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ABSTRACT

Why tree diversity is so high and what drives coexistence of species in a tropical forest
is the central question that community ecologists concern. Niche- and dispersal-based
processes are two main processes which affect distribution pattern and coexistence of trees
in a forest. Recently, forest dynamics plots (FDP) established by the Smithsonian
Institution Center for Tropical Forest Science (CTFS). However, none of the above is the
same as in Taiwan, a subtropical and mountainous island with rough terrain and frequent
disturbance. Therefore, in 2008, | used the standard protocol as the Smithsonian CTFS’s to
establish a 25-ha FDP in the Lienhuachih Experimental Foré§429”N, 12052’43"E)
in Central Taiwan. Expect precise stem mapping and topography measurement, | also
collected soil and disturbance data to assess how niche- and dispersal-based processes
affect coexistence of species and diversity of a subtropical forest and whether these were

the same as the tropical FDPs with relative flat terrains and little disturbance.

My results show the Lienhuachih FDP is dominated by Fagaceae and Lauraceae and
which is characteristic of thiglachilus-Castanopsis forest zone of Taiwan. The size-class
structure of trees show most tree species have plenty saplings, which display good
recruitment in the forest. Fisher’s alpha diversity of the Lienhuachih FDP is the highest
among low-elevation FDPs in Taiwan, but lower than which of other FDPs in tropical

plots.

On the other hand, the Lienhuachih forest could be divided to four types, these are
Pasania nantoensis - Randia cochinchinensis type locates on the ridge and the highest
elevation was with the highest stem densiallotus paniculatus - Engelhardtia
roxburghiana type locates on the upper slope was with the middle stem density and basal

area,Diospyros morrisiana - Cryptocarya chinensis type locates on the lower slope and



stream side was with lower stem density &machilus japonica var. kusanoi - Helicia
formosana type locates on west stream side was with the lowest stem density and basal
area. All four plant communities and species composition varied across micro-topographic

gradients.

In addition, both niche process and dispersal process work together to assemble the
Lienhuachih tree communities. When comparing above two processes affect community
assembly, if only topography is included, dispersal-based processes prevail. But if
including soil variables along with topography variables into variation partitioning, the
result reverses. Furthermore, including disturbance variables with topography and soil
variables, niche-based processes still prevail for both pioneer and non-pioneer saplings.
However, dispersal limitation is also an important process influencing the spatial
distribution of species diversity for both functional saplings, especially for the non-pioneer

saplings.

My study also demonstrates that topography affects distribution of non-pioneer
saplings, whereas disturbance affects distribution of pioneer saplings. Although soil is an
important factor to explain distribution of both pioneer and non-pioneer saplings, it is also
evident that plant species, geomorphic processes, and disturbance have different effects on
the physical and chemical properties of soils. Soil and disturbance effects contribute to
meso- and fine-scale spatial variations for distribution of species, whereas topographic
effects contribute to broad-scale spatial variations for distribution of species. To conclude,
in a rough terrain and highly disturbance area, niche-based process is the main ecological
process to maintain the coexistence and diversity, and which also affect vegetation

classification in the Lienhuachih subtropical forest.
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CHAPTER 1

GENERAL INTRODUCTION



Why tree diversity is so high and what drives coexistence of species in a tropical
forest is one of the central question that community ecologists concern. In recent years,
studies documenting there are two processes, niche-based process and dispersal-based
process (Cottenie 2005; Legendre et al. 2009). Niche-based process claims that due to
environmental heterogeneity, every species prefers a specific niche to avoid competitive
exclusion (Comita et al. 2007; Gunatilleke et al. 2006; Harms et al. 2001; Wiegand et al.
2007). On the other hand, dispersal-based process argues that propagules are not able to
reach every suitable site in a landscape, regardless of underlying habitat conditions or
species specificities (Dalling et al. 2002; Harms et al. 2000; Hubbell et al. 1999; Plotkin et
al. 2002; Seidler and Plotkin 2006).

However, trees are sessile organisms, and their growth, recruitment and mortality
are influenced by the immediate neighborhood created by the abiotic environment and
interactions among neighboring trees (Zhao et al. 2006). These interactions among
neighboring trees and their abiotic environment usually leave spatial signatures in tree
communities and create detectable spatial patterns in species diversity (Legendre et al.
2009). Hence, empirical studies demonstrated both niche- and dispersal-based processes
work together responsible for community assembly (Cottenie 2005; Legendre et al. 2009).

Recently, forest dynamics plots (FDP) established by the Smithsonian Institution
Center for Tropical Forest Science (CTFS) which are represented by large spatially
contiguous grids of subplots with permanently tagged and georeferenced individuals of all
woody species (Losos and Leigh 2004). Spatially referenced tree demographic data from
these plots have profoundly advanced our understanding of the coexistence of species,
studying diversity patterns, testing ecological theories, monitoring the dynamics of stand
structure and function, and conserving and managing biodiversity (Condit 1995; Condit et

al. 1998; Hubbell 2001; He and Legendre 2002; Losos and Leigh 2004). However,



previous FDPs located at tropical area and terrains of FDPs are relative flat and with less
disturbance. It is still unclear, however, whether the findings from the tropics also
applicable to subtropical forest with rough terrain and frequently disturbance. Therefore,
in 2008, | used the same methods to establish a 25-ha FDP in the Lienhuachih
Experimental Forest (234'49"N, 120%52’43"E) in Central Taiwan. The FDP locates at
extreme gradients in topography and suffers by frequent typhoon disturbance (Lin et al.
2011).

In the beginning | investigate the species composition, size-class structure, and also
compare the alpha diversity with other plots in Taiwan and all over the world (Chapter 2).
With the precise topography measurement, then, | classify the tree community in different
types and to test if micro-topography affects classification of plant communities and
species composition (Chapter 3). After | got primary analyses of tree species composition
and forest types of the plot, | realized environmental data is so important for demonstrate
the niche-based process that give contribution to community assembly. Next, | measured
soil texture and chemical variables in 20 x 20m qudrats, and to focus on how would the
conclusion about importance of niche- and dispersal-based processes change if soill
variables are also included in the analysis (Chapter 4).

Except topographic and soil data, disturbance data is also important, but that has
always been ignored. So, | collected past ten years disturbance variables (canopy gaps of 3
differnt years and human path road) and divided all saplings into two functional groups,
pioneer saplings and non-pioneer saplings. To understand how different environmental
factors contribute in explaining species composition of different functional groups, and
how different ecological processes regulate the spatial distribution of species composition
of different functional groups (Chapter 5). From analysis may give an insight how the

environmental factors affect together to the forest diversity.



Finally, | summarized and integrated the results of each chapter in chapter 6 to reach
conclusions regarding ecological processes that maintain coexistence and diversity of tree

community in the Lienhuachih subtropical forest.



CHAPTER 2

SPECIES COMPOSITION, SIZE-CLASS STRUCTURE, AND
DIVERSITY OF THE LIENHUACHIH FOREST DYNAMICS
PLOT INA SUBTROPICAL EVERGREEN BROAD-LEAVED

FOREST IN CENTRAL TAIWAN

7 LI-WAN CHANG, JEEN-LIAN HWONG, SHAU-TING CHIU, HSING-HUA WANG,

KUOH-CHENG YANG,HSIU-YING CHANG, CHANG-FU HSIEH, published in Taiwan
J For Sci 25(1): 81-95, 2010



ABSCRAT

The Lienhuachih Forest Dynamics Plot (FDP), measured 500 m by 500 m square, is
located in central Taiwan. The collected data, followed a unified method adopted for the
worldwide FDP network, were analyzed for floristic composition, size-class structure, and
species diversity. In total, the censused trees and shrubs belonged to 144 species in 86
genera and 39 families. The most dominant families were the Fagaceae, Lauraceae,
Rubiaceae, Euphorbiaceae, and Melastomataceae. In total, 153,268 (&lBHivaluals
were recorded, and the total basal area was 34°7fdam Of the 144 species, the most
abundant werd&andia cochinchinensiand Blastus cochinchinensi®asania nantoensis
had the highest basal area (8.38%), followedEhgelhardtia roxburghiana (8.12%) and
Schefflera octophylla (7.23%). Calculation of the importance value (IV, incorporating
relative values of abundance and basal area) showed Rthatochinchinensis, B.
cochinchinensis, S. octophylla, Cryptocarya chinensis Fandxburghiana were the most
dominant species with the highest IV values in the plot. The sum of the 30 top species’ IV
reached 83.06% of the whole. Although the 1st 2 species were understory and very
dominant due to the large number of individuals, certain numbers of rare species however
increased the floristic diversity in the plot. Based on the species composition, the forest is
characteristic of thdlachilus-Castanopsiforest zone of Taiwan, with certain dominant
understory species and possessing 2 pioneer species in the major canopy composition.

For the size-class structure, 102 (each with total ster@$) species showed 4
patterns of size-class distribution: L-shaped, inverse J-shaped, fluctuating, and
bell-shaped. The former 3 patterns in a total of 98 species, including a great number of
small-sized individuals, imply that most current species in this study site can display good
recruitment with rich resources of saplings. The woody plant richness of the Lienhuachih

FDP is the highest among low-elevation FDPs in Taiwan. Compared to other Center of



Ttropical Forest Science forest dynamics plots on islands, Fisher’s alpha diversjty (ha
index of the subtropical Lienhuachih FDP was similar to that of the Luquillo FDP in

Puerto Rico but much lower than that of other FDPs in the tropics.

Key words. species composition, size class structure, diversity, subtropical evergreen

broad-leaved forest, Lienhuachih Forest Dynamics Plot.



INTRODUCTION

In order to study spatial and temporal patterns of tree and shrub populations, recent
studies of forest plots frequently adopted a large plot area. These large datasets that might
encompass environmental variations can be used to examine the mechanisms that maintain
species diversity, study the consequences of rarity of local species survival, and monitor
long-term changes to detect effects of climate change (Hubbell and Foster 1983; Masaki et
al. 1992; Tanouchi and Yamamoto et al. 1995; Condit et al. 1996; Condit 1998; Sato et
al.1999; Manabe et al. 2000). Forest Dynamics Plots (FDPs) were established and used a
standardized sampling methodology which allowed scientists to directly compare data
collected at different sites (Losos and Leigh 2004).

