced upwards) leaf angles 2,

(steradian):

P.(p) = [*(d,)P,(p,d, 2, (6a)
Q
Using spherical coordinates, P,(p) can be written as:
% 27
Po(p) = [sind,f2(8,) [P.(p,9,.v. Xy, dY, (6b)
0 0
in which 7 is assumed to be independent of the azimuth angle and leaf normals are assumed to

be directed into the upper hemisphere.
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Net photosynthetic rate per unit leaf area P, (umol m'zs'1) in point p for light direction d is
calculated from net photosynthetic rate per unit leaf area p, which is a function of net photon

absorption rate per unit leaf area /, and leaf nitrogen content N:
P.(p.d.)=p.(I.(p.d, ). N(p)) (7)

Net photosynthetic rate

Net photosynthetic rate per unit leaf area (umol m'23'1) is characterised by a non-rectangular

hyperbola (Johnson and Thornley 1984):

(P (N) + 1)~ (P (N) + 1 — 40P (N)H
260

where P,y is the maximum photosynthetic rate (umol m? s'1) and ¢ and @ are the quantum yield

p.(ILN)=

—Ry(N) (8)

(mol mol’1) and the curvature of the photosynthesis curve, respectively. P,y is assumed to be a
curvilinear function of leaf N content:

(N)_ (aPN+bPkP (93)

P =
apN+bp +C,

max

If this relation is assumed to be linear (depending on the measuring method) the asymptote is set
to =, and eq.(9a) converges to:

P (N)=a,N+b, (9b)
Dark respiration Ry (umol m'zs'1) is given by:

R,(N)=agN + by, (10)

Nitrogen distribution
The leaf nitrogen content N(p) (mmol m'z) at any point p in the crown is characterised by an
empirical relation between light attenuation and nitrogen distribution (Anten 1997):
ay
/
N(p) = No(@] (11)
o
where N, is the N content of a fully illuminated leaf in the top of the crown and ay indicates the
coefficient with which the nitrogen distribution scales with the light distribution. /(p) is the photon
flux density at point p, characterised as /,(p)/a, (see next section) and /, is /(p) at the top of the
crown (p=0,0,c). Note that varying ay-values result in a change in the total nitrogen content of the

crown.
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Photon absorption rate per unit volume

The photon absorption rate per unit volume /,, (umol m'3s'1) is given by the integral:

I,(P)= [F*(d, ) (p.d, 0, (12a)

When rewriting this formula to spherical coordinates we get:

7 27
ln(p):JSingLfQ(gL)JIL(p73L!WL)dWLd3L (12b)
0 0

So the photon absorption rate per unit volume is determined by both the leaf area density and fQ
in direction d_ and the net photon absorption rate I, per unit leaf area (umol m'zs'1) for leaves with

leaf normal d, which is:

I(p.d,)=a, [[(d,.d,)}i*(@p,d, e, (13a)

or

I, (pd,)= angn(gi )J|<dL(‘9L=WL ).d; (3., )>|’Q(p1 Gy, )dydS (13b)

Here |<d.,d>| is the magnitude of the inner product <d_,d> of the leaf normal d, and the unit
length light direction vector d;. Symbol i denotes the light intensity per steradian coming from

direction d; and a_ is the leaf light absorption coefficient.

Photon flux density

To calculate the photosynthetic rate or the photon absorption rate for any point in the crown, the
spherical light distribution must be specified. This directional photon flux density is determined by
the extinction coefficient in that direction, the path lengths through the crown and the surrounding

vegetation and the sky photon flux density for that direction.

Extinction coefficient and light attenuation
In general, the light attenuation through vegetation can be expressed as a differential equation of
photon flux density per steradian from direction d; over path length 1 through the vegetation:
di(d,)
di

where the product of the light extinction K and the leaf area density f(m2 m'3) is a function of the

=—K(d,)fi(d,) (14)

projection of all leaves in direction d; multiplied by the leaf light absorption coefficient a; :

K(d,)f =a, [|(d,.d,)|f*(d, )ae, (15a)
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or

2z

K(d,)f = aLign(gL )fQ('gL)J|<dL('9 W) di(8Ly; )>|d‘//Ld‘9L (15b)

(Note that leaf area density per steradian is independent of the azimuth angle.)

Solving eq.(14) results in a general expression for the directional light intensity:

i(d;, A) = iy’ (d; ) " (16)
where % is the free sky light intensity per steradian (umol m?s™'sr™"), f the leaf area density and 4
the path length through the vegetation. Because the surrounding vegetation (index V) and the

plant’s crown (index E) may have different leaf area densities and leaf normal distributions, they

may have different extinction coefficients. Eq.(16) should therefore be rewritten as:

i%(p,d,)=i%(3 )e*[KE(d,- YA (R)+Ky (d; ), Ay (P)] (17)

Leaf area density
The leaf area density f (m°m™) in terms of the leaf normal distribution at any point in the ellipsoid

is given by the integral:

f=[£(d, )0, (18)

QL
To calculate the leaf area density distribution per steradian # (m'3) from field data the total leaf
area density fis split up and measured in a number of classes:
f=f+f+..+f, =f(f+f,+..+F,)

Here f is the fraction of the total leaf area density with a normal in polar directions 6. For each

direction class the density per steradian % is assumed to be uniform. Consequently, for each

direction class k:

_Ify
Ak

e

(19)

with A, the area on the unit sphere associated with the direction class k. The classes are defined
by splitting the polar angle interval (0,21) into intervals of equal width:
A, =27(cos 9, , —cos,) (20)

with & and 6,.; the upper and lower bounds of interval k.

This division in classes makes f* a non-continuous function. Consequently, in the numerical
implementation the Gaussian integration over the azimuth angle (d6) of functions (15b) and (13b)

is done separately over each leaf normal class.
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Path lengths

The extinction of a light beam with direction d; is determined by the path length of the beam
through the crown and the surrounding canopy (Fig. 1).

z e

Fig. 1 Three sets of vectors are used for path length calculations through crown (a), gap space (b) and surrounding
vegetation (c).
Path length through the crown
Vector p=(px, p,, p;) denotes a vector to a point in the interior of the ellipsoid and vector d=(d,, d,,
d,) is a unit length vector specifying the direction for which the directional light intensity has to be
calculated (Fig. 1a). The length of the vector p to a point q on the boundary JE of the ellipsoid,
pointing in direction d, is written as Ad. Since vector d has unit length, 1 is the path length of the

light beam through the tree crown. The directional path from p to point q can be parameterised

by:

q(A)=p+ Ad (21)
with 2>0. For the point of intersection q(1) of this path with the boundary JE of the ellipsoid we
get:

2 2 2
(@.(4)° | (@.(2)° (@) _, 22)

2

a b? c?

Expansion of this equation results in a quadratic expression for path length A:

al* +pA+y=0 (23)
with:
d? d° d?
X y z
Pt T T
ﬂ_2dxpx +2d}’py +2dzpz
a2 b? c?
2 2 2
y:pL_f_pL_{_pLz_']

a? b* ¢

(Note that we are only interested in the positive root of this equation.)
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Path length through the surrounding vegetation

Part of the path from p in direction d might be passing through the surrounding vegetation.
Whether this is the case depends on the parameter values for the crown, gap radius and height
of the surrounding vegetation. To illustrate the calculation of the path length of a light beam that
passes through the vegetation, a sufficiently high vegetation is assumed with a gap having a
radius that is larger than the semi-axes a and b of the crown.

To calculate the path length in direction d for a point p on the boundary JE of the ellipsoid
through the free space between the crown and the vegetation (Fig. 1b), the path is again
described by an expression as given in eq.(21). For the point of intersection with the cylindrical

gap side boundary we get:

(@, (A)? +(q,(A)* =r? (24)
Expansion results in a quadratic expression for A:

oA’ + PA+y=0 (25)
with:

a=d?+d,’?

B=2pd, +2p,d,

7:px2+py2_r2

where 1 is specified by the positive root of the equation.

The coordinate q, determines whether the point of entry in the vegetation will be in the cylinder
side boundary or in the vegetation bottom boundary. In this illustration, the point of intersection is
in the cylinder side and consequently h,<q,(1)<h; .

To calculate the path length through the vegetation, a point p lying on the side boundary of the
cylinder (Fig. 1c) is assumed. The length of the path from point p to point q on the upper

boundary of the vegetation in direction d is specified by:

q,(2)=h, (26)
Substitution in eq. (21) results in the path length:
h -p
A=t Fz 27
3 (27)

z

Light distribution

Light intensity on top of the canopy derives directly from the way the light climate is defined.
External (free sky) light climate is given by:

iy (9)=lgo(1-(sin 4)") (28)
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where iz ? is the free light intensity per steradian (umol m'zs'1sr'1) for direction d;, and iz, “ is the
light intensity per steradian coming from the zenith direction. The light intensity is a function of the
polar angle of direction d;. This dependence on 6; is given by the factor:

(1-(sing)°%)
in which c is an empirical parameter.
If ¢ is sufficiently high, the light intensity i; © will converge to the light intensity i;o © so that a
uniform light intensity over the sky will be the result.
Light intensity per steradian iﬂyogfrom the zenith direction is related to the horizontal light intensity

Iy (Mmol m'2s'1) for the free sky by:

. I
ino =—= a (29)
2njsin9, cosd.(1-(sin 9,)°)d 9,
0

For the analyses in this chapter empirical values /;=1000 and c=2 are used.

Numerical integrations
All integrations described analytically above were implemented numerically in the form of Gauss-

Legendre procedures (Press 1989). For the analyses in this chapter the number of quadrature

points for each integration was set to 6.

List of symbols

a, b, c Semi-axes of crown ellipsoid E (m)

a, Leaf light absorption coefficient

an Scaling coefficient of nitrogen distribution

ap, by, cp Coefficients of the P,,,,—N relation

ar, br Coefficients of the RN relation

Ay Area on a unit sphere (m2) for direction class k

d; y; 6 Cartesian light direction vector and its two spherical components
di i, 6, Leaf normal vector and its two spherical components

E Surface function of the crown ellipsoid

f Leaf area density (m’m™)

i Fraction of the total leaf area density for direction class k
2 Leaf area density per steradian (m™)

i? Light intensity per steradian (umol m'23'1sr'1)

i Free light intensity per steradian (umol m2s™'sr™)
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)
lo

I
Ke, Kv

No
Pmax
Pe
P pe

Rq
Ag, Av

@ 0
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Free light intensity per steradian (umol m'zs'1sr'1) from zenith direction
Photon flux density at the top of the crown (umol m'2s'1)
Light absorption rate per unit volume (umol m'3s'1)

Light absorption speed per unit leaf area (umol m'2s'1)
Extinction coefficients for crown and vegetation respectively
Nitrogen content of leaves (mmol m'2)

Nitrogen content of a fully illuminated leaf (mmol m'z)
Maximum (light saturated) photosynthetic rate (umol m'zs'1)
Net photosynthetic rate of the crown (umol 3'1)

Net photosynthetic rate per unit leaf area (umol m'zs'1)

Net photosynthetic rate per unit crown volume (pmol m'3s'1)
Dark respiration (umol m?s™)

Path length through crown and vegetation respectively (m)

Quantum yield and curvature of the photosynthesis curve
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Improving species-site matching for enrichment planting: a

model approach

submitted

Abstract

An often used method to accelerate and supplement forest regeneration is enrichment planting. Desirable
species are planted in the natural vegetation or in the understory of plantations. When trees are planted in a
natural vegetation stand, often lines are created from which the existing vegetation is removed. When trees
are planted in a plantation the overstory vegetation is often thinned to increase light levels for the planted
trees. The width of the line and the degree of overstory thinning affects growth and survival of target species
differently depending on the characteristics of the surrounding vegetation and the target trees themselves,
because species have different light requirements. Here a 3D-model approach was used to calculate light
capture and photosynthetic rates of individual trees planted in different enrichment planting schemes in a
secondary forest in Vietnam. The effects of varying line width, the degree of overstory thinning, planting
trees in different successional stands of the same forest and planting trees in a forest stand with different
light levels than the stand in which they were originally grown, were simulated. It was shown that the most
suitable stand for species with different morphological and physiological traits (thus with different light
requirements), the most appropiatel line width in a stand and the most appropiate degree of overstory
thinning, can be predicted by mechanistically analysing ecological processes underlying tree growth. With
this information species-site matching can be improved. This reduces the need for long-lasting and

expensive experiments.
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Introduction

In tropical regions the area of secondary forests is expanding due to the increased pressure on
primary forests. However, natural forest regeneration after disturbance is often slow or stagnates
(Aide et al. 1995; Chapman and Chapman 1999; Guariguata and Dupuy 1997; Hooper et al.
2004).

In recent years there has been increased attention for restoration ecology and in particular
for management options to accelerate recovery of forests (Holl and Kapelle 1999; Parrotta et al.
1997). A widely applied management strategy for accelerated regeneration is enrichment
planting. Desirable species are planted under a canopy of natural forest vegetation (d'Oliveira
2000; Ramos and del Amo 1992; Ricker et al. 1999) or in the understory of artificially created
(timber) plantations (Lof et al. 2007; McNamara et al. 2006; Otsamo 2000) in order to increase
the ecological and/or the economical value of the site.

A commonly used method of enrichment planting is line planting. In the existing forest,
vegetation is removed (mostly understory and occasionally trees) in lines with a certain width in
which the desired native species are planted (Bebber et al. 2002). The light levels created by the
line depend on the width of the lines and the height and density of the surrounding vegetation
(Adjers et al. 1995; Montagnini et al. 1997; Pena-Claros et al. 2002). When desired species are
planted under a (monospecific) plantation, sometimes the overstory vegetation is left intact and
the understory, if present, is removed. Sometimes the overstory vegetation is thinned at the time
of planting or in a later stage by pruning or selectively logging of neighboring trees to increase
light levels for the underplanted tree species (McNamara et al. 2006; Otsamo 1998; Piotto et al.
2003).