Taiwan is a mountainous island with the rich ecological resources. To understand
forest dynamic changes, several FDPs have been successively established since 1990
(Yang et al. 2008), but large intact FDPs of >5 ha in area in the low-elevation zone
included only the Fushan FDP in northern and the Kenting FDP in southern Taiwan. Both
are surrounded by intact conserved forests: the Hapen Natural Conservation area (Su et al.
2007) and Kenting National Park (Wang et al. 2004), respectively. Due to the early and
sustained development in central Taiwan, it is difficult to find an intact large forest wuth
no artificial disturbances. However, to monitor forest ecological changes and succession
for all of Taiwan, the Lienhuachih forest is the largest one remaining at low elevations in
centra Taiwan.

The Lienhuachih forest was an aboriginal hunting ground so it was conserved intact
with few disturbances. More than half of the species of the Lauraceae and Fagaceae were
concentrated in this area, and many rare endemic species existed in this unique habitat (Lu
et al. 2001). Lienhuachih was a conserved natural broad-leaved forest representative of

central Taiwan. Therefore, establishing an FDP at Lienhuachih can conserve the natural



vegetation of central Taiwan, and also allow the monitoring and study of broad-leaved
forest dynamics to accumulate knowledge of northern, central, and southern forests
throughout all lowlands of Taiwan.

This study includes the species composition, size-class structure, and diversity of
the forest of the Lienhuachih FDP. It can serve as a foundation for cross-site comparisons

with other FDPs and ecosystems in Taiwan.

MATERIALSAND METHODS
Study site

In July 2008, a 25-ha (500 m x 500 m) FDP (23°54'49"N, 120°52'43"E) was
established within the evergreen, broad-leaved forest in the Lienhuachih Experimental
Forest (LEF), Nantou County, central Taiwan (Fig. 2.1), as part of the Taiwan Forest
Dynamics Monitoring Network. The study was conducted in a 25-ha (500 m x 500 m)

FDP (23°54°'49"N° 120°52'43"E) in a natural forest of the LEF, NaniGaunty, central

Taiwan (Fig. 2.1). The substrate consisted of alternating argillaceous sandstone and shale.

The dominant soils could be classified into 2 types, Typical Dystrochrept and Typical

Hapleudults red soils (King 1986). The mean annual temperature was .2Z0@ hottest
month of the year was July with a mean temperature of @58nd the coldest was

January with a mean temperature of 1d.8The annual precipitation was 2,285.0 mm

with seasonal variation throughout the year. More than half of the annual rainfall occurred
between May and September, while the dry season usually began in October and lasted
through February with 5 consecutive months averaging <100 mm precipitation a month.
The mean relative humidity was 87.1% (Fig. 2.2) (Lu et al. 2008). Typhoons, a common

occurrence in the LEF, swept through the area with violent winds and extremely heavy



rainfall, and often caused severe damage (Lee et al. 2008). Landslides also took
place, mainly caused by heavy rainfall events and the reshaping of stream channels (Lee et
al. 2008).

The LEF covered a total area of 461 ha with elevations ranging 576~925 m. About
half of the LEF was composed of natural forests, while the other half was made up of
various artificial plantations. In total, 879 vascular plant species, belonging to 177 families
and 561 genera, had been recorded within the entire LEF (Hebrad 2002). The
dominant vegetation type in the LEF was considered to be a Lauro-Fagaceous forest (Su
1984). Most of the trees we@astanopsispp.,Cyclobalanopsispp.,Machilusspp., and
Schima superba (Hwongt al. 2002). Other human activities in small, widely spaced
villages, with agricultural fields and small plantations, occurred within and around the
LEF. Natural vegetation in the area was fragmented, degraded, and isolated (Lee et al.
2008).

Field inventory

Electronic total-station thedolites were used for precise topographic measurements.
The field teams measured all horizontal points at 20-m intervals within the 25-ha plot. The
plot was divided into 625 quadrats of 20 m x 20 m, each with other subsidiary points at
10-m intervals. Each 20 m x 20 m quadrat was further divided into 16 subquadrats of 5 m
X 5m.

All freestanding trees 1cm in diameter at breast height (DBH) were mapped,
measured, identified, and tagged. The botanical nomenclature, life-form, and endemism of
all species, following the Flora of Taiwan (Editorial Committee of the Flora of Taiwan,
1993-2003), were determined. Species rareness of fewer than 25 total individuals (< 1
individual ha') was considered a rare species in the plot (Hubbell and Foster 1986).

Statistical analysis

10



Three parameters, stem density, basal area, and the importance value (IV, which is
(relative density + relative basal area)/2), were used to describe the population structure of
tree species. The relative dominance of each family and species was determined based on
its IV. The main stems of plants with multiple branches at breast height were counted as 1
individual for the density calculation. However, the sum of the basal areas of all stems was
used for the basal area.

For the size-class analysis, species with >25 individuals in the plot were analyzed,
and each species was carried out by constructing a bar chart with DBH size classes against
the numbers of individuals (Hough 1932; Tubbs 1977; McCarthy et al. 1987; Fan et al.
2005). Due to the varied growth rates, limitations of DBH sizes for different species, and
non-unified size structures among species, the determination of wide-ranging size class
scales followed the modified Sturges’s equation instead of using a log-normal equation.
Modified Sturges’ equation:

M = 6 x log n; where nis the number of individuals of speciesThe class interval of
each species = (DBHmax - DBHmin)/M.

For floristic diversity, the species richness, evenness, the Shannon-Wiener diversity
index, and Fisher’s alpha were used (Hurlbert 1971). Fisher’s alpha is a mathematical
calculation for determining the diversity within a population, which is usually expressed
as the species richness of an area (Fisher et al. 1943; Rosenzweig 1995). It is independent
of the sample size and is used to extrapolate species richness to large areas (Losos and
Leigh 2004). Richness is the number of species. Evenness is H'/In (Richness).

The Shannon-Wiener diversity index (H’) is -sum (Pi x In(Pi)); wherePi is the ni/N; ni is
the number of individuals in species i; the abundance of species i; and N is the total
number of all individuals.

Fisher’s alpha: S = In(1 + nk); where S is the number of species; and n is thebeu of

11



individuals.

RESULTS
Topographic features

The elevation of the plot ranged from 667 m to 845 m above the sea level. The
average slop of plots was about 35.3°, so the land was very steep. The topography of the
plot was characterized by hills with valleys, steep slopes, and ridges. The ridge lies
between 2 slopes, a steep slope facing north and gentler slope facing south. Seepage ways,
spurs, small hillocks, and several seasonal streamlets cut through these slopes (Fig. 2.3).
Small streams seasonally appeared to carry water in wet seasons. When typhoons with
heavy rains passed nearby, instant large amounts of rainfall particularly caused landslides
and the collapse of steep slopes and stream banks. In the dry season, small streams usually
showed an anhydrous state. The topographic features displayed high spatial heterogeneity
within the Lienhuachih FDP (Fig. 2.3).
Floristic Composition

The 153,268 (6,131 stems Harees surveyed within the 25-ha plot included 144
species in 86 genera and 39 families. The basal area was 869(2% ha)' (34.77 nf
ha).With the exception of 2 gymnosperniogocarpus nakajiandPinus morrisonicola)
and 1 monocotyledonA¢ecae catechuy)all woody species were dicotyledons. These
included of 27 canopy species, 72 sub-canopy species, and 45 shrubs species. Among
these, 23 species are endemic in Taiwan.

The 5 most abundant species in descending order Ranglia cochinchinensis
(Rubiaceae), Blastus cochinchinensis (Melastomataceae), Euonymus laxiflorus
(Celastraceael;ryptocarya chinensiflLauraceae), andricalysia dubia(Rubiaceae). The

first 2 species are small trees or shrubs which are distributed throughout most of the plot.

12



Both accounted for 24.32% of the total abundance, but only 3.53% of the total basal area.
Based on the basal area, the dominant species were large-statured, less-abundant trees,
including Pasania nantoensigFagaceae)Engelhardtia roxburghiana (Juglandaceae),
Schefflera octophylla (Euphorbiacea€yyptocarya chinensigLauraceae), an&chima

superba (Theaceae). Most of them, exc€ptchinensis are canopy species. The most
important species as indicated by the Vs wRreochinchinensis, B. cochinchinensis, S.
octophylla, C. chinensigndE. roxburghiana. The top 30 dominant species contributed

over 80% to the total IV (Table 2.1). Among the 20 most dominant spédaktus
paniculatusat 10th andsapium discoloat 20th are pioneer species, and both reached the

top 10 major canopy species with the highest IV.

Families with the most number of species in the plot were the Lauraceae, followed
by the Rubiaceae, Fagaceae, Theaceae, and Euphorbiaceae. Families with the greatest
basal areas were the Fagaceae (26.47% of the total basal area), followed by the Lauraceae,
Juglandaceae, Euphorbiaceae, and Araliaceae. The Rubiaceae had the greatest density,
consisting of 20.86% of the total. The top 15 families in terms of Vs are shown in Table
2.2. The most dominant families were ranked in the order of the Fagaceae, Lauraceae,
Rubiaceae, Euphorbiaceae, and then the Melastomataceae.

The species-area curve shows that the number of species increased rapidly, and the
curve inclined to nearly a plateau after an area of 10 ha (Fig. 2.4). The curve appears to
approach an asymptote, and very few species were added to the plot beyond the point.

The species-area curve showed that the number of species increased rapidly until the
incline plot area reached 2.43 ha, when about 80% of species had accumulated (Fig. 2.4).
The curve inclined to nearly a plateau after an accumulated total area of 10 ha. Then, the
curve appeared to approach an asymptote and very few species were added as the plot size

was enlarged.
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The species-abundance pattern (Fig. 2.5) showed that a few species contributed a
great proportion to the stem abundance. The sum of ranks 1 and rank 2 was 37,274
individuals as 24.32% of the total. From ranks 3 to 22, the curve exhibited a shallow
gradient, and the total of the top 22 species reached 80% relative abundance. Among 144
species, 43 species (29.86%) had < 25 individuals (< 1 individual &ad were
considered to be rare species), and 9 of them were represented by a single stem.

Size-class structure

One hundred and two (each with total sten®5}out of 144 species were examined
by size class. The charts exhibited 4 patterns: L-shaped, inverse J-shaped, fluctuating, and
bell-shaped (Fig. 2.6). The L-shaped pattern was found in 9 species, sG@chmesia
formosana andPsychotria rubra, and it showed a dramatic drop in the number of
individuals in the small size-class. The inverse J-shaped pattern had a smooth, downward
curve, which was shown by 60 species; for example roxburghiana andHelicia
rengetiensis Twenty-nine species showed the fluctuating pattern, having the greatest
number of individuals in the smallest size and a varied number of individuals in the other
size classes, such &gallotus paniculatusand E. laxiflorus Only 4 species, such as
Antidesma japonicunand Rhododendron mariesiishowed a bell-shaped pattern, and
appeared to have quite a few saplings.

Floristic diversity

The composition and diversity of the size-classes of all woody individuals in
Lienhuachih FDP showed that trees of the size ¢tas3-cm dbh included 16,513 stems
(10.77%) and made up 710.08 (81.68%) of the total basal area and those in the size
class> 30-cm dbh only included 2,267 stems (1.48%) witD.3T nf (42.57%) in basal
area. The Evenness index for those with ddtD cm of the 25-ha plot was 0.79, which

was very high, and 0.86 haThe Shannon-Wiener diversity index (H’) for those gD
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cm was 3.64 in the 25-ha plot and 3.40 hahich was the highest among thasg-, 10-,
30-, 60-cm dbh ranks. The Evenness index inclined with increases along the diameter of
the size class, but Fisher’s alpha diversity showed the opposite trend.

A comparison of CTFS FDPs on islands used Fisher’'s alpha diversity index to
evaluate their phytodiversity. Fisher's alpha diversity index for all woody plants with
DBH > 1 cm was the highest at the Lienhuachih FDP ambaosget of 4 large lowland
FDPs in Taiwan (Table 2.3). Its highest number of species and the second highest
abundance resulted in the richest diversity on the island of Taiwan (Table 2.3). Compared
to other CTFS FDPs on islands, Fisher's alpha diversity")(lradex of subtropical
Lienhuachih FDP was similar to that of the Luquillo FDP in Puerto Rico but much lower
than that of the Palana FDP in the Philippines, Sinhraja FDP in Sri Lanka, or Barro
Colorado Island (BCI) FDP in Panama in the tropics. Meanwhile, Lienhuachih FDP was
in a status between the Luquillo FDP and other tropical FDPs in terms of diversities of
those large trees communities with DBH.0 cm and> 30 cm. However, for those with a
DBH > 60cm, the canopy diversity of the Lienhuachih FD&&swnuch higher than those of
the Fushan FDP in Taiwan, Luquillo FDP in the Philippines, and Sinhraja FDP in Sri

Lanka, but was lower than that of the BCI FDP in Panama.

DISCUSSION
Floristic composition and size-class structure

The vegetation of the Lienhuachih FDP is dominated by the families Fagaceae,
Lauraceae, Rubiaceae, Euphorbiaceae, and Melastomataceae. These dominant families of
forests are found widely in humid areas of low elevations in the Northern Hemisphere
(Kira 1991, Tagawa 1995). Although my studied dominant canopy species were

characterized byP. nantoensis E. roxburghiana, S. octophylla, andCryptocarya
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chinensis the top 30 dominant canopy species also inclu@iagtanopsis fargesii, Cast.
kawakamii, Cast. cuspidata, ardachilus zuihoensisvere similar to species in the
Machilus-Castanopsitorest zone (Su 1984). Even the sub-canopy and shrub species such
as Cryptocarya chinensiand B. cochinchinensare also common species found in this
zone. These 2 species are very dominant due to the large number of individuals.
Characteristics of the vegetation might be defined by the dominant families, genera or
species but nearly never by non-canopy species. Prior to further analysis, the Lienhuachih
FDP can be roughly recognized as Pasania-Engelhardtia-Schefflera forest with
dominant under-canopy ofR. cochinchinenesis, Cryptocarya chinenssmd B.
cochinchinensiswhich refer to the vegetation zone of Lauro-Fagaceous forests as well as
Machilus-Castanopsiforests.

Most mature forests do not consist of pioneer species, except in area of frequent
disturbances or large gaps. Among the 20 most dominant species, 2 pioneer and canopy
species, Mallotus paniculatusnd Sapium discolor, with a sum IV of 4.76 contributed
6~11% importance to the composition of the top 20 dorminant species and the top 10
canopy species, respectively. It is possible that new niches are created by disturbances
such as typhoons and artificial plantations. Large disturbed areas might result from
landslides due to heavy rains or artificial plantations. Small disturbances might be twig
self-shaving, tree falls, hunting trails, medical plant collection, etc. Due to nearly no
barriers between the Lienhuachih FDP and the surrounding human developments, the
pioneer species can easily invade and colonize the forest gaps and disturbed areas, and
then develop greater numbers. The alternate natural and artificial disturbances may also
encourage the development of a great amount of sub-canopy and shrub species which are
composed of rapidly growing saplings for recruitment. This is might be why the shrubby

B. cochinchinensisand the sub-canopyR. cochinchinensishave great numbers of
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individuals resulting in major contributions to IV and dorminance.

Both L-shaped and inverse J-shaped patterns of size-class structure  analysis
included 69 species comprising 67.6% of the total 102 analyzed species. The great
numbers of small-sized individuals in these 2 patterns imply that most current species in
this study site display good recruitment with rich sapling resources. The forest stand
structure had a reverse J-shaped curve for tree and for seedling/sapling size-class
distributions, which indicated that the forest as a whole is probably adequately
regenerating (McLaren et al. 2005). When new niches occur, those with many saplings
would generally have great chances for regeneration of forests through species
competition. On the contrary, species with the bell-shaped pattern with only a few saplings
usually face understory inhibition of sapling development and the fate of exclusion after
elimination of young trees. The fluctuating pattern, also similar to a multi-modal size-class
distribution pattern, may result from the numbers of individuals in different size classes
being controlled by external physical stresses or internal physiological rhythms, such as
periodicity of reproduction (Fan et al. 2005).

Comparisons with other lowland FDPs in Taiwan and other FDPs of the world on
isands

Among the 4 low-elevation FDPs in Taiwan, the Lienhuachih FDP has the lowest
basal area per hectare, whereas the Fushan FDP has the highest (Table 2.4). This might be
because of the great proportion of small trees and shrubs at the Lienhuachih FDP.
However, the number of individuals is very high in the Nanjenshan FDP instead of the
Lienhuachih FDP because the strong windward effect of monsoon results in numbers of
small-diameter trees in high densities (Sun et al. 1996). The woody plant density of the
Lienhuachih FDP was still higher than that of the Fushan FDP in the north and the

Kenting FDP in the south. This is possibly due to forest management, aboriginal
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development of the Thao, and local agricultural reclamation at the Lienhuachih FDP (Lu
et al. 2001). Both the Fushan FDP and Kenting FDP are located in conservation areas (Su
et al. 2007; Wang et al. 2004), and intact forests usually contain large-sized trees but are
distributed at low densities.

For the diversity of those trees with DBH 1cm and> 10 cm, Fisher’s alpha
diversity of the Lienhuachih FDP was the highest in Taiwan, higher than that of the
Nanjenshan FDP and much higher than that of the Fushan FDP. However, it was
obviously lower than the BCI, Palanan, and Sinharaja FDPs. In general, the greatest
diversity occurs in humid tropical rainforests with no dry seasons. As a result, the
Lienhuachih FDP with obvious dry and wet seasons should show not as high diversity. It
is surprising that the diversity of those trees with DBI30 cm and> 60 cm for most
canopy trees at the Lienhuachih FDP was much higher than those at the Fushan and
Nanjenshan FDPs. Prior to this comparison, biodiversity and species richness of
Nanjenshan and the Hengchun Peninsula were considered superior than those in other
areas of Taiwan. It is also surprising that the canopy diversity of the Lienhuachih FDP was
only lower than that of the BCI FDP in Panama. This indicates that the high canopy
diversity at Lienhuachih results from the maintenance of natural species richness,
influences of aboriginal activities and forest management, and natural disturbances by
typhoons, and landslides from the steep topography generating new niches for recruitment.
All disturbances including the introduction of cultivation suchPasnusand being too
close to artificial forest management near the eastern boundary encourage pioneer species
to colonize the newly generated niches. That is why 2 pioneer species were in the top 30
dominant species. The Liehuachih FDP is a forest that combines the characteristics of
natural diversity and disturbed niches in succession, so its floristic diversity is high and

rich.
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CONCLUSIONS

The floristic composition of the Lienhuachih FDP is dominated by the Fagaceae and
Lauraceae. This is considered to be characteristic of the Machilus-Castanogsizone.
The under-canopy specid®, cochinchinenesandB. cochinchinensis, are very dominant
due to the large numbers of individuals. Two pioneer and canopy species, M. paniculatus
andS. discolor, as a part of the composition of the top 20 dominant species and the top 10
canopy species indicate that the Lienhuachih FDP with mingled niches may involve
natural and artificial disturbances. Certain numbers of rare species, unexpected pioneer
species and waste cultivated species result in the high floristic diversity in the Lienhuachih
FDP. Patterns of the size-class structure including a majority of small-sized individuals for
98 of the analyzed 102 species indicate that most current species in this study site display
good recruitment with rich sapling resources. Among low-elevation FDPs in Taiwan, the
Lienhuachih FDP has a higher density of individuals than the Fushan FDP and Kenting
FDP, but much less than the Nanjenshan FDP. For diversity (Fisher’s alpha diversity), the
Lienhuachih FDP is the highest among these 4 plots. Compared to other CTFS forest
dynamics plots on islands, Fisher's alpha diversity (per 1 ha) index of the subtropical
Lienhuachih FDP was similar to that of the Luquillo FDP in Puerto Rico but much lower
than that of other FDPs in the tropics. However, it is surprising that the canopy diversity
of the Lienhuachih FDP was only lower than that of the BCI FDP in Panama. Due to the
maintenance of natural species richness, influences of the aboriginal activities, forest
management, and the natural disturbances by typhoons, and landslides from steep
topography which generate new niches for recruitment, a high and rich floristic diversity
of the Liehuachih FDP in a forest combining the characteristics of natural diversity and

disturbed niches in succession can be maintained.
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[ Lienhuachih Forest Dynamics Plot
: Natural forests

# Plantations

B Other land-use types

Fig. 2.1. Location of the 25-ha Lienhuachih Forest Dynamics Plot in the Lienhuachih
Experimental Forest, Nantou County, central Taiwan.
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25



Table 2.1. Top 30 species with the highest importance values in the Lienhuachih Forest
Dynamics Plot

Species Basal area Relative basal area Abundance Relative density Importance Value Mean DBH
(m?(25 ha)) (%) (stems (25 ha) (%) (%) (cm)