Species have different light requirements (Dupuy and Chazdon 2006; Ramos and del Amo
1992), even closely related ones (Adjers et al. 1995), while light requirements can also differ
within a species with tree age (Davidson et al. 2002). Thus survival and growth of species are
affected by the light levels at which they are planted. Studies that have shown variation in growth
between underplanted tree species in response to different overstory densities, stress the
importance of species and site selection and suggest further studies on species-site matching
(Adjers et al. 1995; Lof et al. 2007; McNamara et al. 2006; Montagnini et al. 1997; Otsamo 1998).

Ricker et al. (2000) studied growth of three tree species planted in mature primary forest,
secondary forest and abandoned cattle pasture. They found that the three tree species differed in
their light demands and suggested they should be planted in different forest types. Piotto (2007)
performed a similar experiment with 24 species and suggested the same. Such experiments are
valuable but require a lot of time, space and money (Korpelainen et al. 1995) and the outcome is
usually restricted to a specific set of species in a specific vegetation type with possibly two, but
rarely more, treatments (see Paquette et al. 2006).

In this study | apply the PHOLIAGE-model that is presented in chapter 4, in enrichment
planting schemes in Vietnam. Native species were planted in two secondary forest plots differing

in age, LAI, height and light conditions. In the younger plot vegetation was removed in lines in
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which the target species were planted while in the slightly older plot species were planted without
the removal of overstory vegetation. The model calculates light capture and photosynthetic rate
of individual trees in a vegetation stand. Tree and vegetation characteristics can be varied and
the vegetation can be opened up to various extents. | have shown in chapter 4 that another
method to accelerate succession, liberation of target trees, could be very well simulated with the
model.

The validity of the model in enrichment planting schemes is tested by comparing the
calculated photosynthetic rates of plants planted in the existing forest to observed growth data. |
perform several simulations: (i) the effect of line width in the younger plot, (ii) overstory thinning in
the older plot, (iii) planting species in different successional stands of the same forest and (iv)
planting trees in a forest stand with different light levels than the stand in which they were

originally grown.

Methods

Study area and species

The study sites are located in Bach Ma National Park, Thua Thien Hue Province, in central
Vietnam (16°10’N 107°50’E). Bach Ma National Park was established in 1991 with a total area of
43,331 ha. It is the core of the last remaining contiguous forest belt in Vietnam, stretching from
the South China Sea to the border with Laos. The area experiences high rainfall, especially from
November until February (up to 8,000 mm per year). There is no distinct dry season and the
vegetation, which consists mainly of secondary forest, is evergreen (Tran and Ziegler 2001).

In the park two plots were selected in which native species have been planted. One plot
(hereafter referred to as plot 4) consists of young vegetation (mostly shrubs and lianas) of up to 4
m high in which lines of 2.5 m wide and 100 m in length have been created. Within each line
vegetation was removed. Lines were located in East-West direction and were located
approximately 5 m apart. Saplings of different species grown in nearby nurseries were planted in
these lines in 2003, approximately 4-5 m apart. In the other plot (hereafter referred to as plot 8)
the vegetation was left intact when native species were planted in 2001. The vegetation was 15
m high and consisted mainly of young trees. Some understory vegetation was present, especially
in some parts where grasses were growing in tree fall gaps. Native species were planted in rows,
approximately 4-5 m apart and with 5 m between the rows. The exact age and height of the
saplings at the time of planting are unknown.

The studied species that were planted in both plots were: Hopea odorata
(Dipterocarpaceae) and Tarrietia javanica (Sterculiaceae). In plot 4 also Scaphium lychnophorum
(Sterculiaceae) and Syzygium sp. (Myrtaceae) were planted and in plot 8 Sindora tonkinensis
(Fabaceae) and Homalium hainanensis (Flacourtiaceae) (hereafter species will be referred to by
their generic names). All of these species are commonly used for their timber, except for

Scaphium which is used for medicinal purposes.
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Measurements

Individuals in plot 8 were selected and measured non-destructively in March 2005 and measured
again in March 2006 to determine light capture, photosynthetic rate and above ground growth.
The individuals in plot 4 were measured in March 2006 and October 2006.

Each time they were measured, height, leaf angle distribution, stem, branch and petiole
dimensions (length and diameter), leaf dimensions (length and width of leaf blade), crown
dimensions (length and width) and canopy openness were recorded for every individual. The
percentage of canopy openness was determined with a densiometer. To calibrate the non-
destructive measurements, individuals of the same species in the same height range as the
saplings in the plots were collected from nurseries. Light availability in the nurseries was
comparable to that in plot 4 but somewhat higher than in plot 8. The nursery plants were
measured in the same way as the target plants and were subsequently harvested. All above-
ground plant parts were dried (72 hours at 70°C) and weighed. Formulas describing the dry
weight of the harvested plant parts were derived based on the plant dimensions that were
measured non-destructively and plotted against the measured dry weight. The function that best
described the measured dry weight (r* varied from 0.89 to 0.99) was used to estimate biomass of
plant parts of the individuals in the plots from the non-destructive measurements.

Leaves (3-4) of each sapling in the plots were collected after the non-destructive
measurements were finished. Fully exposed leaves from the top of the crown (i.e. leaves that
were not shaded by other leaves on the same plant) were taken to determine maximum nitrogen
content. A digital photograph of the leaves was taken to determine leaf area (SigmaScan Pro
5.0). All samples were dried in an oven for 72 hours at 70°C and weighed. Nitrogen content of
the leaves was analysed with a continuous flow analyzer (SKALAR, Breda, the Netherlands)
following the Kjeldahl method.

In March-June 2005, photosynthesis measurements were done in nurseries using an open
gas exchange system (CIRAS 2, PP systems, Hitchin, UK) equipped with a LED light source.
Leaves of varying age (young, medium and old: related to position on the branch) from different
individuals (max. 3 leaves per individual, total 15-18 leaves per species) that were growing in
nurseries were selected. Photosynthetic rates were measured early in the morning when stomata
were open. Maximum photosynthetic rates were measured at Photosynthetic Active Radiation
(PAR) values of 1200-1500 ymol m™s™. In order to determine dark respiration and quantum yield
light was varied from 80 to O umol m?s" PAR in steps of 10-20 umol m?s”'. The CO,

concentration in the chamber was kept at 370 ppm throughout all measurements.

Model calculations and simulations
The three-dimensional PHOLIAGE-model was used in this study. For a short description see
‘Model description’ in chapter 4 and for a detailed description see Appendix | in chapter 4.

We assume a tree with specific crown dimensions placed in a vegetation stand with a
specific canopy height (see Fig. 1, chapter 4). The length to width ratio of the ellipsoid crown can

be varied such that vertically elongated, spherical and flatter broader crowns can be considered.
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The canopy of the vegetation can be fully closed and thus surround and even overtop the tree, or
it can be opened up as a gap around the tree. Characteristics of the tree and surrounding
vegetation can be varied. With a technique called ray-tracing (Bartelink 2000; Pearcy and Yang
1996; Rohrig et al. 1999) the amount of light absorbed in each point in the tree’s crown is
calculated and subsequently the photosynthetic rate for each point is calculated. An integration
over all points is made to calculate whole crown light capture and photosynthetic rate.

For each individual of all species in both plots, instantaneous whole crown light capture and
photosynthetic rates were calculated at the beginning and the end of the period in which growth
was determined (March 2005 and March 2006 for the individuals in plot 8 and March 2006 and
October 2006 for the individuals in plot 4). Dividing light capture and photosynthetic rate by leaf
area gives light capture per unit leaf area (®,ea: Mol m'23'1) and photosynthetic rate per unit leaf
area (Pgrea: pmol m'zs'1) respectively. These relative parameters allow us to compare species and
individuals with different height and leaf area.

Next, simulations were done. First, species that were planted in one of the plots were
digitally planted in the plot in which they did not occur. Second, the effect of different line widths
on the photosynthetic rate of saplings in plot 4 was simulated. Third, Hopea was digitally planted
in different successional stands younger than plot 4 (with varying LAl and height) with different

line widths. Fourth, the effect of overstory thinning (varying LAI) was simulated in plot 8.

Statistical analyses

Species-effects on mean values of ®,.., Paea and above ground Relative Growth Rate (RGR)
were done with ANOVA-tests with a Bonferroni (equal variances assumed) or Games-Howell
(equal variances not assumed) post-hoc test. The slopes in the above ground growth-average

photosynthetic rate relation were analysed with linear regression and ANCOVA-tests.

Results

Light capture and photosynthetic rate

Mean values of morphological and physiological characteristics of species planted in plots 4 and
8 and mean characteristics of the vegetation surrounding the planted species are given in Table
1and 2.
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Table 2 Photosynthetic characteristics of planted species: quantum yield, dark respiration,
maximum photosynthetic rate (P.,ox) and photosynthetic nitrogen use efficiency (PNUE)

Species quantum yield  dark respiration Prax PNUE
(umol C PPFD™")  (umol m?s™)  (umol m?s™) (umol C mmol N's™)
Hopea 0.031 0.12 5.90 0.093
Tarrietia 0.026 0.42 5.48 0.063
Scaphium 0.028 0.23 5.33 0.058
Syzygium 0.021 0.04 1.46 0.021
Sindora 0.030 0.75 5.95 0.086
Homalium 0.025 0.62 1.36 0.037

Model calculations of instantaneous light capture and photosynthetic rate and per unit leaf
area are shown in Fig. 1. Whole crown light capture and photosynthetic rate were divided by leaf
area in order to compare differences among species with a different height and leaf area. In plot
4 light capture per unit leaf area (®,.,) Was highest for Hopea and lowest for Scaphium and
Tarrietia (Fig. 1a) (ANOVA, p<0.001). Syzygium did not differ from the other species (ANOVA,
p>0.05). Syzygium had less leaf area than Hopea (Table 1) but due to its smaller crown, @,
was nearly as high as that of Hopea. Scaphium had the smallest leaf area but high leaf area
density (resulting in relatively strong self-shading) causing it to have a relatively low value of

®,ea, While Tarrietia had the most leaf area.
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Fig. 1a-d Light capture per unit leaf area (¢area) and photosynthetic rate per unit leaf area (Parea) Of species planted in
enrichment planting plots (plot 4 and 8) in Vietnam. Bars denote standard error.

Photosynthetic rate per unit leaf area (P.e,) differed for all species in plot 4 (Fig. 1b)
(ANOVA, p<0.001) with Hopea having the highest, Tarrietia and Scaphium intermediate and

Syzygium the lowest values. These results corresponded with their respective photosynthetic

Forest regeneration and restoration in Vietnam-Marijke van Kuijk 83



Enrichment planting

characteristics (Table 2) which determine how efficient the captured light is used for
photosynthesis. Hopea had a high leaf nitrogen content, high P, high photosynthetic nitrogen
use efficiency (Pmax/No) and a high quantum yield. Its dark respiration was relatively low. Its high
@, and favorable photosynthetic traits resulted in high P,e.. Syzygium had a low leaf nitrogen
content, low Py, low nitrogen use efficiency, low quantum yield and low dark respiration. Even
though it had a high ®,.,, due to its photosynthetic traits its P,e; Was low. Tarrietia and
Scaphium had intermediate leaf nitrogen content, quantum yield and nitrogen use efficiency
values, high P.x and high dark respiration and which resulted in intermediate P, values.

Overall light levels in plot 8 were lower than in plot 4, resulting in lower ®,; and Pges
values. ®,., was lowest for Hopea (Fig. 1c) (ANOVA, p=0.002). Tarrietia, Sindora and Homalium
did not significantly differ from each other (ANOVA, p>0.05). Hopea had the lowest value
because plants of Hopea were coincidentally planted at sites that were darker than the sites in
which the other species were planted; the average LAl of its surrounding vegetation is higher for
Hopea than for the other species (Table 1). This resulted in a low P gea. Pares tended to be highest
for Sindora but differences between the species were not significant (Fig. 1d) (ANOVA, p>0.05).
Sindora had a high P, nitrogen use efficiency and quantum yield (Table 2) which indicated an
efficient use of the captured light and thus a high P,.,. Homalium had low leaf nitrogen content,
Pmax, Nitrogen use efficiency and quantum vyield causing it to have a low P, value similar to that
of Hopea, despite its higher light capture than that of Hopea.

Overall, the species in plot 4 had more elongated crowns whereas the species in plot 8 had
more spherical crowns. This trend was also observed for the two species planted in both plots:
Hopea and Tarrietia (see l:w ratio in Table 1).

The above ground growth rate (g day'1) within a 154-day period for individuals in plot 4 and a
360-day period for individuals in plot 8, was plotted against the average photosynthetic rate of the
beginning and the end of that period (Fig. 2). All species showed strong positive correlations. In
plot 4 the slope of the relation was highest for Syzygium, intermediate for Tarrietia and Scaphium
and lowest for Hopea (ANCOVA, p<0.001). In plot 8 slopes were higher for Hopea and Tarrietia
than for Sindora and Homalium. For Hopea the slope was higher and for Tarrietia it was lower in
plot 8 than in plot 4.