Randia cochinchinensis 26.95 3.10 21075 13.75 8.43 2.88
Blastus cochinchinensis 3.77 0.43 16199 10.57 5.50 144
Schefflera octophylla 62.88 7.23 5490 3.58 541 7.34
Cryptocarya chinenst 53.06 6.10 6936 453 5.31 5.16
Engelhardtia roxburghiana 70.55 8.12 1769 1.15 4.63 12.45
Pasania nantoensis 72.89 8.38 821 0.54 4.46 11.28
Cyclobalanopsis pachyloma 36.17 4.16 3875 2.53 3.34 6.80
Diospyros morrisiana 26.82 3.09 5001 3.26 3.17 5.16
Cinnamomum subavenidm 30.64 3.52 3800 2.48 3.00 5.27
Mallotus paniculatus 30.35 3.49 3794 2.48 2.98 6.40
Top 10 414.08 47.63 68,760 44.86 46.25

Tricalysia dubiat 15.62 1.80 6251 4.08 2.94 412
Schima superba 44.86 5.16 744 0.49 2.82 16.88
Helicia formosandar 17.47 2.01 5241 3.42 271 381
Euonymus laxifloru 2.94 0.34 7767 5.07 2.70 1.83
Syzygium buxifoliurk 11.82 1.36 5962 3.89 2.63 3.59
Castanopsis fargesii 31.97 3.68 1277 0.83 2.26 7.71
Ormosia formosana 11.08 1.27 4779 3.12 2.20 2.93
Psychotria rubrak 5.09 0.59 5720 3.73 2.16 2.12
Ardisia quinquegon¥ 3.35 0.38 5693 3.71 2.05 2.08
Sapium discolor 24.32 2.80 1176 0.77 1.78 10.05
Top 20 582.59 67.02 113,370 73.97 70.49

Helicia rengetiensi 8.23 0.95 3196 2.09 1.52 3.46
Litsea acuminat3 1300 1.49 2183 142 1.46 5.06
Castanopsis kawakamii 22.07 2.54 331 0.22 1.38 8.28
Neolitsea aciculatd 3.10 0.36 3514 2.29 1.32 2.39
Podocarpus nakaii 8.26 0.95 2494 1.63 1.29 4.69
Glochidion acuminatum 12.47 1.43 1396 0.91 117 7.56
Castanopsis cuspidata 16.58 1.91 647 0.42 1.16 8.04
Pasania konishii 11.86 1.36 1320 0.86 111 4.26
Pasania harlandii 13.42 1.54 986 0.64 1.09 7.52
Machilus zuihoensis 15.35 177 544 0.35 1.06 10.46
Top 30 706.92 81.32 129,981 84.81 83.06

== sub-canopy specie# shrub species. No marks indicating canopy species. DBH, diameter at breast hight.
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Table 2.2. Top 15 families with the highest importance values in the Lienhuachih Forest

Dynamics Plot

Family Basal area Relative basal Density Relative Density Important Value  Nomber of Species
(m?/25 ha) area (%) (stems/25 ha) (%) (%)
Fagaceae 230.15 26.47 21597 10.62 18.55 11
Lauraceae 152.41 17.53 25771 12.68 15.10 17
Rubiaceae 51.97 5.98 42417 20.86 13.42 13
Euphorbiaceae 67.60 7.78 7166 3.52 5.65 8
Melastomataceae 3.83 0.44 21274 10.46 5.45 2
Araliaceae 62.88 7.23 6359 3.13 5.18 1
Proteaceae 26.22 3.02 14101 6.94 4.98 3
Juglandaceae 70.55 8.12 2401 1.18 4.65 1
Theaceae 58.63 6.74 3013 1.48 4.11 9
Ebenaceae 27.66 3.18 5875 2.89 3.04 2
Myrsinaceae 8.16 0.94 8789 4.32 2.63 5
Celastraceae 2.95 0.34 9907 4.87 2.61 3
Myrtaceae 13.88 1.60 7226 3.55 2.58 2
Leguminosae (Fabaceae) 11.08 1.27 5180 2.55 1.91 2
Aquifoliaceae 6.93 0.80 5048 2.48 1.64 7
Others 74.41 8.56 17191 8.46 8.51 59
Total 869.31 100.00 203315 100.00 100.00 144
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Table 2.3. Lowland forest dynamics plots of Taiwan

Location Elevation Location Area  Number of Basalarea  Abundance Fisher's
(m) (ha) species  (m*ha!) (individual ha')  alpha
Fusharf 600~733 North 25 110 41.40 4580 12.0
Lienhuachih 667~845 Central 25 144 34.77 6631 15.8
Nanjenshat 300~340 South 3 118 36.30 12209 15.2
Kenting 280~300 South 10 110 45.12 4785 135

* Data of Fushan adopted from Su et al. 2007.

* Data of others than Lienhuachih and Fushan adopted from Losos and Leigh 2004.
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Table 2.4. Fisher’s alpha diversity (per 1 ha) index of different ranks of diameter at breast
height for CTFS forest dynamics plots on islands

Size class Lienhuachih  Fushaff Najenshaf Luquillo* Palanaff Sinharajd BCI*
(cm) (Taiwan) (Taiwan) (Taiwan) (Puerto Rico) (Philippines) (SriLanka) (Panama)
>1 15.7 12.1 15.6 13.5 43.4 24.4 34.6
>10 14.0 9.9 14.0 9.3 36.5 204 35.6
>30 10.6 5.9 5.5 8.8 16.0 141 23.9
>60 8.9 2.8 5.8 4.0 4.3 17.8

* Data of Fushan adopted from Su et al. 2007.

* Data of others than Lienhuachih and Fushan adopted from Losos and Leigh 2004.
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CHAPTER 3

CHANGES OF PLANT COMMUNITIESCLASSIFICATION
AND SPECIESCOMPOSITION ALONG THE
MICRO-TOPOGRAPHY AT THE LIENHUACHIH FOREST

DYNAMICSPLOT IN THE CENTRAL TAIWAN

TLI-WAN CHANG, SHAU-TING CHIU, KUOH-CHENG YANG, HSIANG-HUA WANG,
CHANG-FU HSIEH, published in Taiwania 57(4): 359-371, 2012
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ABSTRACT

How micro-topography affecting plant communities classification and species
composition at one stand-level was investigated through the plant communities and
species composition varied across fine-scale environmental heterogeneity at the 25-ha
Lienhuachih broad-leaved forest dynamics plot (FDP). All free-standing woody plants

with diameter at breast height1 cm were identified, measured, tagged and mapped.

Four plant communities were identified and represented with dominant and indicating
species based on two-way indicator species analysis (TWINSPAN). TyPasénia
nantoensis - Randia cochinchinendiscating on the ridge and the highest elevation was
with the highest stem density; Type Mallotus paniculatus - Engelhardtia roxburghiana,
locating on the upper slope was an ecotone between type | and type lll, with the middle
stem density and basal area among four plant community types; Tydeid$lpyros
morrisiana - Cryptocarya chinensikcating on the lower slope and stream side was with
lower stem density but the highest species heterogeneity; and Type IV, Machilus japonica
var. kusanoi- Helicia formosana locating on west stream side was with the lowest stem
density and basal area. Detrended Correspondence Analysis (DCA) results showed nearly
27.11% of the plant species composition was attributable to micro-topographic variables.
Ridge distance, stream distance and convexity were the most important factors effected
the changes of plant community and species composition. Classification and regression
tree (CART) method was also used to examine the relationship between each single specie
and micro-topographic variables. Over 70% species had more than 27.11 % variations
which explained by DCA results. To conclude, my results support the existence of habitat
association and niche divergence related to micro-topography in a subtropical evergreen

broad-leaved forest.
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micro-topography, subtropical evergreen broad-leaved forest.
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INTRODUCTION

Topography is one of the most important factors affecting the vegetation pattern
within a climatic region. In hilly or mountane areas, the vegetation pattern is closely
related to the pattern of micro-topography (Hack and Goodlet 1960; Miura and Kikuchi
1978; Ishizaki and Okitsu 1988). It not only creates a gradient of water and nutrient
availability in the soil (Zak et al. 1991; Eno&t al. 1997; Hirobest al 1998), but also
affects the pattern of disturbances such as landslides, windstorms and fires (Kilgore and
Taylor 1979; Foster 1988).

The fine -scale heterogeneity may affect the establishment of tree seedlings, which
in turn influence the spatial distribution of tree species (Beatty 1986; Nufiez-Farfan and
Dirzo 1988; Harmon and Franklin 1989; Nakashizuka 1989). Resulting from niche
differentiation, a micro-site could be important in maintaining species composition in a
community. Closely related species may coexist in a non-uniform environment that
permits partitioning among species, or even restriction to special microhabitats (Harper
and Sagar 1953; Harper 1957, 1958).

Taiwan’s mountane areas are very steep and rugged. Previous vegetation studies in
Taiwan have indicated that variations of forest composition at medium to large scales are
primarily governed by climatic factors and reflect among different altitudinal or
geographic regions (Su 1984; Su 1985; Hsieh et al. 1997). However, there have been few
direct and quantitative analyses that focused on relationships between the forest
composition and environmental gradients at a stand-level scale, except for investigations
performed with small dispersed sample plots (Su et al. 2010).

Since 1990, in order to understanding forest dynamic changes, several large Forest
dynamics plots (FDP) (total area > 5 ha) have been successively established (Yang et al.

2008; Chang et al. 2010). (e.g. Nanjenshan FDP located at south, Nantzuhsienhsi FDP
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located at median altitude in central, and Fushan FDP located at south). Previous studies
showed the plant community changed along micro-topography, however used limited
micro-topography variables, such as elevation, slope and aspect (Chao et al. 2010; Yang et
al. 2008; Su et al. 2010). For the continuous sampling FDP, Fan and Hsieh 2010 and Chao
et al. 2010 both suggested monsoon exposure angle is another important
micro-topographic variable to affect the species distribution and plant community
classification due to the strong monsoon effect. This indicted if | can find different
micro-topographic variable which especially represented at unique site that could
contribute more effects on understanding diversity and plant community classification in
FDP.

In order to investigated how the plant communities and species composition varied
across fine-scale environmental heterogeneity. Here | set up a forest dynamics plot (FDP)
at the Lienhuachih broad-leaved forest dynamics 25-ha plot in central Taiwan in 2008. The
Lienhuachih FDP was extremely steep, with slopes as steep as 35.3°, and had great
topographical variation, with multiple dry ditch and gully features. In this study, | have
included not only the usual micro-topographic variables, but also ridge distance and
stream distance, which represented water content and landslide disturbance gradient |
observed in the plot. | investigated: (1) how the plant community classification and
species composition changed along the micro-topography gradient and (2) which
micro-topographic factors were the great important to affect the vegetation classification

and species composition.