Above ground Relative Growth Rate (RGR) (Fig. 3) in plot 4 was highest for Hopea and
lowest for Scaphium and Tarrietia (ANOVA, p=0.001). Syzygium did not differ significantly differ
from the other species (ANOVA, p>0.05). In plot 8 RGR was lowest, even negative, for Homalium
(ANOVA, p=0.001). The other species did not differ significantly from each other (ANOVA,
p>0.05). RGR was lower for Hopea and Tarrietia in plot 8 than in plot 4 (ANOVA, p<0.001 and
0.004 resp.).
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Fig. 3a-b Above ground Relative Growth Rate (RGR) of species planted in enrichment planting plots (plot 4 and 8) in
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Model simulation: crossplanting

The individuals of the two species that were planted in either one of the plots, Sindora and
Homalium in plot 8 and Scaphium and Syzygium in plot 4, were digitally planted in the plot in
which they did not occur. Average vegetation characteristics were used for the simulation: line
width 2.5 m, height 4 m, LAI 2.04 for plot 4 and line width 0 m, height 15 m, LAl 4.18 for plot 8.
Scaphium and Syzygium were calculated to have a lower carbon gain when planted in plot 8 (Fig.
1b & 4a) (ANOVA, p<0.001 for both species). They experienced a two-fold higher LAl from the
surrounding vegetation in plot 8 than in plot 4, the vegetation was higher and they were not
planted in a line. Sindora and Homalium had higher P,.., values when planted in plot 4 (Fig. 1d &
4b) (ANOVA, p=0.027 for Sindora and p<0.001 for Homalium). Sindora and Homalium
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experienced a lower LAl when planted in plot 4, the vegetation height was lower and they were

planted in a line.
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Fig. 4a-b Photosynthetic rate per unit leaf area (Paea) Of species digitally planted in the plot in which they did not
occur. Individuals of Scaphium and Sygyzium were planted in plot 8 and individuals of Sindora and Homalium were
planted in plot 4. For mean species characteristics see Table 1.

Model simulation: variable line widths

All individuals of the species in plot 4 and 8 were grouped in three height classes: the 1/3
smallest, 1/3 intermediate and 1/3 tallest trees. Average values for sapling height, crown
dimensions, leaf area, leaf angle distribution and leaf nitrogen content were calculated for each
height class based on the individuals in that height class (Table 3). In general the taller saplings
within a species had more leaf area and a greater crown volume. Leaf area density decreased
with sapling height. Changes in line width were simulated in plot 4 for these average saplings.

The average vegetation height was set to 4 m and the LAl was 2.04, as measured in the field.

Table 3 Mean values of species planted in enrichment planting plots in Vietham when
individuals are grouped into three height classes

Plot Species class  height crown axes (diameterin m) crown vol. leafarea lad leaf angle distribution No
(m) X y z (m%) m?) (m*m® 15 45 75 (mmolm?

4 Hopea 1 0.50 0.29 0.22 0.25 0.01 0.05 577 065 0.31 0.04 94.87
2 0.87 0.32 0.32 0.38 0.02 0.10 500 047 042 0.11 108.04

3 146 055 0.46 0.68 0.09 0.32 354 031 048 0.20 105.61

Tarrietia 1 0.41 0.25 0.21 0.23 0.01 0.06 857 034 040 0.26 74.37

2 0.64 0.33 0.36 0.34 0.02 0.13 6.15 050 040 0.10 76.31

3 114 055 0.52 0.68 0.10 0.38 375 047 041 0.13 98.14

Scaphium 1 0.37 0.08 0.10 0.14 0.00 0.02 2652 0.15 046 0.39 85.37

2 048 0.14 0.14 0.20 0.00 0.02 1194 031 026 043 89.29

3 065 0.21 0.21 0.31 0.01 0.04 543 0.18 047 035 78.25

Syzygium 1 0.38 0.17 0.15 0.22 0.00 0.03 899 058 035 0.06 75.15

2 0.54 0.22 0.16 0.25 0.00 0.05 9.97 074 024 0.02 67.47

3 0.83 0.26 0.25 0.55 0.02 0.13 702 067 030 0.03 86.85

8 Hopea 1 0.50 0.31 0.24 0.22 0.01 0.03 386 070 0.26 0.04 67.00
2 0.91 0.46 0.46 0.44 0.03 0.04 134 065 025 0.09 70.68

3 1.08 045 0.44 0.40 0.04 0.07 1.71 0.57 0.35 0.08 86.85

Tarrietia 1 0.70 0.31 0.31 0.33 0.02 0.08 4.81 0.72 025 0.02 84.44

2 093 043 0.45 0.45 0.05 0.13 286 073 023 0.04 85.39

3 124 047 0.48 0.52 0.06 0.17 276 059 035 0.06 91.81

Sindora 1 0.75 0.28 0.26 0.23 0.00 0.04 1236 046 0.33 0.22 69.96

2 0.97 0.31 0.18 0.29 0.01 0.05 585 071 023 0.06 78.31

3 114 041 0.36 0.52 0.04 0.08 2.1 0.30 0.38 0.32 86.46

Homalium 1 048 0.33 0.29 0.21 0.01 0.05 525 086 0.14 0.01 51.05

2 064 0.31 0.27 0.32 0.01 0.06 439 081 0.18 0.01 64.34

3 093 0.52 0.36 0.47 0.05 0.13 272 072 027 0.01 58.79

Absolute instantaneous photosynthetic rates were plotted against line width (Fig. 5a-d).

Hopea and Tarrietia had higher photosynthetic rates than Scaphium and Syzygium, largely
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because their leaf area was greater. For all species the tallest sapling reached the highest values

and the smallest sapling the lowest. This corresponds to increase in leaf area with sapling height.
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Fig. 5a-h Absolute instantaneous photosynthetic rate (a-d) and photosynthetic rate as percentage of the maximum
(line width of 10 m) (e-h) plotted against the line width for saplings of different height in plot 4 (height 4 m; LAl 2.04).
The number behind the species name denotes the corresponding height class: 1, small; 2, intermediate; 3, tall (Table
3). Note the different scaling in windows a-b and c-d.

Photosynthetic rate as a percentage of the maximum photosynthetic rate (at a line width of
10 m) was plotted against line width (Fig. 5e-h). When saplings were digitally planted in the intact

vegetation (line width=0 m), Syzygium reached the highest, Scaphium and Tarrietia intermediate
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and Hopea lowest photosynthetic rate as percentage of the maximum. A larger line width was
needed for Hopea to reach near-maximum photosynthetic rates than for the other species.

Hopea had the highest photosynthetic capacity thus this species needed more light to reach
maximum values. The opposite was true for Syzygium. It had the lowest photosynthetic capacity
and reached near-maximum levels of photosynthesis before the other species did. Small within
species differences occurred but these were not directly related to sapling height.

In short, this analysis showed that line width differently affected the photosynthetic rate of

species and of saplings of different height which implies different leaf areas.

Model simulation: Hopea planted in different successional stands

Of all species in plot 4 Hopea seemed the most sensitive to changing line width in the vegetation.
Therefore the effect of line width in different successional vegetation stands on photosynthetic
rate of the intermediate height class sapling of Hopea was simulated (Fig. 6). The successional

stands varied in age which was expressed in

s 120 height and LAI, with the younger stands
S

] 122 having a lower height and LAI than the older
g

2% stands. Leaf area density in all stands
2 e —e—veght (LA 0.51) . .

T 40 —=—vegh? (LAI102) remained equal to that of the vegetation stand
> —a—vegh3 (LAI 153) X . . .

g —— veght (LAI2.04) as in the field (vegh4 indicated the vegetation
K=

Q

0+ T T T T ]
0 2 4 6 8 10

line width (m) lower vegetation height resulted in increased

height and LAl as measured in the field). A

hotosynthetic rates for Hopea. The lower the
Fig. 6 Photosynthetic rate as percentage of the P y P

maximum (at a line width of 10 m) plotted against the Vegetation he|ght, thus the younger the Stand,
line width for Hopea2 (intermediate height class, see

Table 3) for four different vegetation heights (vegh; the smaller the line width needed to be for
number denotes height in m) (leaf area adensity was
kept constant). Vegh4 indicates the stand as measured ~ Hopea to reach near-maximum photosynthetic
in the field (heiaht 4 m. LAl 2.04). ¢

rates.

Model simulation: overstory thinning

Overstory thinning is done to increase light levels for underplanted trees by decreasing the LAI of
the surrounding vegetation. The effect of LAl on photosynthetic rate was simulated for the
average saplings in plot 8. The vegetation height remained 15 m throughout the simulation, as
measured in the field. Absolute instantaneous photosynthetic rates were plotted against LAl
values (Fig. 7a-d). For all species the tallest sapling achieved highest and the smallest sapling
lowest photosynthetic rates. This related to the increase in leaf area with sapling height.
Photosynthetic rate as a fraction of the photosynthetic rate at a LAl of 4.18 (measured in the field:
set to 1) was plotted against the LAI of the vegetation (Fig. 7e-h). For all species a LAl higher
than 4.18 resulted in lower photosynthetic rates and a lower LAl had an opposite effect. The
effect of overstory thinning was less for Homalium than for the other species. It had a low
photosynthetic capacity and a low quantum yield. Apparently it had reached relatively high rates

of photosynthesis at a LAl of 4.18 so a decrease in LAl did not increase its photosynthetic rate as
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much as for the other species. Small within species differences occurred between saplings of
different height.
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Fig. 7a-h Absolute instantaneous photosynthetic rate (a-d) and relative photosynthetic rate as compared to the value
at a LAl of 4.18 (as measured in the field; set to 1) (e-h) for saplings of different height in plot 8 (line width 0 m, height
15 m). The number behind the species name denotes the corresponding height class: 1, small; 2, intermediate; 3, tall
(Table 3). The dashed line shows the photosynthetic rate in the field.
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Discussion

The measurements and model calculations have shown that species used for enrichment
planting in Bach Ma NP have different light requirements. Height, LAl and line width of the
existing vegetation determine the light levels planted saplings receive and these saplings in turn
respond differently depending on their morphology and physiology. With the model approach
presented here the effects of changes in the existing vegetation (i.e. line width, overstory
thinning) on photosynthetic rates of planted saplings can be simulated. With this information
species-site matching in enrichment planting schemes can be improved with a much smaller
reliance on long-lasting and expensive experiments because the model, using a mechanistic
analysis of the fundamental ecological processes underlying growth of planted trees, makes it
possible to calculate the immediate and ultimate effects of commonly used field practices.

Even though the gaps surrounding target individuals in the model are circular, | argue that
the model is also suitable to calculate photosynthetic rates of individuals trees planted in lines. An
increase in line width is qualitatively comparable to the increase in radius of a circle as both entail
an increase in the distance between a target plant and the surrounding vegetation. Quantitatively,
light capture and photosynthetic rates of trees grown in a line might differ from those grown in a
gap since more light reaches the tree in a line with a width similar to a gap with that diameter,
because a line is longer in the other direction. Furthermore light availability in a line seems to
depend on its direction, with respect to the position of the sun (Adjers et al. 1995).

Light capture, photosynthetic rates and observed growth differed between species and plots.
Between species differences could be related to their morphological (height, leaf area, crown
volume) and physiological traits (leaf nitrogen content, maximum photosynthetic rates, nitrogen
use efficiency, quantum yield, dark respiration). Between plot differences in turn were largely
related to the concomitant differences in light availability. Greater light capture and photosynthetic
rates were calculated for species in the younger plot 4 with lower surrounding vegetation and a
better light climate for the planted seedlings. This corresponded with higher growth rates in this
plot as compared to the older, darker plot 8.

When the species that occurred in plot 4 were planted in plot 8, they experienced a higher
LAI of the surrounding vegetation and a more than three-fold higher height of that vegetation.
Consequently light capture and net photosynthetic rates decreased considerably. Since
Scaphium had photosynthetic traits comparable to that of a relatively light demanding species,
high photosynthetic capacity and high dark respiration (Reich et al. 1994), it is no surprise that
planting this species in plot 8 resulted in considerably lower values for P,.,. It decreased with
64%. Syzygium however, had photosynthetic traits comparable to that of shade-tolerant species:
low photosynthetic capacity and low dark respiration, which makes it suitable for darker
environments. Light levels in plot 8 apparently were too low for this species because the P,
value decreased with 49%. The decrease is less than for Scaphium because of its shade-tolerant
character. Sindora had photosynthetic traits that were similar to those of a relatively light

demanding species: high photosynthetic capacity and a high dark respiration. When it was
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planted in a lighter plot than the plot in which it originally occurred, the P, value increased with
55%. The same holds for Homalium but since it is a shade-tolerant species, the increase was
somewhat lower (48%).

If trees are grown in nurseries with light levels that differ largely from the forest in which
these trees are going to be planted, than this could affect the initial performance of trees once
they are planted in the forest. Also when management practices are applied that result in large
changes in light levels, trees may not be able to plastically adapt to the new light levels because
there is a limit to which plants are able to adapt to the prevailing light levels. The degree to which
plants are able to acclimate differs per species, depending on their level of shade tolerance and
their maximum growth potential (Chazdon 1992). This restriction in acclimation should be
considered when selecting species and nursery conditions, when planting trees and when
opening up the vegetation.

It might be that since the time of planting, the individuals of the planted species acclimated
to the light conditions they are growing in (Kitajima 1994). It has been hypothesized that trees
growing at lower light levels should have broad crowns with few leaf layers in order to reduce
self-shading, whereas trees in high light environments should have elongated crowns with
numerous leaf layers (King 1990) to maximise light capture. The opposite is often found in the
field however (Kitajima et al. 2005; Poorter and Werger 1999; Selaya et al. 2007; Sterck et al.
2001). In our study species growing in the darker plot 8 tended to have less elongated crowns, as
indicated by the length to width ratio, than the species in the lighter plot 4. This also holds for the
two species that were planted in both plots. This indicates that at least in these latter two species
acclimation at the level of crown structure to existing light levels occurred. This implies that
planting of certain species in environments with great differences in light as compared to the
environment where they grew in before planting, may not necessarily increase photosynthetic
rates immediately as they need time to adjust to the new light levels.