METHODS
Sudy site

The study site has been a Lauro-Fagaceous forest (Su 1984) in the Lienhuachih
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Experimental Forest (LEF) in central of Taiwan. The mean annual temperature was

20.8°C. The annual precipitation was 2,285.0 mm with sealéty (Lu et al. 2008). More

than half of the rain falls in between May and September (about 89.6% total rainfalls). The
dominant soils could be classified into 2 types, Typic Dystrochrept and Typic Hapleudults
red soils (King 1986).

In 2008, following the census manuals developed by the CTFS’s long-term research
for forest dynamics plots (Condit 1998), | set up a forest dynamics plot (FDP) (500m x
500m with projected area of 25 hectares) (23°54'49”N, 120°52'43"E) in the sampling area.
The elevation of the plot ranged from 667 m to 845 m above sea level. Average slope of
plots was about 35.3°. Topography of the plot was characterized by hills with valleys,
steep slopes, and ridges. When typhoons with heavy rains passed near by this region,
instant and large amounts of rainfall would particularly caused landslides and the collapse
of steep slopes and stream banks. In the dry season, small streams usually without water
showed an anhydrous state. The topographic features displayed a high spatial
heterogeneity within the Lienhuachih FDP (Changl. 2010).
Topography survey and tree census

Electronic total-station thedolites were used for precise topographic measurements.
The field teams measured all horizontal points at 20-m intervals within the 25-ha plot. The
plot was divided into 625 quadrats of 20m x 20m. All free-standing woody plants with

diameter at breast height 1 cm of a 25-ha Lienhuachih FDP were identified, sneed,

tagged and mapped at every 20mx20m quadrat. In terms of plant identification, voucher
specimens were collected from individuals that could not be determined in the field. The
identification of plant species was based on the Flora of Tajdimorial Committee of

the Flora of Taiwan, 1993-2003). Detailed methods of the field inventory followed the

unified protocol adopted by the CTFS plots network. (Condit 1998; Su et al. 2007; Chang
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et al. 2010)

Data analysis

Micro-topography variables

Through the topographic survey, the elevation of each intersection point was
measured. | used these values to calculate nine micro-topographic parameters for

each 20m x 20m quadrat.

1. Mean elevation: the mean value of elevations at the four corners.

2. Slope: the mean angle of inclination of four triangular planes composed of any three
quadrat corners.

3. Index of convexity (IC): the mean elevation of the focal quadrat minus the mean
elevation of its eight surrounding quadrats. A positive IC indicates a convex terrain,
whereas a negative one represents a concave terrain (Valencia et al., 2004).

4. Distance to ridge: the nearest distance from the ridge to center point of 20m x 20m
quadrat.

5. Distance to stream: the nearest distance from the stream to center point of 20m x 20m
guadrat.

6. Aspect ¢) were then transformed trigonometrically into fandices with values from
-1to 1:

(1) Northness (N) €os 0);

(2) Eastness (E) = sif)

(3) Northeastness (NE) = sié+45°);

(4) Southeastness (SEpm ((-45°)

Plant community classification

To investigate the plant community classification, | used two-way indicator species

analysis (TWINSPAN) (Hill 1979). Importance value index (IVI, mean of both relative
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abundance and basal area in 100 %) of each species in each quadrat were complied into
144 species x 625 quadrats matrix. Eigenvalues (contribution of data variation) acquired
in the program were used to determine the final results of community classification. The
classification divisions were retained for those with eigenvalues >0.14. Analyses using
PC-ORD Version 5 (McCune and Medford 1999). Univariate analysis of means and
Tukey’s analysiso = 0.05) were used to determine whether number etisp, density

and basal area, diversity, and micro-topography were significantly different among
community types.

Ordination of plant communities and species composition changing along the
micro-topographic variables

| used Detrended Correspondence Analysis (DCA) (Hill and Gauch 1980) in the
PC-ORD program to summarize the trend in floristic composition. No data transformation
was conducted. Species VI values were utilized to determine DCA axes coordinates. For
better ecological interpretation of DCA axes, | created a secondary matrix with
micro-topographic factors of each quadrat and analyzed it with each DCA axis by utilizing
Pearson’s correlation.

The preceding DCA analysis focused on the global pattern of plant community
along micro-topography gradient. To investigate niche differentiation of individual species
further, | also applied the classification and regression tree (CART) (Therneau et al. 2009)
method to examine the relationship between tree abundance data of single species and
micro-topographic variables. For quantitative comparison, | used “the proportion of
variation explained by CART model” as a measure of the strength of micro-topographic

differentiation.

RESULTS
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Plant community classification

According to the TWINSPAN analysis four plant communities were identified.
Classification was halted at the first division level, leaving all the divisions with
eigenvalues > 0.14 (Fig. 3.1). Spatial distribution patterns of four plant community types
(Fig. 3.2) in the Lienhuachih FDP showed that quadrats along stream side and those on the
slope and close to ridge area separated at the first division level eigenvalues = 0.3041.
Quadrats on the slope and close to ridge were further divided into two types: Type |, those
were mainly close to the ridge and locating on high elevation; Type Il, those mainly
located on slope and under the ridge area (Fig. 3.2). On the other half of the TWINSPAN
at the second division level (Fig. 3.1), stream side quadarts were further classified into two
types: Type lll, those mainly located on the lower slope above Type IV, and some of those
located along east stream side; and Type IV, those were mainly on west stream side (Fig.
3.2). These four types respectively consisted of 196, 261, 125 and 75 quadrats.
Plant community types

Each community is named by the indicator species, which based on the
TWINSPAN classification (Fig. 3.1) and supportively identified by the frequency of
species that occurred in each plant community type (Table 3.1), and followed by the top
IVl dominant canopy tree species in each community type among the fours (Table 3.2).
Lienhuachih broad-leaved forest dynamics plot (FDP) represented four plant community
types identified asPasania nantoensis - Randia cochinchinensype, Mallotus
paniculatus - Engelhardtia roxburghiana typ®&iospyros morrisiana - Cryptocarya
chinensistype, and Machilus japonica vakusanoi- Helicia formosana type. Pioneer
species were noted, based upon regeneration requirements of species reported in the
literature (Chang 1996; Chen et al. 2000; Chen et al. 2003; Kuo et al. 2011). The species

diversity, characteristics of plant community structure and micro-topographic features
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listed in Table 3.3 were significantly differed.
Type I: Pasania nantoensis - Randia cochinchinetyge

This type was mainly located on the highest convexity, the highest elevation, steep
slope, the shortest distance to ridge and the longest distance to stream (Table 3.3). This
type was characterized by high stem density (8,848.17 individud)saima high basal
area (38.65 mhal), on the contrary, with the lowest branch ratio (16.19%) (Table 3.3).
For the species richness, the average species number per quadrat was significantly higher
than that of other types, but with the lowest species heterogeneity (FislH&.29). The
evenness was with similarity between Type Il and Type IV but that was lower than the
Type II's (Table 3.3). A total of 103 species was recorded for this community type, expect
P. nantoensisSyzygium buxifoliumvas another indicator specie of this type (Fig. 3.1). |
choseP. nantoensisndicating this type, because Fagaceae was the most dominant family
(e.g. P. nantoensisCyclobalanopsis pachyloma, ar@astanopsis fargegii For other
canopy species such ,aEngelhardtia roxburghiana,Schima superba an@®rmosia
formosana were with the high IVIRandia cochinchinensis, S. buxifoliumnd
Cinnamomum subaveniuwere the dominant species of sub-canopy layer (Table
3.1).Shrub species were less of dominant species sudBu@symus laxiflorusand
Blanstus cochinchinensis In terms of pioneer specieSchima superba an&apium
discolorwere the only two pioneer species among dominant species.
Type II: Mallotus paniculatus - Engelhardtia roxburghiana type

This type had the largest area of the plot (10.44 ha, 41%) (Table 3.3), most locating
on the upper slope and some on the lower slope (Fig. 3.2). The micro-topographic features
of this type were characterized by the second high elevation and the steepest slope (Table
3.3). Because of the high stem density 6055.75 stefhstia basal area 34.18%rha’

was also high (Table 3.3). There were 151, 393 individuals belonging to 124 species
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recorded for this community type. Although with the second high species number,
Fisher'sa diversity was only 14.97. However, the evenness twvadhighest of four types
(Table 3.3). The 5 most dominant species, in descending order of IVI Kere
roxburghiana (canopy), B. cochinchinensig(shrub), R. cochinchinensigsubcanopy),
Cryptocarya chinensigsubcanopy) an&chefflera octophylla (canopy) (Table 3.Zhe
indicator species of this type were C. chineasid M. paniculatud.chose M. paniculatus
represented this type, becausdts’ frequency occurred in Type Il was much lower than
in Type I. S. discolor,M. paniculatusand Glochidion acuminaturwere the pioneer
species of the top 30 dominant species of this type (Table 3.1).
Type llI: Diospyros morrisiana - Cryptocarya chinensjpe

Most quadrats in this type distributed along stream side, and a small part on lower
slope within the plot (Fig. 3.2). The micro-topographic features of this type were
characterized by the low elevation and low convexity (Table 3.3). A total of 107,765
individuals, density, and basal area were lower than those of Type Il and Type | (Table
3.3), but branch ratio was the second high among four types. For the species richness, this
plant community type included 125 species, with the highest Fishetigersity (Table
3.3). C. chinensis, S. octophylla M. paniculatus E. roxburghiana, andDiospyros
morrisianawere the dominant canopy species. Sub-canopy and shrubs species included,B.
cochinchinensis, Helicia formosana, Tricalysia dubia &ndea acuminata (Table 3.1).
The indicator species of this type wdde morrisianaand E. roxburghiana. | chose.
morrisianarepresented this type, becawdats’ frequency occurred in Type Il was much
higher than in Type IV. Four pioneer species of the dominant species in this type, these
wereM. paniculatus, G. acuminatum, S. supedoa S. discolo(Table 3.1).
Type IV: Machilus japonica vakusanoi- Helicia formosana type

This plant community type only included 75 quadrats occupying the least area
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within the plot (Table 3.3), mainly located on the west stream side (Fig 3.2), with the
longest distance to the ridge, and the average lowest convexity (Table 3.3). Both stem
density and basal area were the lowest among all plant community types, with 139.32
individual per quadrat and 27.95 nma’, respectively (Table 3.3). A total of 113 species
was recorded for this type and the species similar to Type Il which was the second
high among these four types. This type with the highest branch ratio was dominated by
formosana, with 7.36% IVI. Other dominant species, in a descending order of IVl value
were B. cochinchinensis, S. octophylla, C. chinensis, M. japonica var. kusaoiM.
paniculatus(Table 3.2). The indicator species of this type wdrgaponica varkusanoi,
Neolitsea konishiand Glycosmis citrifolia. 1 chos&. japonica var kusanoirepresented
this type, becauskauraceae was the dominant family of this type. One fifth of dominant
species are pioneer species, there WerpaniculatusG. acuminatum, Trema orientalis,
Sapindus mukorossii, Clerodendrum cyrtophyllamg S. discolor.
Ordination of plant communities and species composition changing along the
micro-topographic variables

The results of DCA ordination showed that the four communities located along a
major compositional gradient (Fig. 3.3). The eigenvalues for the first three DCA axes were
0.460, 0.138 and 0.113, and the corresponding gradient lengths were 3.852, 2.501 and
2.103 (Table 3.4). Communities were well separated on the first DCA axis, in general in
consistence with the results of the TWINSPAN classification. The first DCA axis
explained 15.27% of the total variance in the data. The communities from left to right of
DCA axis 1 were Type |, Type Il, Type lll and Type IV. The second DCA axis only
explained 4.60% of the total variance in the data. The results of the DCA ordination
demonstrated that 27.11% of variation in erect woody species compaosition.

| also tested the relationship between the first three axes of DCA ordination analyses
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and micro-topographic variations (Table 3.4). | explored, the main correlated factors of the
first DCA axis were ridge distance (correlation coefficient = - 0.627), stream distance
(0.523) and convexity (0.516), whereas the main correlated factors of the second axis were
northness (0.341), southeatness (-0.309) and slope (-0.207).

For quantitative comparison, the proportion of variation explained by CART model
indicated the measurement of the strength of micro-topographic differentiation. Among
144 species excluding the 41 rare species whose individuals were less than 25, the
variation of 103 species distribution explained by model rang&l asxifoliumandllex
goshiensiseach with a maximum of 65.2%, in contrddelastoma candidunwith a
minimum of 15.66% (Table 3.5). 79 out of 103 species (76.70%) displayed >27.1% (DCA,
global pattern) variation of species distribution explained by CART model.

In terms of micro-topographic variables spited by these CART models, ridge
distance, slope, elevation, convexity and stream distance showed the most prevalent
influences, and were included in 74 (71.15%), 67 (64.42%), 66 (63.46%), 62 (59.62%),
and 58 (55.77%) cases, respectively (Table 3.5). The proportions of explained variation
revealed a positive correlation with the species' total abundance (person correlation r =
0.40, P < 0.001); i.e. the more individuals of certain species the higher proportions of
variation in micro-topography could fit the explanation on the spatial differentiation of
species distribution. Besides, there was no significant difference of explainable variation

among different vertical forest layers of species by ANOVA examinafo0.001).

DISCUSSION
Plant community classification
For plant community classification, the continuous large plot was more difficult to

separate clearly than small dispersed plots, because of niche obviously overlap in the same
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region (Wang et al. 2000). It is also showed in my result, indictor species from
TWINSPAN analysis of Type Il and Type Il separated from Type | and Type IV,
respectively. But those did not indicate the species only occurred in each plant community
type. In the study, | assistant identified indictor species not only by the abundance of
indictor species of TWINSPAN results but also the frequency of species in different plant
community types. This could help us choose the suitable indicator species which
represented in each type.

This study presented how plant community, species diversity, species abundance,
branch ratio and species composition varied along the gradients of micro-topography at
the Lienhuachih broad-leaved FDP. The ridge distance, stream distance and convexity
were accounted for the top three variation factors of the erect woody species compaosition
among the 9 micro-topographic variables. That could caused by a comprehensive factor,
disturbance. Although some pervious research inferred that it was possible caused by
historical disturbance events (Hara 1996b; Enoki 2003; Su. &04D). However, the
direct evidence was irrelevant.

According to the rainfall threshold value for debris flow warning, the precipitation >
350mm might possibly cause landslide in the steep slope at the LEF (Soil and Water
Conservation Bureau, Debris Flow disaster prevention information). During 1958-2009,
67 typhoons went through the LEF where the average was 1.2 typhoons per year (Lu et al.
2008; Luet al. 2010; Central Wheatear Bureau: Typhoon Database). For the maximize
precipitation, 8 times > 350mm, 6 times > 400mm and 3 times >500mm in 24 hours,
respectively. (Luet al 2008; Luet al 2010). In 2008, a strong typhoons devastated the
Lienhuachih FDP, brought 520mm heavy rainfall in 24 hours. After typhoon, | recensused
landslide area, in a total of 1.22 ha damaged, more than 3300 tree were removed. About

93% of the disturbance area was nearby the stream side. That could reflect
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micro-topography variables, such as stream distance and convexity in the importance
variables for species composition and plant community classification of the plot.

The quadrats close to stream: Type Il and Type IV (lower slope and valley area,
usually the concave terrain), was the most steep and unstable part of the whole plot.
Therefore, it had the most active processes of soil erosion and the most frequent landslides
or slope failures (Tamura 1987; Lee 2006). Unstable surface may limit species distribution.
These two types had low tree density, the small basal area, and more pioneer species, such
asM. paniculatusand G. acuminaturwhich indicated for these types. Because of the fast
species turnover rate, species heterogeneity is relatively high among other plant
community types, which could also explain these types have theohiliyersity. Even
some species might regenerate depending on landslide disturbance on unstable topography
(Enoki 2003). Species growth on unstable area usually do not become large trees but small
trees or shrubs, and frequently sprout in natural conditions (Sakai and Ohsawa 1993,
1994). That could explain, in my study, the branch ratio on the stream side and lower
slope is higher than those on the ridge and upper slope area. Sprouting from the base of
leaning trunks is also common kh formosanaand B. cochinchinensis. Other common
species likeM. zuihoensis, L. acuminata aMl japonica belong to Lauraceae which was
the most dominant family indicator of these two types.

Type Il and type IV both distributed in low elevation close to stream, but for the
spatial pattern, they were separated. Type IV distributed on the stream bank and mostly on
the west stream. In contrast, type Il distributed above the stream bank or on the valley. In
terms of micro-topographic variables, slope is the most important variable that showed the
significant difference between these two types. The stream bed on the west side was wider
than the east side, in part, slope steepness of type lll was significant steeper than that of

type IV (Table 3.3). It might cause different exposure of sun light in the stream bed habitat.
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Su (1987) interpreted environmental variables such as solar incidence angle (aspect) and
slope might work together to regulate the strength of sun light. This could be another
hidden environmental factor to verify the difference of these two plant community types.
Slope was an important factor that affected establishment and growth of different spices
(Enoki 2003), but it might be other abiotic (soil nutrient distribution) or biotic (species
interaction) factors which limit these two types spatial distribution.

On the other hand, the area closed to the ridge (usually the convex terrain),
generally reveals greater wind-stress (Noguchi 1992), lower soil moisture (Chen and Ho
2001) and relatively stable in terms of soil surface disturbance. This stability may explain
the greater density and large basal area found on type | and type Il than other two types.
When the typhoon came, the meteorological station on the ridge in the Lienhuachih FDP
showed much greater wind speed (14.38s/m) than the valley area (7.83s/m). The effect of
strong winds resulting from typhoon disturbances is severe on ridge positions (Lee 2006).
Fagaceae dominated in type | on the ridge and this similar pattern was also found in other
forest in Asia (Hara et al. 1996a; Wang et 2000). In my 2009 survey after typhoon
disturbed, most of species like pachyloma ané. nantoensiglid not die but sprouted
from the base. Many authors also have reported that species growing on the ridge or upper
slope in natural forests usually comprise longer-lived, climax species (Kikuchi 1981;
Tanaka 1985; Kikuchi and Miura 1991993; Sakai and Ohsawa 1993, 1994, Shimada
1994). Therefore, Type | and Type Il have relatively less pioneer species than Type Il and
Type IV.

Micro-topography association of individual tree species

The results from the CART analyses provide a more specific test of

micro-topographical variable association for individual species because the DCA was

derived from the whole community composition and may not be capably fit to every
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species populations. Among 103 species populations, 79 species had more than 27.1%
variation of their distribution explained by micro-topographic variables. These species
certainly display stronger niche differentiations than the whole species pool. In particular,
the ridge distance, stream distance, and convexity variables were still the dominant factors
in models, but slope showed the second dominant factor. That could explain slope was an
important factor affecting the species distribution and as well the spatial distribution of
plant community types Ill and type IV.

Besides, the positive correlation between explanatory power of models and species
abundance further suggests that the distributions of more abundant species are more likely
differentiated among various micro-topographic conditions. These results indicate
pervasive habitat associations of tree species in this plant community. Although there was
no significant difference of explainable variation among different vertical forest layers of
species by ANOVA examinatio?$0.001), there was still a tendency of poor explainable
variation in shrub. The results showed the same as the previous study (Su et al. 2010).
These species at the low-statured layer might be affected by other factors that further
differentiae the micro environment below the shelter of canopy trees, e.g. light condition.