All species showed positive correlations between growth and the average of the
photosynthetic rate calculated at the beginning and the end of the period in which growth was
measured. When photosynthetic rate at the beginning of the period was plotted against growth,
also significant positive correlations existed (p<0.05) (not shown) but r’ values were lower.
Growth was measured over relatively long periods, half a year for plot 4 and one year for plot 8,
and in different periods. That implies that weather events might have affected the growth
conditions of the species for some periods of time within the interval of measurements.

These sites were not stable in terms of environmental conditions. Several times a year
typhoons and storms hit the area which severely damaged the forest. Larger trees lost leaves,
branches or fell while shorter trees were damaged by the wind and also by falling branches or
trees. The light climate in the forest was especially disturbed after a strong typhoon in November
2005 (Kai Tak) hit the area. This typhoon occurred within the period that growth was monitored in
plot 8. This typhoon, and smaller typhoons and storms, may have caused differences in slopes of
the growth-average photosynthetic rate relation that were found between species and plots. In

such an unstable system it is probably more accurate to calculate growth over shorter periods.
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Another reason for the different slopes that were found might be that species differed in
measured dark respiration. A low dark respiration is often linked to low respiration values of non-
photosynthesising plant parts. The low dark respiration of Syzygium could thus relate to low
respiration values of the whole plant and this could contribute to its high slope. Nevertheless, the
average values of the beginning and the end of the growth period correlated well with the
observed growth, indicating that our model was accurate enough to predict growth of species
planted in enrichment planting schemes.

Within a species, saplings of different height had different leaf areas and crown volumes and
responded differently to a change in line width. | have shown that the line width at which
maximum net carbon gain is achieved depends on the surrounding vegetation height and LAl and
the saplings characteristics (height, leaf area, physiology) (see also chapter 4; Adjers et al. 1995;
Montagnini et al. 1997; Pefa-Claros 2003; Ricker et al. 2000). Thus the optimal line width (line
width at which a species reaches maximum carbon gain) will be different for species and even for
saplings within a species if they greatly differ in height, and for forest stands of different
successional status.

Ricker et al. (2000) and Piotto (2007) experimentally studied species performance in open
pasture, secondary and mature forest and found species to perform differently in these
contrasting environments. With our model | was able to make accurate estimates of
photosynthetic rates of species planted in contrasting environments which reduces the need for
such extensive planting experiments or experiments in which photosynthetic traits are measured
on species grown at different light levels (Davidson et al. 2002). | have shown with a model
approach that a species with a high photosynthetic capacity should better be planted in a young
successional stand. This way, smaller line widths are needed for this species to reach near-
maximum values of photosynthesis. Also when overstory thinning is applied species and sapling
characteristics (i.e. leaf area, physiological traits) should be taken into account (see also Ricker
et al. 2000). In this study the species that seemed more shade-tolerant were near to their
maximum values of photosynthesis in the plots where they grew and little labor would have been
needed to create sufficient light levels so that maximum photosynthesis levels were reached.
This is favorable, particularly when the goal of the enrichment planting is to increase the
economical value by planting timber species (often shade-tolerant) (De Graaf et al. 1999;
Guariguata 1999; Piotto et al. 2003). Opening up the forest to such an extent that all target
species will reach maximum growth will destroy the existing forest and it will require a lot of labor
and thus money, while opening up the vegetation to smaller degrees will also considerable
increase plant growth. If the costs of opening up the vegetation are known, our model can be
used to calculate the optimal management regime in terms of increased plant growth and
associated costs.

Here six species were used in the simulations, so one should take into consideration that
when planting many different species within a plot, different light levels are needed. Lines of
different width or patches with different overstory thinning treatments could be created in order to

match the specific demand of the species planted. As noted, line cutting or overstory thinning
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may require a lot of labor (Korpelainen et al. 1995) especially when the forest is tall, dense or
difficult to reach or when the area designated for enrichment planting is large. Less labor should
be needed when saplings with sufficient leaf area or with the matching light requirements are
planted (see also Ramos and del Amo 1992).

I have shown that with the model presented in chapter 4 accurate estimations of light
capture and photosynthetic rates of trees planted in enrichment planting schemes can be made
and that it is useful in planning enrichment planting activities. The optimal stand for species with
different physiological traits, the optimal line width in a stand and the optimal level of overstory
thinning can be predicted. The model thus provides a useful tool to mechanistically analyse
growth of trees used in enrichment planting and saves considerably on labor for extensive

experiments.
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General discussion and summary

The area of secondary forests is expanding rapidly in tropical regions. After destruction of the
primary forest or after abandonment of agricultural fields, secondary forest regeneration starts.
First shrubs, grasses and herbaceous climbers that are able to recruit on degraded lands will
dominate the area, after which pioneer trees take over. Later successional climax species grow in
the understory and will dominate the forest after the pioneers die off (cf. Finegan 1984; Pefia-
Claros 2003). Unfortunately many regenerating forests never reach the climax stage. When
shrubs, grasses or herbaceous climbers grow excessively in the first stage, growth of the pioneer
trees is strongly inhibited because of the intense competition with the first stage plants. The
process of succession is severely hampered in this way (Aide et al. 1995; Nykvist 1996; Woods
1989).

Since primary forests are rapidly disappearing (Hirsch 1997) secondary forests are
becoming more important. Increasingly more people, especially those that are poor, depend on
the resources and functions offered by secondary forests and therefore it is important to
understand the successional process. Recently there has been a lot of attention for management
options to accelerate the regeneration of tropical secondary forests (Holl and Kapelle 1999).

In this study fundamental research and applied research in tropical secondary forest
succession were combined. The fundamental part of this study focused on natural regeneration
of a forest. Individual plants of different species were followed in time during the very early stages
of succession and the competition for light (chapter 2) and nitrogen-use efficiency (chapter 3)
were related to the observed size hierarchy among plants. The applied part of this thesis focused
on two management methods commonly used in forest restoration: liberation (chapter 4) and

enrichment planting (chapter 5).

The role of asymmetric light competition and nitrogen-use efficiency

During forest succession the vegetation increases in height. Taller plants are able to deploy their
leaves in the most illuminated layers of the canopy and therefore can capture more light than
smaller plants (Givnish 1982). It is generally believed that taller plants capture more light relative
to their size than smaller plants (Ford 1975; Schwinning and Weiner 1998). This asymmetric light
capture is assumed to largely determine the course of succession by increasing size inequalities
between plants (Huston and Smith 1987; Van Breugel 2007). Taller plants will become
increasingly taller due to asymmetric light capture and as a result grow relatively faster, thereby
outcompeting the smaller plants and this changes species composition. However, only few

studies have measured the degree of asymmetry in light competition (Aan et al. 2006; Anten and
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Hirose 1998; 1999; Hirose and Werger 1995; Werger et al. 2002) and only one has done this for
a tropical secondary forest (Selaya et al. 2007).

Light capture alone does not determine the size hierarchy among plants. The efficiency by
which light is used for photosynthesis also determines growth (Hikosaka et al. 1999; Schwinning
1996). Light use efficiency (LUE) is determined by a plant’'s physiological traits, such as
maximum photosynthetic rate, quantum yield and respiration. The current dissertation is the first
that related size dependent light capture and LUE to plant growth over time on the same plants in
a secondary forest.

In chapter 2 | studied light competition among one woody shrub and three tree species, and
related this to the observed size hierarchy that occurred during the first 5 years of succession. It
appeared that all species had approximately similar values for light capture per unit above ground
mass (Pnass) and LUE despite differences in average species height. In general, taller species
captured slightly more light per unit leaf area (®,.,) but due to small differences in the amount of
leaf area per unit mass (leaf area ratio: LAR), ®.ss Was almost similar for taller and smaller
species and within species for taller and smaller individuals (note that ®.ss=P4ea“LAR). This is
in contrast to the general belief that asymmetric light capture, with taller plants capturing
disproportionally more light, largely determines secondary succession. It is consistent with other
studies that found similarity in ®,,ss between species of different size (Anten and Hirose 1999;
Hirose and Werger 1995; Selaya et al. 2007). Hirose and Werger (1995) suggested that a similar
®,.ss facilitates species co-existence in a stand.

As a result of the absence of asymmetric growth, the size hierarchy that was observed six
months after the plants had emerged, remained stable during at least the subsequent five years
of succession. The vegetation stand became taller and denser but this did not increase the level
of size-asymmetric growth or change the associated size hierarchy and thus species composition
of the secondary forest remained the same. My study does not however preclude that
asymmetric light competition may become more apparent in later stages of succession. At some
point the smaller plants, for instance the shrub Melastoma candidum, will be overgrown by the
taller plants. The smaller plants will be inhibited to grow tall either by architectural constraints or
maybe due to stronger asymmetric light competition and will be outcompeted. The darker
conditions created by the pioneer species will provide a suitable habitat for shade-tolerant
species to grow. This will change species composition.

Besides light capture and light use efficiency also nitrogen-use efficiency may affect the size
hierarchy among plants during forest succession (Aerts and Van der Peijl 1993). Nitrogen is an
essential component of photosynthetic proteins (Evans 1989) and as a result of its limited
availability it is one of the primary factors that limits plant growth (Kachi and Hirose 1983;
Vermeer and Berendse 1983). Thus an efficient use of nitrogen for biomass gain may partly
determine a plant’s success during forest regeneration (Ellsworth and Reich 1996; Herbert et al.
2004; van der Werf et al. 1993).

Nitrogen-use efficiency is a function of a suit of traits including leaf life span, nitrogen

resorption, leaf-level potential photosynthetic nitrogen-use efficiency but also plant height, crown
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structure, leaf area and nitrogen distribution. However, very little work has been done to
quantitatively link these traits to nitrogen-use efficiency. | have build upon a concept developed
by Hiremath (2000) to study the different components that determine whole canopy cumulative
canopy nitrogen-use efficiency (PNUE.,,) in a detailed and integrated manner, taking traits such
as plant height (i.e. canopy position), whole canopy light capture and nitrogen distribution in the
canopy into account.

In chapter 3, PNUE_.,, and its underlying traits were determined for four species in two forest
stands differing in age, height and LAI (also used in chapter 2). PNUE,,, differed two-fold among
species but these differences did not relate to the species position in the size hierarchy in this
study. PNUE_.,, is the product of photosynthetic nitrogen productivity (PNP) and mean residence
time of nitrogen (MRT). PNP did not differ among species in a stand. Differences in height
between the species were relatively small and thus differences in light levels were also relatively
small (see ®,., values in chapter 2). The components determining MRT, leaf life span and
nitrogen resorption, on the other hand varied greatly among species and consequently caused
the differences in PNUEm.

A high MRT is likely to be advantageous in nutrient limited environments, where nutrient
conservation rather than rapid growth is the key to persistence (Hiremath 2000). It was found
previously that on soils with low fertility, species with high MRT instead of high PNP are favored
(Aerts and de Caluwe 1994; Vazquez de Aldana and Berendse 1997; Yuan et al. 2005) though
this was never before tested in tropical secondary forests. Our study site was very degraded due
to effects of war followed by several slash and burn cycles of 5-6 years with very short fallow
lengths (several months) thus a high nutrient retention and an efficient use of resources seems
beneficial here (see also dos Santos et al. 2006).

In general, when plants grow taller they can reach the more illuminated layers of the canopy
and thus increase light capture. This leads to a higher ®,., and PNP. This height growth is
facilitated by a rapid leaf production at the top of plants enabling such plants to shade
competitors and thus achieve greater photosynthesis, growth and reproduction (Boonman et al.
2006). However placing leaves in the upper layers of the crown results in the abscission of leaves
lower in the crown because resources, among which nitrogen, are reallocated in order to sustain
rapid growth (Ackerly and Bazzaz 1995). This increases leaf turn-over and thus decreases leaf
life span. A lower leaf life span decreases the MRT of nitrogen and consequently nitrogen-use
efficiency decreases. This implies that if light capture, and consequently PNP, does not benefit
the plant to the degree to which MRT decreases, nitrogen-use efficiency of a plant will decrease
as it grows taller. This might affect a plant's performance, especially as nitrogen availability
changes during succession (Ewel et al. 1991). Such trends were not observed in the current
study. Vegetation development was relatively slow. This probably enabled species to
physiologically acclimate to the changing light levels. Also, due to the open structure of the
vegetation, light capture, and consequently PNP, did not increase with species height.

It was found previously that a plant cannot maximise nitrogen and light use efficiency

simultaneously (Hirose and Bazzaz 1998). However, | found that the species with the highest

Forest regeneration and restoration in Vietnam-Marijke van Kuijk o7



General discussion and summary

(instantaneous) LUE also had the highest PNUE.,,. This species was the smallest of the four
species studied thus a high nitrogen and light use efficiency did not relate to a tall stature.
Considering the results of chapter 2 and 3 it is likely that the initial seedling height
determines the height of the saplings of pioneer species during subsequent succession (Boot
1996). Initial seedling height is determined by seed size, by an efficient use of seed resources for

biomass allocation (height) in the seedling phase, or by small differences in timing of germination.

Forest restoration ecology

In chapter 2 and 3 | analysed processes underlying natural forest regeneration. As mentioned
before, natural forest regeneration is often slow or stagnates, because shrubs, lianas or grasses
invade degraded sites and they may compete with trees for resources (Berkowitz et al. 1995; Holl
1998; Parrotta et al. 2002; Putz and Canham 1992) or catch fire in the dry season that destroys
young forest growth (Werger 1983). This strongly hampers forest succession.