Over all, my result showed the strong relationship between plant community types,
species composition and varied topographic features in the Lienhuachih FDP. In a
niche-driven community, more heterogeneity of environment generally results in greater
habitat specialization and hence stronger associations with species distributions (Potts et al.
2004). Other researches in subtropical Asia forests also showed the same pattern, such as
Lanjenchi plot (Chaet al 2007) in south Taiwan, Lopei plot (Let al. 2005) and Fushan
plot (Suet al 2010) in northern Taiwan and some plots in Japan forest (Hara et al. 1996b;
Enoki 2003). It aslso implies that different micro-topography influences the soil formation

and disturbance events. To conclude, my results support the existence of habitat
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association and niche divergence related to micro-topography in a subtropical evergreen

broad-leaved forest.
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164 Pasania nantoensis 1

Syzygium buxifolium
Syzygium buxifolium
Euonymus laxiflorus
Hex goshiensis 4
425 Randia cochinchinesis 0.1475
Cryptocarya chinesis 1I
Mallotus paniculatus
261
625 | 0.3041%
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—— Engelhardtia roxburghiana 111
Diospyros morrisiana
200 Heflicia formosana 0.1720¢
Machilus japonica var. kusanoi
Nelistsea konishii | IV
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Fig. 3.1. Plant community types (I, II, lll, and 1V) in the Lienhuachih forest dynamics

plot classified by TWINSPAN analysis. The number of quadrats, eigenvalues (#), and
indicator species are noted in the division level. The area of black gradients are the

abundance of each indicator species.
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Fig. 3.2. Topography map and plant community types classified by TWINSPAN for the
guadrats (20 x 20 m) in the Lienhuachih FDP. TypPdsania nantoensis Randia
cochinchinensisType Il, Mallotus paniculatus - Engelhardtia roxburghiana; Type III,
Diospyros morrisiana - Cryptocarya chinensig/pe IV, Machilus japonica vakusanoi

- Helicia formosana.
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Fig. 3.3. DCA ordination diagram and the environmental factors of the Lienhuachih forest
dynamics plot with the community types derived from TWINSPAN superimposed. The
vectors represent topographic variables. The length of the vector is proportional to its
importance; the angle between a vector and each axis is related to its correlation with the
axis.
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Table 3.1. Synoptic table of species with constar@0 for each plant community type.

Constancy = frequency of species i in a vegetation unit (Chytry and Tichy 2003)

Species Type | Type Il Type Il Type IV
Euonymus laxiflorus 99 92 26 4
Syzygium buxifolium A99 84 18 4
Cinnamomum subavenium ®99 »93 71 32
Randia cochinchinensis 099 095 70 33
Diospyros morrisiana 98 98 ~90 59
Ormosia formosana 98 89 58 16
Ardisia quinquegona 98 93 86 79
Tricalysia dubia 098 095 086 64
Cyclobalanopsis pachyloma <98 <90 47 17
llex goshiensis 97 56 3 0
Neolitsea aciculate ®96 89 52 13
Pasania nantoensis N4 32 2 1
Elaeocarpus japonicus 90 59 12 0
Podocarpus nakaii 89 72 29 12
Psychotria rubra 087 087 79 79
Helicia rengetiensis v85 51 6 0
Cryptocarya chinensis »84 AD97 ®97 »95
Schefflera octophylla 80 96 100 99
Castanopsis fargesii <80 71 42 21
Engelhardtia roxburghiana 77 86 A69 24
Blastus cochinchinensis 69 094 ©98 ©95
Litsea acuminata 65 »86 77 63
Glochidion acuminatum 61 77 *83 *89
Mallotus paniculatus 51 N*88 *04 *93
Helicia formosana 5 42 vol v97
Neolitsea konishii 0 5 33 Ara81
Glycosmis citrifolia 0 2 26 ~88

* Pioneer species;/\ Indicator species;<> Species belonging to Fagacea®,

Lauraceae, Rubiaceae© Melastomataceae, and Wroteaceae.

Type |, Pasania nantoensis Randia cochinchinensisType Il, Mallotus paniculatus -
Engelhardtia roxburghiana; Type llIDiospyros morrisiana - Cryptocarya chinensis

Type IV, Machilus japonica vakusanoi- Helicia formosana.
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Table 3.2. The top thirty dominant species listed by VI and the accumulated VI values in

% of the four plant community types. The abbreviation of layers include: C = canopy trees;

SC = sub-canopy trees; S = shrubs. No. means ranking the dominant species.

No. Type | Type Il Type llI Type IV

1 Randia cochinchinensi§SC Engelhardtia roxburghianaC Cryptocarya chinensi€ Helicia formosanaSC

2 Pasania nantoensi§;,” Blastus cochinchinensis, Schefflera octophyllaC Blastus cochinchinensiS,

3 Syzygium buxifoliunC* Randia cochinchinensi§SC Blastus cochinchinensis, Schefflera octophyllaC

4 Cyclobalanopsis pachylom@&, Cryptocarya chinensis” Helicia formosanaSC Cryptocarya chinensi€

5 Euonymus laxifloruss Schefflera octophylleC Mallotus paniculatusC* Machilus japonicavar. kusanoiC"
6 Cinnamomum subaveniu®C Diospyros morrisianaC Engelhardtia roxburghianaC* Mallotus paniculatusC*

7 Schima superba* Cinnamomum subaveniu®¢C Diospyros morrisianaC” Machilus zuihoensi;

8 Engelhardtia roxburghianaC ~ Mallotus paniculatuC* Tricalysia dubiaSC Neolitsea konishii C*

9 Tricalysia dubia,SC Tricalysia dubia,SC Litsea acuminataSC Ficus fistulosaC

10 Diospyros morrisianaC Schima superbaC* Machilus zuihoensi€ Glycosmis citrifolia SC

11 Ormosia formosanaC Cyclobalanopsis pachylom@, Ardisia quinquegong5C Glochidion acuminatunC*
12 Castanopsis fargesic Castanopsis fargesii, C Glochidion acuminat@mn, Ardisia sieboldii,SC

13 Helicia rengetiensisSC Psychotria rubraSC Psychotria rubraSC Ficus nervosaC

14 Sapium discolorC* Ardisia quinquegong&5C Cinnamomum subaveniuf@, Cinnamomum camphorg,
15 Neolitsea aciculataSC Ormosia formosana&C Schima superb&* Litsea acuminataC

16 Schefflera octophylleC Euonymus laxifloruss Cinnamomum micranthur@, Psychotria rubraSC

17 Podocarpus nakaiiC Sapium discolorC* Sapium discolorC* Ardisia quinquegong5C

18 Psychotria rubraSC Pasania nantoensi§ Styrax suberifoliaC Trema orientalisC*

19 Ardisia quinquegonaSC Castanopsis kawakam(, Castanopsis kawakam( Tricalysia dubiaSC

20 Blastus cochinchinensis, Litsea acuminataSC Castanopsis fargesi; Styrax suberifoliaSC

21 Castanopsis cuspidatg, Helicia rengetiensisSC Randia cochinchinensiSC Beilschmiedia erythrophloia&C
22 Gordonia axillaris,C Podocarpus nakaiiC Cyclobalanopsis pachylom@, Sapindus mukorossiG*

23 Pasania konishiiSC Pasania harlandiiC Wendlandia formosan&C llex formosanaSC

24 llex goshiensisSC Neolitsea aciculataSC Limlia uraiana,C Clerodendrum cyrtophyllung*
25 Elaeocarpus japonicu€ Pasania konishiiSC Ormosia formosana; Syzygium formosanui@,

26 Cryptocarya chinensiC Castanopsis cuspidat€, Ardisia sieboldii,SC Pasania harlandiiC

27 Castanopsis kawakami(g Syzygium buxifoliun§C Pasania harlandiiC Saurauia tristylavar oldhamii ,SC
28 Meliosma squamulat&; Styrax suberifoliaC lllicium arborescensC Diospyros morrisianaC

29 Pasania harlandiiC Glochidion acuminatunc* llex formosanaSC Sapium discolorC*

30 Pasania synbalano§C Machilus thunbergiiC Beilschmiedia erythrophloidC Cinnamomum subaveniuf,
IVI% 9212 85.21 86.91 89.99

* Pioneer species; Indicator species

Type |, Pasania nantoensis Randia cochinchinensisType Il, Mallotus paniculatus -

Engelhardtia roxburghiana; Type IllIDiospyros morrisiana - Cryptocarya chinensis

Type IV, Machilus japonica vakusanoi- Helicia formosana.
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Table 3.3. Summary statistics for the four plant community types detected by two-way
indicator species analysis (TWINSPAN). Micro-topographic variavles, species richness,
density, basal area, and proportion of multi-stemmed trees were calculated on quadrat
basis (mean value * standard error). Values with different superscripts in each row denote

significant differences @& <0.05 (Tukey’s test).

Type | Type Il Type llI Type IV

Area (ha

ey (Of 3ua dras] 6.56[164]  10.44 [261] 5 [125] 3 [75]
Elevation (m) 779.73+2.98 767.53+2.19 748.83 +3.185 754.07 + 2.86
Slope (- ) 36.06 +0.55 36.55+0.47° 33.87+0.69% 31.74+0.7%
Convexity 221+0.20  -0.22+0.18 -1.44+0.24 -1.69 +0.26
Stream distance (m) 60.60 +1%7 51.03+1.89 26.80+1.935 19.47+2.17
Ridge distance (m) 37.37+281 69.60+3.02 122.68+5.72 154.29 + 6.67
Basal area (ftha) 38.65 34.18 26.23 23.37
Basal area 167+003  145+003 113+004 1.01+0.05
(cm?/quadrat)

Species richness
103 124 125 113

(no. of species)

Species richness (no.

: 38.01 £ 0.47 37.77 +0.48 30.98 +0.7% 27.95 + 0.69
of species/quadrat)

Species/ha 80 88 93 90
Density

(individuals/25ha) 8848 6056 4311 3483
Density 253.93 + 10.88 242.23 +10.88 172.42 +6.8§ 139.32 + 5.08
(individuals/quadrat)

Fisher's a 12.29 14.97 17.74 17.71
Branch ratio (%) 16.19 18.66 22.3 27.27
Evenness 0.68 0.73 0.68 0.67

Type |, Pasania nantoensis Randia cochinchinensisType Il, Mallotus paniculatus -
Engelhardtia roxburghiana; Type llIDiospyros morrisiana - Cryptocarya chinensis

Type IV, Machilus japonica vakusanoi- Helicia formosana.
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Table 3.4. Summary of the results of detrended correspondence analysis (DCA) of
Lienhuachih species data from 625 quadrats. Correlation coefficients of micro-topographic

variables with the first third axes.