Two commonly used methods to accelerate succession are liberation and enrichment
planting. | used a model approach (PHOLIAGE) to analyse the results of a liberation experiment
in a 1.5 year old secondary forest stand (chapter 4). The same approach was used to analyse
growth of native species planted in two young forest stands as part of the many enrichment
planting activities undertaken by Bach Ma NP within the framework of a large reforestation
program launched by the Viethnamese government (chapter 5). Fundamental ecological
processes that underlie tree growth were analysed in a quantitative manner to approach practical
problems that occur during acceleration of succession.

When tree growth is hampered by strong competition with neighbors, liberation is potentially
a useful management option to enhance tree growth (Collet et al. 1998; Finegan et al. 1999) and
thus to accelerate succession. Liberation of target pioneer tree species in a 1.5 year old forest
stand resulted in increased light capture and photosynthetic rates. Growth was increased with 34-
49% depending on the species. The responses of species differed and were related to their
height (relative to the vegetation height), leaf area, crown dimensions and their physiological
traits, such as maximum photosynthetic rate and dark respiration.

The gap radius from which vegetation should be removed to maximize a species’
photosynthetic rate depends on the light requirements of the target species, but, as | showed,
also on the height and density of the surrounding vegetation which changes during succession. In
early stages, when the vegetation stand was 0.5 years old and the vegetation height and density
were relatively low, photosynthetic rates of pioneer trees were increased to 164-207% when
vegetation was removed in a radius of 0.5 m. In a later stage (1.5 year old stand), when pioneer
trees were closer to the top of surrounding vegetation canopy, vegetation removal resulted in a
smaller increase in photosynthetic rate. It is therefore important to liberate trees early in

succession so that the greatest effect is reached with the least amount of labor. With the
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PHOLIAGE-model it can be studied what the effect is of liberation for each tree in a certain forest
stand and the best liberation technique can be chosen.

When trees are no longer hampered in growth by the surrounding vegetation, their biomass
allocation pattern seems to change. Less biomass is invested in height because the need to grow
tall is reduced and instead trees create denser canopies (Collet et al. 1998). This is important in
younger successional stands since shrubs, even though they are architecturally constrained to
grow tall, can still keep up with tree height and thus overtop trees in such young stands. A denser
tree crown will increase the shading out of the shrubs and grasses growing underneath the tree’s
crown. Once the tree has overtopped and (partly) shaded out the surrounding vegetation, it will
be hampered considerably less in growth.

With the model approach | was also able to relate photosynthetic rates of native species
planted in two existing forest stands differing in age, height and LAI, to their observed growth
rates. Between species differences in photosynthetic rates could be related to their morphological
traits, that affect light capture (height, leaf area, crown dimensions), and physiological traits, that
relate to their light requirements (level of shade-tolerance). Between stand differences were
related to the concomitant differences in light availability.

The more shade-tolerant species had photosynthetic rates that were near the values that
they can potentially reach in the plots in which they grew. Digitally opening up the vegetation
resulted in higher photosynthetic rates. The more light demanding species benefited more form
opening up the vegetation since they needed more light to reach maximum values. Opening up
the vegetation increased their photosynthetic rate by up to 40%. However, the vegetation would
have to be opened up to a large extent which is practically not desirable or not realistic. For
instance, by creating line widths of 5 m Hopea odorata would nearly reach its maximum
photosynthetic rate. But creating lines of 5 m would cost a lot of labor, and thus money, and it
would severely destroy the forest. Besides, by increasing light levels to such an extent, grasses
and other undesirable species may start to grow and compete with the trees (McNamara et al.
2006). A smaller line width (2 m) would cause less damage to the forest and still it would increase
photosynthetic rates of Hopea odorata by 30%. With the model calculations and simulations the
most appropiate management option can be chosen, with taking tree growth and the amount of
labor into account.

Many field experiments on liberation and enrichment planting have been done but they
require a lot of time, space and money and results are restricted to a particular situation and
generally cover limited amounts of experimental conditions and replication (Paquette et al. 2006).
In chapters 4 and 5 | showed that the predicted photosynthetic traits of target trees based on
model calculations, correlated well with the observed growth. This indicates that the model that |
used was well able to predict growth of trees in early successional forests, whether they were
naturally occurring or planted. Commonly used practices such as liberation, line planting and
overstory thinning, could be well simulated so that recommendations about when and how to
apply these practices can be made. In this way management activities can be done with a higher

efficiency and with a reduced need for long-lasting and expensive experiments.
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Potential applications of the model approach

In this study the PHOLIAGE-model was applied in an experiment in which pioneer trees were
liberated and in two natural forest stands in which native species were planted. | argue that this
model can also be applied in other situations where liberation is needed, for instance in an older,
more developed forest in which the growth of later successional species needs to be stimulated
to enhance succession. It could also be applied in liberation or planting schemes that have an
economic incentive (De Graaf et al. 1999; Guariguata 1999). The effects of various management
regimes on timber production, and thus on profits, can be calculated.

Another example in which this model approach might be very useful is in enrichment
planting under plantations. Often in South East Asia degraded lands are invaded by undesirable
plants, such as the grass Imperata cylindrica (McNamara et al. 2006; Otsamo et al. 1997). Fast
growing exotic species are planted to prevent soil erosion and to quickly create a canopy cover to
eliminate the grass. When a canopy has been created and the grass has been eliminated, native
species are planted under the canopy of the exotic species to enrich the site (McNamara et al.
2006; Otsamo 2000). Often the canopy is thinned at the time of native species planting or in a
later stage, to increase light levels for the underplanted species (McNamara et al. 2006; Otsamo
1998). But the effect of this thinning on subsequent growth of planted trees is usually not known
and this management is therefore often carried by trial-and-error which is obviously costly and
time-consuming.

A good example of where this methodology has been applied is in central Vietnam in the Hai
Van area south of Phu Loc (McNamara et al. 2006). Many previously forested areas were
converted into fire-prone grasslands (/. cylindrica) after the second Indochina war and did not
recover. In 1986 trees of the exotic species Acacia auriculiformis were planted in different
densities and they shaded out the grass several years after planting. The overstory canopy was
thinned between 1993 and 2000 when native species were planted. The initial thinning appeared
too much because grasses regrew and started competing with the native species. Later, the
degree of thinning was reduced.

Various light levels throughout the planting site existed due to different Acacia planting
densities and different levels of overstory thinning. Initially many different native species
(approximately 40) were planted under the Acacia canopy but most of the planted species died,
and later plantings focused on the relatively few surviving species (approximately 13). Apparently
species and site did not match very well. The model presented in this dissertation can contribute
to the success of species planting under plantations, by analysing the effect of various
management practices and the resulting light levels, on the photosynthetic rate of the planted

trees.
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Using the PHOLIAGE-model

The PHOLIAGE-model is not the only 3D-
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Fig. 1a-c Correlation between observed above ground
biomass growth in 174 days after vegetation removal and
calculated light capture immediately after vegetation
removal. All correlations are significant (MM, p<0.05) and

growth as well (Fig. 1 & 2) so in case
photosynthesis measurements cannot be

done, light capture data will most probably

r* values varied from 0.6498 to 0.9635. be sufficient. Data of the target trees and

the surrounding vegetation are compiled into an excel spreadsheet which is ‘read’ by the model.
The output is instantaneous whole crown light capture and photosynthetic rate for each individual
tree.

In this study light capture and photosynthesis of the plants that were under management
regimes (chapter 4 and 5), was calculated instantaneously. During the day the intensity of the
incoming light varies and it also depends on the geographical position. Day length, which is also
related to the position on earth, is variable over a year. This affects the amount of light a plant
receives and consequently plant growth. Also rain fall and soil characteristics may affect growth.
If the model is to be used in ecosystems that are located far from the equator (for instance in

temperate zones), or in systems that experience strong seasonal effects, or where water or soil
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factors greatly affect plant growth, it will need to be extended. However the model appeared to be
useful in analysing ecological processes underlying growth of plants in a wet tropical forest. It
provides an ecological solution to a practical problem and due to it easy-to-use character, it can
be applied in the humid tropics to improve activities aiming at accelerating succession or improve

species-site matching in enrichment planting schemes.
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Fig. 2a-d Relation between observed growth and calculated light capture (average of the beginning and the end of the
period in which growth was observed) of species planted in enrichment planting plots (plot 4 and 8) in Vietnam. All
relations are significant (linear regression, p<0.05) and r? values vary from 0.5406 to 0.8893. For clarity two species per
window are presented. Note the different scaling in window a.

Scope

The results of this study have shown that secondary succession is not necessarily steered by
asymmetric light competition, in contrast to what is generally believed. | have shown how species
can co-exist for at least five years by analysing ecological processes that underly plant growth. |
showed that pioneers species can differ considerably from each other in functional traits when it
comes to morphology and physiology (SLA, dark respiration, light compensation point, resorption,
leaf life span), but that this does not result in large differences in relative growth rates or in large
changes in size hierarchy during early succession.

The model presented in this dissertation has a large potential in the area of restoration
ecology. Here it was applied in an experiment in which pioneers were liberated and in enrichment
plantings in natural vegetation, but it could be applied in many more situations. It will be very
useful in analysing growth patterns of trees subjected to different management practices and this

will contribute to improve the success of activities aimed at accelerating forest regeneration.
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Measuring leaf area
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Samenvatting

Nadat landbouwgrond is verlaten begint de regeneratie van een bos. De vegetatie die dan
ontstaat noemen we secundair bos. Gewoonlijk wordt de vegetatie eerst gedomineerd door niet-
houtige planten en struiken, die na enkele jaren worden vervangen door pionierbomen. Na
enkele decennia sterven de pioniers af en krijgen de climaxsoorten de kans om door te groeien
en samen vormen ze later het bos. Dit proces, waarbij soorten elkaar opvolgen in de tijd, heet
successie en is de natuurlijke manier waarop een bos zich herstelt. Vaak stagneert dit
herstelproces echter al tijdens vroege stadia van successie. Niet-houtige planten en struiken
groeien hard na verstoring en worden dominant, waardoor jonge bomen niet voldoende licht
krijgen om te groeien. Wat overblijft is een struiklandschap van weinig biologische, economische,
sociale en culturele waarde.

Vooral in de Tropen zijn mensen afhankelijk van de diensten en producten die door het bos
worden geleverd. Omdat het areaal aan secundair bos daar snel toeneemt, worden secundaire
bossen voor mensen steeds belangrijker om in hun levensonderhoud te voorzien. Daarom is het
belangrijk om te begrijpen hoe het proces van bosregeneratie verloopt. Recentelijk is er veel
aandacht voor beheersmaatregelen die erop gericht zijn de regeneratie van bossen te versnellen
en te verbeteren (bosherstel).

Deze studie combineert fundamenteel en toegepast onderzoek. Het fundamentele deel
behandelt de natuurlijke regeneratie van bos. De focus ligt daarbij op concurrentie om licht en de
efficiéntie van het gebruik van stikstof en hoe deze factoren van invloed zijn op het succes van
soorten tijdens de vroege stadia van successie. Het toegepaste deel behandelt twee
beheersmaatregelen die regelmatig voor bosherstel worden gebruikt: het vrijhakken van
gewenste boomsoorten zodat deze meer licht krijgen en sneller groeien en het verrijken van een

bos door aanplantingen met gewenste soorten.

De rol van concurrentie om licht en stikstofgebruik tijdens natuurlijke regeneratie

Tijdens het regeneratieproces neemt de vegetatie in hoogte toe. Hoge planten hebben het
voordeel dat zij hun blad in hoger gelegen, lichtere lagen van het bladerdek van de vegetatie
kunnen plaatsen waardoor zij voldoende licht kunnen invangen om te overleven en te groeien en
tegelijkertild hun kleinere buren kunnen overschaduwen. Vaak wordt gedacht dat deze hoge
planten meer licht invangen in verhouding tot hun biomassa (®p,.ss) dan kleinere planten en dat
zij daardoor, in vergelijking met hun kleinere buren, sneller kunnen groeien. Zij zouden kleinere
planten door hun snellere groei wegconcurreren en dit zou in grote mate de soortensamenstelling
van een bos bepalen. Of dit proces daadwerkelijk plaatsvindt, was echter tot nu toe nog niet

kwantitatief bepaald.

Forest regeneration and restoration in Vietnam-Marijke van Kuijk 119



De groeisnelheid en de grootte van een plant wordt niet alleen door zijn lichtinvang per
eenheid biomassa (morfologie) bepaald, maar ook de efficiéntie waarmee licht gebruikt wordt om
te fotosynthetiseren (LUE) (fysiologie) heeft invioed op de groei. Een combinatie van
morfologische en fysiologische eigenschappen bepaalt dus het succes van een plant tijdens
regeneratie. In deze studie is voor het eerst bestudeerd in welke mate lichtinvang gerelateerd
aan plantgrootte en LUE, invioed hebben op de groei van planten over de tijd, gemeten aan
dezelfde planten in een secundair tropisch bos tijdens de eerste jaren van successie.

In hoofdstuk 2 gebruik ik een model waarmee een verband gelegd kan worden tussen de
morfologische als fysiologische eigenschappen van een individuele plant en de daaraan
gerelateerde lichtinvang en fotosynthese. Ik heb bomen in jonge successiestadia bestudeerd om
te zien welke factoren bepalen of een soort succesvol wordt of niet. Ik heb individuen van een
struik en drie boomsoorten geselecteerd en heb deze gedurende een tijdsperiode gevolgd (van
een half jaar tot een 1,5 jaar oud bos, een 5 jaar oud bos is apart bestudeerd). Het bleek dat, in
tegenstelling tot wat veelal wordt gedacht, lichtinvang per eenheid biomassa niet in grote mate
bepaalt of een plant dominant wordt. Hoge planten hebben geen hogere lichtinvang per eenheid
biomassa dan kleinere planten. Ook LUE was niet gerelateerd aan plantgrootte.

Evenveel lichtinvang per eenheid biomassa en gelijke LUE maken het mede mogelijk dat
soorten tijdens regeneratie naast elkaar kunnen bestaan, zoals in het door mij onderzochte bos.
Hierdoor is ook de groei van bomen in verhouding tot hun biomassa voor soorten en voor
individuen binnen een soort nagenoeg gelik. Mede als gevolg hiervan bleef de
soortensamenstelling van dit bos in ieder geval gedurende 5 jaar constant. In latere stadia zullen
de kleinere soorten en individuen niet overleven, want zij zijn architectonisch gelimiteerd om de
hoogte in te groeien. De vegetatie zal steeds dichter worden waardoor lichtbehoevende soorten
zullen verdwijnen en schaduwtolerante soorten zullen blijven groeien. Daardoor zal de
soortensamenstelling van dit bos veranderen.

Naast lichtinvang en —gebruik kan ook stikstofgebruik invioed hebben op de
concurrentieverhouding tussen planten. Stikstof is een essentiéle bouwstof voor eiwitten die
betrokken zijn bij het fotosyntheseproces. Omdat de beschikbaarheid gelimiteerd is en de
opname ervan energie kost, is het belangrijk voor een plant stikstof efficiént te gebruiken voor
groei. Deze efficiéntie hangt van morfologische eigenschappen van een plant af, zoals zijn
hoogte, kroondimensies, bladoppervlak, maar ook van eigenschappen zoals bladlevensduur,
stikstofresorptie en andere fysiologische eigenschappen. In hoofdstuk 3 ontwikkel ik een model,
gebaseerd op een al bestaand concept, waarmee ik bovengenoemde planteigenschappen kan
relateren aan stikstofgebruik. Er bleken grote verschillen in de efficiéntie van stikstofgebruik
tussen soorten te zijn, maar dit was niet aan hun dominantie in de vegetatie gerelateerd.
Verschillen waren vooral te wijten aan de verschillen in bladlevensduur en stikstofresorptie. Een
hoge bladlevensduur en een hoge resorptie lijken op een gedegradeerde bodem, zoals die
waarop dit onderzoek werd gedaan, zeer nuttige eigenschappen te zijn.

Door de relatief langzame ontwikkeling van de vegetatie in dit onderzoek, kunnen alle

planten het regeneratieproces ‘bijhouden’. Zij kunnen zich morfologisch en fysiologisch
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voldoende aan de veranderingen in de vegetatie aanpassen om te blijven bestaan, in ieder geval
gedurende de eerste 5 jaar van bosregeneratie. Gezien de resultaten van hoofdstuk 2 en 3 lijkt
het waarschijnlijk dat in dit bos de initiéle zaailinggrootte de grootte van de planten later in
successie bepaalt. Initiéle zaailinggrootte wordt door zaadgrootte, efficiént gebruik van de

voedingsstoffen in het zaad of door kleine verschillen in het tijdstip van kieming bepaald.

Bosherstel

De natuurlijke regeneratie van een tropisch bos is vaak langzaam of wordt in zijn geheel
gehinderd doordat niet-houtige planten en struiken in de eerste fase van successie overdadig
groeien en daardoor te sterke concurrenten zijn voor bomen. Ook vatten zij snel vlam waardoor
jonge bomen door het vuur vernietigd worden.

Twee vaak toegepaste beheersmaatregelen om regeneratie te versnellen zijn het vrijkappen
van gewenste bomen zodat zij sneller groeien en het aanplanten van gewenste boomsoorten. In
deze studie heb ik het PHOLIAGE-model gebruikt waarbij ik fundamentele ecologische
processen die ten grondslag liggen aan boomgroei, op een kwantitatieve manier analyseer, zodat
praktische problemen gerelateerd aan bosherstel benaderd kunnen worden.

Het vrijnakken van bomen resulteert over het algemeen in een toename in groei, zo ook in
het experiment dat ik uitvoerde met pionierbomen in een 1,5 jaar oude vegetatie (zie hoofdstuk
4). De groei steeg met 34-49%, afhankelijk van de soort. De reactie op een opening in de
vegetatie verschilde per soort, en dit heeft te maken met boomhoogte (t.0.v. de hoogte van de
vegetatie), bladoppervlak, kroondimensies en de mate waarin de bomen lichtbehoevend zijn. De
ideale grootte van de opening die in de vegetatie moet worden gecreéerd is dus verschillend voor
elke soort, maar hangt ook van de hoogte en de dichtheid van de vegetatie af, dus van de leeftijd
van het bos. In dit bos is het beter om in vroege stadia bomen vrij te hakken, omdat dit tot een
grotere toename in groei leidt dan wanneer later wordt vrijgehakt en het zal minder arbeid kosten,
want kappen in een jong bos is aanzienlijk makkelijker te doen dan in een hoger en dichter bos.
Het PHOLIAGE-model kan de groei van bomen nauwkeurig voorspellen. Zo kan per boom en per
bos bepaald worden wat het beste tijdstip is, wat de beste opening is en wat de effecten zijn van
vrijhakken.

Wanneer bomen zijn vrijgehakt verandert vaak het patroon van biomassa-allocatie. Er wordt
minder in hoogte geinvesteerd maar des te meer in bijvoorbeeld kroonwijdte en kroondichtheid.
Dit is belangrijk in jonge stadia want zo kunnen bomen eerder struiken en andere ongewenste
planten wegconcurreren door meer schaduw op de bosvloer beneden zich te werpen. Dit versnelt
bosregeneratie aanzienlijk.

Met dezelfde modelbenadering heb ik in hoofdstuk 5 boomgroei van zaailingen bestudeerd
die in twee jonge bospercelen zijn aangeplant. In één van deze percelen zijn lijnen opengekapt
waarin de zaalingen zijn geplant terwijl in het andere perceel de vegetatie intact bleef. De

percelen verschillen in leeftijd en dus in dichtheid en hoogte. De verschillen in groei tussen de
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aangeplante soorten waren aan hun hoogte, bladopperviak, kroondimensies en de mate waarin
ze lichtbehoevend zijn gerelateerd. De verschillen tussen de percelen waren aan de verschillen
in lichtklimaat tussen beide percelen gerelateerd. Dus het succes van de beheersmaatregelen
hangt van de geselecteerde boomsoorten af en van het bos waarin zij geplant zijn. Met het model
heb ik onderzocht wat er gebeurt als er in beide percelen meer licht voor de aangeplante
zaailingen beschikbaar zou komen.

Over het algemeen gaven de berekeningen aan dat meer schaduwtolerante soorten sneller
fotosynthesesnelheden (maat voor groei) die dicht bij hun maximum haalbare snelheden lagen
kunnen bereiken, dan de meer lichtbehoevende soorten. Zij kunnen met een kleinere opening in
de vegetatie (lijnbreedte of uitdunnen van het kronendak) volstaan dan de meer lichtbehoevende
soorten. Het is echter niet altijd wenselijk om de vegetatie zodanig te openen zodat soorten
maximale groei bereiken. In sommige gevallen moet een bos dan namelijk zodanig worden
opengekapt dat het al bestaande bos ernstig vernield wordt. Daarnaast kost het veel arbeid,
vooral als het bos groot is, of een grote dichtheid heeft of moeilijk bereikbaar is. Daarbij kunnen,
bij een grote toename in lichtbeschikbaarheid, grassen gaan hergroeien. Met het model dat ik
gebruik kan per boom berekend worden hoeveel de toename in groei is bij een bepaalde
linbreedte gekapt in een bepaald bos, of bij een bepaalde mate van uitdunnen van het
kronendak. Een kleinere lijnbreedte of kleine mate van uitdunnen kan ook al voor een grote
toename in groei van de aangeplante bomen zorgen en zo kan op vernieling in het al bestaande
bos en op arbeid bespaard worden. De beste beheersmaatregel kan gekozen worden, waarbij
met zowel boomgroei als de hoeveelheid arbeid rekening wordt gehouden.

Er worden veel experimenten gedaan waarbij bomen worden vrijgekapt en waarbij bossen
met aanplantingen worden verrijkt. Deze experimenten kosten veel tijd en geld en zijn wat betreft
het aantal gerealiseerde groei-omstandigheden en herhalingen beperkt. Ik heb laten zien dat met
een lichtmodel, fotosynthesesnelheden van dergelijke bomen berekend kunnen worden en dat de
verkregen waarden goed correleren met de groei die ik in het veld heb waargenomen. Dat
betekent dat dit model geschikt is om het effect van verschillende beheersmaatregelen op
boomgroei te onderzoeken. Zo kunnen aanbevelingen worden gedaan over welke maatregel het
beste is, rekening houdend met de eigenschappen van de gewenste boom en het bos waarin de
boom groeit. Dit reduceert de noodzaak om langdurende en dure experimenten uit te voeren

aanzienlijk.

Mogelijke toepassingen en gebruik van het model

In deze studie heb ik het PHOLIAGE-model toegepast in een experiment waarbij pioniers zijn
vrijgekapt en in een jong bos waarin bomen zijn aangeplant. Het model is echter potentieel in
veel meer situaties toepasbaar. Bijvoorbeeld in een ouder bos, waarin de groei van latere soorten
zou moeten worden gestimuleerd om regeneratie te versnellen. Of in situaties waarbij bomen

worden vrijgekapt of aangeplant, met een achterliggend economisch doel. De effecten van
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beheersmaatregelen op boomgroei kunnen worden gesimuleerd en zo kan worden berekend wat
de meeropbrengst van bepaalde beheersmaatregelen zal zijn, rekening houdend met de kosten
van de maatregel.

Het kan ook worden toegepast in situaties waarbij inheemse soorten onder het kronendak
van exotische soorten worden aangeplant, zoals regelmatig gebeurt in de Tropen. Vaak worden
deze exoten geplant omdat zij snel groeien en dus snel grassen kunnen wegconcurreren en
bodemerosie kunnen voorkomen. Later worden inheemse soorten onder de exoten geplant om
het bos te verrijken. V6o6r het planten wordt vaak het kronendak uitgedund om er een beter
lichtklimaat onder te creéren. Met het model dat in deze studie gepresenteerd wordt kan worden
bestudeerd welke soorten in welk lichtklimaat het beste =zullen groeien en welke
beheersmaatregelen er nodig zullen zijn om de groei te vergroten. Dit zal het succes van
dergelijke aanplantingsprojecten verhogen.

Het PHOLIAGE-model is niet het enige 3-D model dat fotosynthesesnelheden van
individuele bomen kan berekenen, maar het is wel uniek in de toepassing om praktische
problemen te benaderen die men bij bosherstel tegenkomt. De data die nodig zijn om dit model
te gebruiken zijn relatief gemakkelijk te verzamelen en de enige benodigde software voor
toepassing van het model is Excel. Als er geen mogelijkheden zijn om fotosynthesemetingen te
doen, dan kan lichtinvang ook als maat voor plantgroei gebruikt worden (zie hoofdstuk 6). Het
model heeft dus grote potentie in het vakgebied van bosherstel in de natte Tropen. Het kan
bijdragen aan het succes van beheersmaatregelen die erop gericht zijn regeneratie van bossen

te versnellen.
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Harvesting saplings
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Tém tat bang tiéng Viét Nam (chwong 6)

Dién tich rirng th sinh dang phat trién manh mé & cac vung nhiét di. Rirng th sinh dwoc hinh
thanh sau khi rteng nguyén sinh bj tan pha hoac sau khi cac dién tich canh tac néng nghiép bi bd
hoang. DAu tién, cay cd, cay bui, day leo xuét hién, rdi t&i sw cé mat cla cac loai cay tién phong.
Trong giai doan dién thé tiép theo, cac loai sinh trwdng dwdi tan xuét hién va chiém wu thé khi
céac loai cay tién phong chét di ((cf. Finegan 1984; Pefia-Claros 2003). Tuy nhién, thyc té cho
thdy c6 rat nhiéu rirng the sinh khéng bao gi& dat dwoc giai doan dinh diém cla dién thé.
Nguyén nhan la do khi cac loai cay bui, cay cé va day leo sinh trwdng, phat trién qua mic & giai
doan dau cua dién thé, gay canh tranh manh liét va han ché sinh trwéng cla cac loai cay tién
phong va diéu nay can tr& rat I6n t&i qua trinh dién thé cla rirng (Aide et al. 1995; Nykvist 1996;
Woods 1989).

Khi ma rirng nguyén sinh dang bi mét di nhanh chéng (Hirsch 1997) thi rivng thi sinh tré
nén quan trong. Ngay cang cé nhiéu ngudi, d&c biét la nhirng nguoi nghéo phu thudc vao ngudn
tai nguyén cda rirng thir sinh, va do vay viéc tim hiéu qua trinh dién thé cla rirng thi sinh la rat
quan trong. Hién nay da co6 kha nhiéu cac phwong an nham quan Iy va thic day tai sinh & rirng
thr sinh nhiét d&i (Holl and Kapelle 1999).

Trong nghién ctru nay, tac gia két hop nghién clru co ban véi nghién ctru (ng dung dién thé
rirng thir sinh nhiét déi. Phan nghién clru co ban tap trung vao van dé tai sinh tw nhién cla rirng.
Cac ca thé cla cac loai cay khac nhau duwoc xem xét, nghién ctru tiv giai doan dién thé ban dau.
Méi quan hé gitra canh tranh anh sang (chwong 2) va s dung nito hiéu qua (chwong 3) téi sinh
trwdng cla cay ciing dwoc xem xét. Phan nghién clru trng dung tap trung vao hai phwong phap
thwong dwoc st dung trong phuc héi rirng 1a: ludng phéat day leo bui ram va mé tan (chwong 4)

va lam gidu rirng (chuong 5).

Vai tro cta canh tranh anh sang va st dung nito’ hiéu qua

Chiéu cao cla thyc vat tang lén trong qué trinh dién thé. Tan 14 cla cac cay cao c6 kha vwon
réng dé thu nhan dwoc nhidu anh sang hon cac cay thap ((Givnish 1982). Nhin chung, cac cay
cao c6 kha ndng thu nhan dwoc nhiéu anh sang hon cac cay thap (Ford 1975; Schwinning and
Weiner 1998). Sy thu nhan anh sang khéng déng déu gitra cac ca thé cay rirng la do sy 16n 1én
khéng ddng déu vé chiéu cao gira ching trong qua trinh dién thé (Huston and Smith 1987; Van
Breugel 2007). Céac cay cao do thu nhan dwoc nhiéu anh sang sé sinh trwdng nhanh hon va cao
hon, va do vay chén ép cac cay thdp hon va diéu nay cé thé dan t&i viec thay déi thanh phan
loai cay. Tuy nhién, van chwa c6 nhiéu nghién clru v& mirc dd canh tranh anh sang gitra cac ca
thé cay rirng (Aan et al. 2006; Anten and Hirose 1998; 1999; Hirose and Werger 1995; Werger et
al. 2002), va chi c6 moét nghién clru dwoc tién hanh & rirng thir sinh nhiét déi (Selaya et al.
2007).
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Thu nhan anh sang ding riéng ré khong quyét dinh sinh trwdng cla thuwc vat. St dung anh
sang hiéu qua cho qua trinh quang hop mdi thwc sw quan trong dbi véi sinh trwdng clia cay
rieng (Hikosaka et al. 1999; Schwinning 1996). S&r dung anh sang hiéu qua (LUE) dwoc xac dinh
b&i dac tinh sinh Iy ctia thwe vat nhw téc d6 quang hop tdi da, hiéu suat quang hop va hd hap.
Luan van nay la cong trinh dau tién nghién clu twong quan gitra thu nhan anh sang va kich
thwdc thue vat va viéc si dung anh sang hiéu qua téi sinh trwéng cla cac ca thé cay ring &
rieng tha sinh.

Trong chwong 2 t6i nghién ctru vé canh tranh anh sang gitra mot loai cay bui than gé va 3
loai cay gé, va twong quan gitra kha nang canh tranh anh sang véi kich thuwéc clia thuc vat thu
thap dwoc trong 5 ndm dau clia qua trinh dién thé. Két qua cho thay bén loai c6 cac gia tri gan
twong tw nhau vé& mc d6 thu nhan anh sang trén mét don vi sinh khdi trén mét dat (Ppass) Va st
dung nito’ hiéu qua (LUE) mac du c6 sy khac nhau vé chiéu cao trung binh gira cac loai. Nhin
chung cac loai cay cao hon thu nhan anh sang nhinh hon trén mét don vij dién tich 1a (Darea),
nhwng do sy khéc biét gitra dién tich |4 trén don vi sinh khéi 1a nhé (ty & dién tich 1a: LAR), ®pass
gan nhu twong dwong gitra cac loai cay cao va thap va gitra cac ca thé cao va thap trong cling
loai (ghi chl 18 ®pass=Parea*LAR). Diéu nay trai véi nhan thire chung 1a cé sy thu nhan anh sang
khac nhau, cac loai cay cao thu nhan nhiéu anh sang hon. Két qua nghién ctru ciing phu hop véi
mot sb nghién clru khac két luan 1a cac loai co kich thwéc khac nhau nhuwng c6 @, trong tw
nhau (Anten and Hirose 1999; Hirose and Werger 1995; Selaya et al. 2007). Hirose va Werger
(Aerts and Van der Peijl 1993). Nito la mét thanh phan thiét yéu cla protein quang hop (Evans
1989) va do vay sinh trwdng cla cay sé bj giam dang ké néu thiéu nito (Kachi and Hirose 1983;
Vermeer and Berendse 1983). Nhw vay, st dung nito' hiéu qua cho sinh trwdng sinh khéi cé thé
s& gop phan vao sy thanh céng cda thyc vat trong qua trinh dién thé (Ellsworth and Reich 1996;
Herbert et al. 2004; van der Werf et al. 1993).

S dung nito hiéu qua 1a dac diém chic ndng thich ng cla cay bao gébm thoi gian séng
cua 14, kha nang huat dinh dwéng va nito cla ré, si dung nito hiéu qua & qua trinh quang hop, va
cling quan trong 1a chidu cao cuta cay, dién tich bé& mat 14 va sy phan bd cda nito. Tuy nhién, cé
rét it cac nghién cru v& méi quan hé gitra cac dic diém nay véi st dung nito hiéu qua & cay.
Trong nghién ctru nay, t6i da st dung cac khai niém ctia Hiremath (2000) d& nghién ctru cac
murc d6 st dung nito' hiéu quéa cda tan cay (PNUE.,,), nghién clru cac d&c diém nhw chiéu cao
cla cay (vi du vi tri tan 14), thu nhan anh sang cla toan bd tan va phan bd cla nito & tan cay.

O chuwong 3, PNUE,,, va cac dac diém lién quan dwoc xac dinh cho 4 loai & 2 1am phan
khac tudi, chiéu cao va LAl, nhv d&a dwoc st dung & chwong 2. PNUE.,, khac nhau gitra cac
loai. Sw khac nhau nay khoéng lién quan téi kich thuwéc cha loai & 1am phan. PNUE,, la nang
suat san xuét nito quang hop (PNP) va thdi gian trung binh st dung nito (MRT). PNP khéng
khac nhau gitra cac loai trong 1am phan. Sy khac nhau vé chiéu cao gitra cac loai c6 twong quan
yéu va suw khac nhau vé mi&c d6 anh sang ciing c6 twong quan yéu (xem gia tri cla ®area &
chwong 2). Mat khac, cac thanh phan xac dinh MRT, thoi gian séng clia la va kha nang hat nito

khac nhau rat I16n gitra cac loai va tao ra sy khac nhau vé PNUE gy
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MRT cao chic chan sé co loi thé trong méi trwdng nghéo nito, noi ma s dung tiét kiém
nito ch khdng phai la sinh trwdng nhanh sé 1a chia khoa cho sw tén tai (Hiremath 2000). Mét
diéu rd rang 1a & dat nghéo dinh duéng cac loai c6 MRT cao chir PNP khong dwoc danh gia cao
(Aerts and de Caluwe 1994; Vazquez de Aldana and Berendse 1997; Yuan et al. 2005) mac du
diéu nay chwa duoc thir nghiém & rivng th sinh nhiét d&i. Tai dia diém nghién ciru clGa chung
t6i dat bi thoai hoa do anh hwéng cua chién tranh va sau dé 1a mét vai chu ky canh tac nuwong
rdy 5-6 nam v&i thoi gian bd hoa rat ngan (vai thang) va nhw vay viéc st dung hiéu qua va tiét
kiém nguén nito 1a rat hivu ich (xem dos Santos et al. 2006).

Nhin chung thwc vat sé sinh trwdng chiéu cao manh mé khi ching gép tang tan cé nhiéu
anh sang hon. biéu nay lam tang ®,., va PNP. Sinh trwdng chiéu cao dwoc tao bdi sw sinh
trwdng nhanh cla 14 & dinh tan sé gilp cay c6 loi thé vé canh tranh anh sang lam gia tadng qua
trinh quang hop, sinh trwdng va phat trién (Boonman et al. 2006). Tuy nhién, viéc phan bé 1a &
tang trén cla tan sé dan t&i viéc tang 14 bén dwdi bi cat gidm do kha ndng cay tw diéu chinh dé
st dung hiéu qua ngudn dinh duwéng (Ackerly and Bazzaz 1995). Diéu nay lam tang sw luan
chuyén va gidm thdi gian séng cla la. Thoi gian séng ngén cda l& tang dwéi lam gidm thoi gian
st dung nito (MRT) va do vay lam gidm kha nang s dung nito' hiéu qua. DPiéu nay cé nghia la
néu kha ndng thu nhan anh sang va PNP khong gitp cay lam gidm MRT, viéc st dung nito' cta
cay sé gidm va cay sé sinh trwdng cao hon. Didu nay cé thé anh hwéng téi sinh trwdng clia cay
d&c biét 1a véi su thay ddi cia ngudn nito' trong qua trinh dién thé (Ewel et al. 1991). Cac xu
hwéng nay chwa dwoc chd y trong cac nghién clvu da c6. Sy phat trién cla thue vat 1a twong dbi
cham, cho phép loai thich nghi v&i diéu kién cta lam phan va sy thay ddi vé anh sang. Do ciu
tric mé cla thwe vat, thu nhan anh sang va PNP khéng ting cung véi chiéu cao cla cay.

Mét diéu duoc tim ra 1a thuc vat khéng thé cing mét Idc st dung tbi da ngudn nito va st
dung hiéu qué anh sang (Hirose and Bazzaz 1998). Tuy nhién, trong nghién ctru nay chung toi
thdy cac loai c6 LUE cao nhéat ciing c6 PNUE,,, cao nhéat. Day la loai c6 chiéu cao thp nhat
trong bén loai nghién ctru nén cé thé rat ra 1a st dung hiéu qué anh sang va nito' cao khong lién
quan t&i chidu cao cla thuc vat.

Két qua clia chwong 2 va 3 cho thdy chidéu cao cla cay con ban dau quyét dinh t&i chidu
cao cla cay nh& tién phong & giai doan dién thé tiép theo (Boot 1996). Chiéu cao cay con ban
dau duoc quyét dinh bdi kich thwédc cla hat va viéc st dung hiéu qué ndng luvong tir hat dé sinh

trwdng chiéu cao trong giai doan cay con, va mét phan nhé do thei gian ndy mam.

Sinh thai phuc héi rirng

Trong chwong 2 va 3 t6i phan tich qua trinh tai sinh dwéi tan rirng tw nhién. Nhw da dé cap tir
trwdc, tai sinh rixng tw nhién thwong dién ra cham hodc hodc khé khan do bi canh tranh anh
sang, nwéc va dinh dwdng khoang tlr cay bui, day leo hodc cay cé (Berkowitz et al. 1995; Holl
1998; Parrotta et al. 2002; Putz and Canham 1992) ho&c bi chay & mua khd s& lam tén hai toi

cay tai sinh (Werger 1983). Diéu nay can tré rat Ién t&i quéa trinh dién thé caa ring.
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Hai phwong phap thwdng dung dé xdc tién dién thé la phat ludng day leo, bui ram va mé
tan (goi tat [a mé tan), va lam gidu rirng. T6i s& dung md hinh (PHOLIAGE) dé phan tich két qua
cla thi nghiém mé tan & Iam phan ring the sinh 1,5 tudi (chwong 4). Phwong phap tuwong tw
duoc st dung dé phan tich sinh truédng cla cay ban dia tréng dwéi tan 2 1am phan rirng non do
Vuwon quéc gia Bach Ma thuc hién va 1a mot phan trong chwong trinh tréng méi 5 triéu ha rirng
cta Viét Nam (chwong 5). Cac dac tinh sinh thai co ban la nén tdng cho sinh trwdng clia cay
dwoc phan tich dé 1am rd cac van dé ndy sinh trong qua trinh xtc tién dién thé.

Khi sinh trwdng cla cay tai sinh bi canh tranh manh liét b&i cay xung quanh thi mé tan la
phwong phap hiéu qua dé thac day sinh trwédng cla cay (Collet et al. 1998; Finegan et al. 1999)
va do vay thuc ddy qua trinh di&n thé. M& tan cho cac loai cay muc dich tién phong & 1am phan
1.5 tudi sé& lam tang mirc d6 thu nhan anh sang va téc d6 quang hop. Sinh trwdng co thé tang
34-49% tuy thudc vao tirng loai cay, va lién quan téi chiéu cao, dién tich Ia, hinh dang tan 14 va
céac dic tinh sinh ly nhw tdc d6 quang hop ti da va hd hap dwdi tan.

Khodng tréng ma cay con tai sinh can c6 dé tbi da téc dd quang hop phu thudc vao nhu cau
anh sang cua cay, va ciing phu thudc vao chiéu cao va mat do cta cay rirng xung quanh. O giai
doan dau khi ma l1am phan dwoc 0,5 tudi, chiéu cao va mat dd cia lam phan kha thép, toc do
quang hop cla cay tién phong co thé téng tir 164-207% néu cay dwoc phat ludng day leo, bui
ram véi ban kinh 0,5 m. O giai doan ké tiép (I1am phan dwoc 1,5 tudi) khi ma cay tién phong
vuon téi gan dinh tan cta thwe vat xung quanh thi phat ludng day leo bui ram anh hwéng kém
hon t&i tbc dd quang hop cla cay. Do vay, phat ludng day leo bui ram va mé tan & giai doan dau
cla dién thé sé cé tac dung I&n nhat téi cAy muc dich va cling ton it nhan cong nhéat. V&i mo
hinh PHOLIAGE, ta c6 thé nghién ctu anh hwdng clia mé tan dbi voi tirng cé thé trong l1am
phan rirng va cé thé lva chon dwoc phwong an mé tan tét nhat.

Khi sinh trwdng cla cay khéng con bi anh hwdng bdi thuwe vat xung quanh thi ty 1 sinh khdi
cla cay thay dbi. Sinh trwdng cla tan la dwoc phat trién manh thay thé cho viéc gidm sinh
trwdng vé chiéu cao (Collet et al. 1998). Didu nay rat quan trong trong cac 1am phan it tudi khi bi
cay bui canh tranh, cay tai sinh luan phai sinh trwdng chiéu cao dé chiém tang wu thé. Khi tan la
sinh trwdng day hon sé che béng cay bui va cé moc & dwdi tan. Khi ma cay da vwon 1én tAng
trén va dan che phu cay xung quanh thi sinh trwdng clia cay cé thé bj giam.

Mb hinh ciing gilp nghién ctu twong quan gitra téc dd quang hop clia cac loai cay ban dia
trong & 2 lam phan khac tudi, chiéu cao va LAl véi tang trudng cha cay. Cac loai khac nhau vé
tbc d6 quang hop cé thé do sy khac nhau vé dac diém hinh thai (chiéu cao, dién tich |4, hinh thai
tan 1a), va cac dac diém sinh ly lién quan t¢i nhu cau anh sang (mirc dd chiu bong). Cac lam
phan khac nhau sé c6 diéu kién anh sang khac nhau.

Cac cay chiu béng cé tbc d6 quang hop gan bang véi téc dod tiém ndng khi ching sinh
trwdng & cac 6 thi nghiém. Khi mé tan cho cay sé lam ting téc dd quang hop. Loai cay wa sang
sé rat c6 loi khi mé tan do ching can nhiéu anh sang dé dat téc do quang hop téi da va co thé
tang hon 40%. Tuy nhién, viéc mé& tan cho cay ciing nén can nhéc téi cac diéu kién khéng mong
mudn hodc khéng thuce té. Vi du, viéc tao ra nhitng béng chét rong 5 m cho cay Sao den (Hopea

odorata) sé lam cho cay cé téc dd quang hop cao nhat. Tuy nhién, viéc nay sé tén rat nhidu cong
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strc, tién bac, va ciing c6 thé 1am tén hai t&i rivng. Bén canh dé, viéc tao ra cac khoang tréng
ciing c6 thé 1am cho cé hodc cac loai cay khdng mong mudn cé diéu kién sinh trwéng va canh
tranh v&i cay tai sinh ((McNamara et al. 2006). V&i bang chat nhé hon (2 m) sé it lam tén hai toi
rirng hon va ciing cé thé lam tang tbc do6 quang hop cia Sao den lén khoang 30%. Khi mé hinh
bao gdm ca sinh trwdng cla cay va sbé nhan cong can thiét sé cho phép tinh toan va lwa chon
phwong phap quan ly thich hop nhét.

D4 c6 rat nhiéu cac thi nghiém vé& mé tan va lam giau rirng, nhwng ching doi héi vé thoi
gian, khéng gian va tién bac, va cac két qua thwong han ché & cac trwong hop cu thé va nhin
chung chi dirng lai & mot s diéu kién thi nghiém va mot sb 1&p lai (Paquette et al. 2006). Trong
chwong 4 va 5 t6i da dw doan cac dac tinh quang hop cla cac loai cady muc dich dwa vao mo
hinh toan duoc thiét lap dwa trén cac sb liéu thu thap dugc. DPiéu nay chi ra rang mé hinh toan
nay c6 thé gilp dy doan sinh trwdng clia cay tai sinh tw nhién hodc tréng & cac giai doan dién
thé ban dau. Cac bién phap k¥ thuat phd théng nhw phat ludng day leo, bui ram, tréng theo hang
va tia thwa tan cay chén ép cé thé dwoc ap dung véi thdi gian va cwdng do thich hop. Bang
cach nay, cac hoat ddng quan ly cé thé dwoc ap dung véi hiéu qué cao hon va cling gidm dwoc

nhu cau thuc hién cac thi nghiém dai va tén kém.

Tiém nang ap dung mé hinh

Trong nghién ctru nay mé hinh PHOLIAGE dwogc ap dung trong moét thi nghiém ma cay tién
phong dwgc mé tan va trong hai lam phan rirng tw nhién. Téi cho rang mé hinh nay cé thé dwoc
&p dung & nhirng noi can thiét phai mé tan, vi du & rirng gia hon va sinh trwdng cla cac loai cay
wu thé can dwoc cai thién dé thuc day dién thé. N6 cling c6 thé ap dung viéc mé tan hodc trong
lam gidu rirng & nhitng noi cé diéu kién kinh té (De Graaf et al. 1999; Guariguata 1999). Anh
hwéng ctia cac bién phap quan Iy khac nhau téi san xuét gé va loi ich cé thé dwoc tinh toan.

Mét vi du nira c6 thé 4p dung mé hinh Ia lam giau rirng tréng. Théng thwong & Bong Nam
A, cac vung déat thoai hoa thudng bi cac loai khdng mong mudn xam lan nhw loai cd Imperata
cylindrica (McNamara et al. 2006; Otsamo et al. 1997). Cac loai cay nhap ndi sinh trwdng nhanh
dwoc nhap va gay trong dé chéng x6i mon va nhanh tao tan dé diét trir ¢d dai. Khi tan cay giao
nhau thi cé dai bj loai tri, va cay ban dia dwoc tréng dwéi tan dé lam giau I1am phan (McNamara
et al. 2006; Otsamo 2000). Thwéng la tan cay dwoc tia vao lic tréng hodc sau khi tréng cay ban
dia dé tang anh sang cho cac cay con (McNamara et al. 2006; Otsamo 1998). Tuy nhién, do
khong biét rd mirc d6 &nh hwéng cla tia thwa téi sinh trwdng cla cay nén cong viéc nay thudng
dwoc tién hanh qua cach THU & HONG, va rd rang la gay nhiéu lang phi téi thoi gian va kinh phi
thwe hién.

Mét vi du vé& noi phwong phap nay dugc thuc hién 1a & khu vc Hai Van, phia nam cta Phu
Léc, Thira Thién Hué (McNamara et al. 2006). Sau chién tranh da c6 rat nhiéu cac khu rivng bi
tan pha va bi xam Ian bdi loai cé (I. cylindrica), va két qua 1a rirng khong thé phuc héi. N&m

1986, loai Keo |4 tram (Acacia auriculiformis) dwoc nhap va tréng véi cac mat do khac nhau va
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ching chén ép co dai khi dwoc vai ndm tudi. Tang tan trén cla Keo duwoc tia vao gitka nam 1993
va 2000 khi cay ban dia dwoc tréng dwai tan. Do cudng do tia thwa 1an dau qua 16n tao nén diéu
kién thuan loi cho cac loai ¢d sinh trwdng va canh tranh manh liét véi cay ban dia. Lan tia thva
thr 2 c6 cwdng d6 nho hon.

Do Keo dwoc tréng véi mat dd khac nhau va mirc d6 tia thwa ciing khac nhau nén cwéng
dod anh sang téi cay con ban dia trong dwdi tan cling khac nhau. Luc dau co rat nhidu cac loai
cay ban dia (khodng 40 loai) dwoc trdng dwdi tdn Keo nhwng phan Ién da bi chét, va cac dot
trdng tiép theo chl yéu ddi vai mot sb loai séng sot (khoang 13 loai). Nhin bé ngoai loai kém phu
hop v&i lap dia. M6 hinh trinh bay trong luan vin nay cé thé déng gép vao sw thanh céng cla
viéc tréng lam gidu dwéi tan rirng, bang cach phan tich anh hwéng cla cac bién phap ky thuat

khac nhau vé&i mirc d6 anh sang thu dwoc téi tbc do6 quang hop cla cay tréng.

S dung mo6 hinh PHOLIAGE

M6 hinh PHOLIAGE chi la mét trong cac mé hinh 3 chiéu tinh toan téc d6 quang hop cta cay,
nhwng lai & mé hinh duy nhat dwoc st dung dé gidi quyét cac van dé nay sinh cla sinh thai
phuc héi. Sé liéu d& xay dwng md hinh c6 thé thu thap don gian va nhanh so vé&i cac md hinh
khac doi hoi sé liéu chi tiét va phirc tap hon (Pearcy and Yang 1996; Sterck and Schieving
2007). Sé liéu vé& anh sang thu thap badng may do anh sang cé dd tin cay can thiét (chwong 4 va
5). Thu thap sb liéu vé md hinh mé tan hodc lam giau rirng ciing dé dang do cé rat nhiéu loai cay
duogc trbng & cac ving rong I&n. Tré ngai Ién nhat & do tbc dd quang hop do phéi st dung thiét
bi rat dat tién. O’ cac nwéc nhiét doi, viéc do dém cac déc tinh quang hop thwong gép khé khin
do thiéu kinh phi va con ngwdi. Nhwng mirc dd thu nhan anh séang cuda tan cay cé murc twong
quan chét vai sinh trwdng cta cay (Hinh 1 & 2), do vay trong truéng hop khong thé do duworc tée
dd quang hop thi cé thé si dung sb liéu vé& thu nhan anh sang cua tan 1a. Sé liéu vé cay muc
dich va cay xung quanh nhap vao céac trang sb liéu ctia Excel cé thé duwoc st dung dé dang
trong mé hinh. Két qua dau ra cia mé hinh la anh sang thu nhan cda tan 14 va tbc d6 quang hop
ctia méi mot ca thé cay ring.

Trong nghién ctru nay, thu nhan anh sang va quang hgp cla thyc vat & cac bién phap tac
dong (chwong 4 & 5) duoc tinh todn nhanh. Ban ngay, cwdng dd anh sang khac nhau theo thoi
gian va no ciing phu thudc vao vi tri dia ly. Théi gian clia ngay cling phu thudc vao vi tri dia ly va
thay ddi gitra cac thdi gian ctia ndm. Diéu nay anh hudng téi lwong anh sang ma cay thu nhan
va qua dé anh hwéng tdi sinh trwdng cla cay. Lwong mwa va do phi dat ciing cé thé anh huéng
t&i sinh trwdng cla cay. Néu st dung mé hinh & cac hé sinh thai cach xa dwdng xich dao (vi du
vung 6n d&i), hodc hé sinh thai & noi cé cac mua khac nhau ré rét, hodc noi ma dat va nwéc co
anh hwéng rat 16n téi sinh trwdng cla cay, md hinh can dwgc mé rong hon. Tuy nhién, md hinh
rat hivu ich trong phan tich cac qua trinh sinh thai anh huéng téi sinh trudng clia thye vat dudi

tan rixng nhiét d&i &m. N6 dwa ra gidi phap sinh thai cho cac van dé thyc tién ndy sinh, né cé thé

130 Forest regeneration and restoration in Vietnam-Marijke van Kuijk



dwoc ap dung & cac viing nhiét d&i am dé xdc tién dién thé hodc cai thién viéc lwa chon loai phu

hop v&i lap dia cho trdng lam giau rirng.
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Fig. 1a-c Twong quan gitva sinh trudng sinh khéi trén mat dat
cua cay sau khi tham twoi, cay bui bi chat bd dwoc 174 ngay va
anh sang thu nhan dwoc ngay sau khi thdm twoi, cay bui bi loai
bd. TAt ca cac twong quan déu cé y nghia (MM, p<0.05) va hé
s6 1 bién dong tir 0.6498 toi 0.9635.
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Fig. 2a-d Twong quan gilra sinh trwdng clia cay va anh sang thu nhan (gia tri trung binh do dwgc & thoi gian trwéc
va sau clia qua trinh) cla loai lam giau rivng & cac 6 thi nghiém & Vietnam (6 4 va 8). T4t ca cac twong quan déu co y
nghta (hdi quy tuyén tinh, p<0.05) va hé sb r* bién dong tir 0.5406 t&i 0.8893. M&i mot hinh vé duoc trinh bay 2 loai,
va hinh vé a co ty I& khac so v&i cac hinh con lai.

Gi®i han

Két qua clia nghién ctru nay chi ra rang dién thé thi sinh khéng bi anh hwéng nhiéu béi canh
tranh &nh sang, va diéu nay ngwoc lai véi nhan thirc chung ctia chiing ta. T6i cling da trinh bay
céach thirc ma cac loai c6 thé chung sbng, it nhat 1a trong thei gian 5 ndm bang cach phan tich
qua trinh sinh thai anh hwdng téi sinh trwdng clia thuc vat. Tai thy céac loai tién phong khac
nhau vé cac dac tinh chirc nang thé hién & dac diém hinh thai va sinh ly (SLA, hd hap dwéi tan,
diém st dung anh sang, kha nang thdm thau, thdi gian sbng cda I&) khac nhau, nhung diéu nay
lai khédng anh hwéng téi viéc thu nhan anh sang hiéu qua cla cay.

Mb hinh trinh bay trong luan van cé tiém nang ap dung rong rai trong linh vie sinh thai
phuc héi. Trong nghién ctru nay, mé hinh dwoc ap dung & thi nghiém cac loai cay tién phong
dwoc mé tan va cac loai cay ban dia dwoc tréng lam giau dwdi tan rivng thl sinh, nhung né
ciing c6 thé duoc ap dung cho céac trwong hop khac. Sé rat hivu ich néu cé thé nghién cutwu,
phan tich sinh trwéng cla cay dwéi cac bién phap tac dong khac nhau, vi diéu nay sé gép phan

vao thanh cdng cua viéc xdc tién tai sinh & rivng tw nhién.
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