Axisl AXis 2 Axis 3
Eigenvalue 0.460 0.138 0.113
Lengths of gradient 3.852 2.501 2.103
Cumulative % variance of species data 15.27 19.87 23.6
Slope 0.202 -0.207 0.147
Elevation 0.320 n.s. n.s.
Convexity 0.516 139 -0.228
Ridge distance -0.627 -0.117 -0.173
Stream distance 0.523 0.167 n.s.
Eastness n.s. n.s. n.s.
Northness n.s. 0.341 0.521
Northeatness n.s. 0.181 0.331
Southeatness n.s. -0.309 -0.400

n.s. = coefficient not significant
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Table 3.5. The summary results of classification and regression tree (CART) analyses of
103 woody species. Percent variation explained >50 are listed in a descending order. The
abbreviations of micro-topographic parameters are as follows: E = eastness; N = northness;
NE = northeastness; SE = southeastness. The parameters marked with circles denoted the
effective explanatory variables selected by CART models for individual species. The
abbreviations of layer include: C = canopy trees; SC = sub-canopy trees; S = shrubs

Percent Stream Ridge

Species variation Individual Layer Slope Elevation Convexity E N NE SE ) 109
) distance distance

explained
Syzygium 652 5962 SC o o o o o o o
buxifolium
llex goshiensis 65.2 1778 SC o o o o o o
Saurauia tristyla
var. oldhamii 62.3 458 SC o o o
Helicia formosana 60.9 5241 SC o o o o o o
Randia
cochinchinensis 60.3 21075 SC o o o o o o o
Pasania nantoensis 56.2 821 C o o o o o o o
Meliosma
squamulata 55.5 7L sc © ° ° © © © © ©
Cyclobalanopsis 546 3875 C o o o o o o o o o
pachyloma
Trema orientalis 54.1 35 C o o o
Glycosmis citrifolia 53.9 630 SC o o o o o
Ficus nervosa 53.8 161 SC o o o o o
Elaeocarpus 524 1129 C o ° o ° o o
japonicus
Tricalysia dubia 52.1 6251 SC o o o o o o o
llex formosana 52.1 602 SC o o o o o o o
Meliosma 51.9 4779 C o o o o o o
squamulata
Neohtsga ac_lculata 51.8 3514 sc o o o o o o o
var. variabillima
Saurauia tr|§tyla 511 168 sc o o o o
var. oldhamii
Cinnamomum 50.8 3800 SC o o o o o o o
subavenium
Gordonia axillaris 50.2 1320 C o o o o o o
Sum of the above
(Percent variation 62310 17 12 15 9 13 9 5 17 19
explained >50)
Other species
(Percent variation 82929 50 54 47 37 29 37 33 41 55
explained < 50)
Total
(Proportion of total 145239 67 66 62 46 44 46 38 8 4

103 species) (64.42) (63.46) (59.62) (44.23) (42.31) (44.23) (36.54) (55.77) (71.15)
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CHAPTER 4

BETTER ENVIRONMENTAL DATA MAY REVERSE

CONCLUSIONSABOUT NICHE-AND DISPERSAL-BASED

PROCESSESIN COMMUNITY ASSEMBLY

7 LI-WAN CHANG, DAVID ZELENY, CHING-FENG LI, SHAU-TING CHIU,

HSIANG-HUA WANG, KUOH-CHENG YANG,HSIU-YING CHANG, CHANG-FU
HSIEH, published in Ecology 94(10): 2145-2151, 2013
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ABSTRACT

Variation partitioning of species composition into components explained by
environmental and spatial variables is often used to identify a signature of niche- and
dispersal-based processes in community assembly. Such interpretation, however, strongly
depends on the quality of the environmental data available. In recent studies conducted in
forest dynamics plots, the environment was represented only by readily available
topographical variables. Using data from subtropical broad-leaved dynamics plot in
Taiwan, | focus on the question of how would the conclusion about importance of niche-
and dispersal-based processes change if soil variables are also included in the analysis. To
gain further insight, | introduced multiscaledecomposition of pure spatial component [c] in
variation partitioning. My results indicate that if only topography is included,
dispersal-based processes prevail, while also including soil variables reverses this
conclusion in favor of niche-based processes. Multiscale decomposition of [c] shows that
if only topography was included, broad-scaled spatial variation prevails in [c], indicating
that other as yet unmeasured environmental variables can be important. However, after
also including soil variables this pattern disappears, increasing importance of meso- and

fine-scaled spatial patterns indicative of dispersal processes.

Key words: Lienhuachih; Taiwan; variation partitioning; doMEM; multiscale spatial

analysis; topographical variables; soil variables; environmental control; dispersal-based

processes.
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INTRODUCTION

Niche-based and dispersal-based processes were recognized as the main actors
responsible for community assembly (Cottenie 2005). Continuous challenge is the
development of analytical methods that are able to distinguish the relative imprint of these
processes in the structure of real ecological communities. One of the most promising
approaches is the partitioning of variation in community composition into environmental
and spatial components (Gilbert and Lechowicz 2004). The theoretical justification
behindthis is based on an assumption that environmental control on species distribution
accordingto the niche theory will result in the variation of species composition explained
by environmental variables, while dispersal limitation will generate spatial signatures in
community structure that are detectable by spatial variables (spatial filters). The use of
environmental and spatial predictors in variation partitioning results in four components
being distinguished; namely, a pure environmental component [a], a spatially structured
environmental component [b], a pure spatial component [c] and unexplained variation [d]
(Borcard et al. 1992). In this framework, variation explained by environment (components
[a+b]) represents environmental control imposed on species distribution (Chase and
Leibold 2003), while variation explained purely by spatial variables (component [c])
represents partly unmeasured environmental variables with spatial structure, and partly the
legacy of dispersal limitation (Legendre et al. 2009). If availableenvironmental predictors
represent the most important environmental drivers of species composition, then the ratio
between components [a+b] and [c] can be interpreted as the ratio between niche-based and
dispersal-based processes in community assembly (e.g., Gilbert and Lechowicz 2004).
However, recent simulation studies (Smith and Lundholm 2010, Gilbert and Bennett 2010)
indicate that the ability of variation partitioning to disentangle these two families of

processes has been overrated and the dichotomy suggested above is oversimplified. For
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example component [b], which is often quite large, can also carry the legacy of dispersal
processes, in case that dispersal spatially coincides with some of environmental variables
(such as topography, Smith and Lundholm 2010).Still, partitioning of the variation into
environmental and spatial component is seen as an important step toward disentangling
various processes responsible for spatial community structure (Dray et al. 2012).

Recently, the variation partitioning approach has been applied on data from forest
dynamics plots established by the Centre for Tropical Forest Science (CTFS;
http://www/ctfs.si.edu/) and the Chinese Forest Biodiversity Monitoring Network
(http://www.cfbiodiv.org/).Forest dynamics plots are represented by large spatially
contiguous grids of subplots with permanently tagged and georeferenced individuals of all
woody species (Losos and Leigh 2004). Legendre et al. (2009) applied variation
partitioning of tree beta diversityinto environmental and spatial components, using data
from a Gutianshan forest dynamics plot (China). Their approach, based on redundancy
analysis of raw abundance data, was applied by De Caceres et al. (2012), after slight
modification, on a set of 10 forest dynamics plots, distributed on three continents and
ranging from tropical to temperate zones.Besides introducing the analytical framework for
analysis of forest dynamics plot data using the variation partitioning method, the main
goal of Legendre et al. (2009) was to “test hypotheses about the processes (environmental
control and neutral) that may be responsible for the beta diversity observed in the plot, by
partitioning the effects of topography and space on the distribution of species at different
spatial scales ..."”. Similarly, one of the aims of the study by De Caceres et al. (2012) was
to find out “what is the contribution of environmentally-related variation versus pure
spatial and local stochastic variation to tree beta diversity...”.Results of such analyses,
however, will be strongly dependent on the quality of environmental variables used for

variation partitioning (Jones et al. 2008). The assumption that component [c] represents
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the role of dispersal limitationholds only in cases where all relevant environmental
variables are considered; otherwise,an unknown proportion of [c] is represented by
unmeasured environmental variables (Laliberté et al. 2009; Diniz-Filho et al. 2012). Both
Legendre et al. (2009) and De Céceres et al. (2012) used only topographical variables
(elevation, convexity, aspect and slope) derived from the measured elevation of corners of
each grid, which are the standard components of forest permanent plot datasets. Both
studies acknowledged the lack of other environmental descriptors, mainly variables
describing soil chemistry, which were not available at the time of their study (or not for all
plots). In the Gutianshan study, Legendre et al. (2009) assumed that because of very rough
terrain, topographical variables should play an important role, and that a large proportion
of variation explained by spatial variables and not explained by the environment may
indicate the operation of other factors such as neutral processes. De Caceres et al. (2012)
were more careful in their interpretations, arguing that the variation explained by
topography contains at least some variation derived from environmental control, because,
when compared between plots, it increases with increasing within-plot topographical
roughness.

In my study, | focused on the question of how the quality of environmental data
changes the conclusions drawn from the results of variation partitioning between
environmental and spatial variables. In the context of previous studies of forest dynamics
plots, based only on topographical variables, | ask whether it is reasonable to use
topography as a surrogate for environment, and how variation explained by environment
will be improved by also measuring soil variables. Soil properties are important(e.g.,
Jones et al. 2008, Baldeck et al. 2013), but not always available, while topography is easy
to measure in the field. Soil and topography is partially correlated, but each may offer

additional information relevant for plant growth. My aim is to evaluate how important the
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environmental information in soil variables is and whether inclusion of soil can change or
even reverse conclusions drawn from studies based only on topography.

Additional insight can be gained from more detailed analysis of component [c],
namely its scale structure. This analysis is based on an assumption that broad-scale spatial
structures in species data represent imprints of environmental variables, while fine-scale
autocorrelation is more likely generated by community dynamics, including dispersal
(Dray et al. 2012). Diniz-Filho et al. (2012) analyzed variation represented by component
[c] evaluating the shape of Moran’s | correlograms and claimed that their method can
distinguish if [c] is represented by broad-scaled unmeasured environmental variables or
fine-scaleddispersal processes. In this manuscript, | introduce an alternative method to
analyze scale properties of the [c] component, based on its multiscale decomposition
usinga scalogramapproach (Legendre and Legendre 2012). Using the available vegetation
and environmental data, | attempt to evaluate whether, after including topographical
variables as environmental predictors, the spatial information in component [c] is
dominated by broad-scaledor fine-scaled spatial autocorrelation.Further, | tested how the
pattern changes after also including soil variables, to reveal if soil and topography
captured the most important ecological drivers of species composition.

My study is based on detailed information about topography, soil chemistry and soil
structure, collected within 25-ha forest dynamics plot in Lienhuachih (Taiwan), which is
topographically very heterogeneous (within-plot altitudinal range is 164 m). | apply the
same method of variation partitioning into fractions explained by environmental and
spatial variables as used by Legendre et al. (2009) and De Céaceres et al. (2012). Using
these data, the main objectives are: (1) to show to what extent the increase in variation in
species composition is explained by environment if | also include soil variables into the

analysis andhow this changes the conclusion about the importance of niche-based and
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dispersal-based processes, and (2) to demonstrate the use of multiscale decomposition of
[c] component to detect whether important environmental variables were included in the

study.

METHODS
Study site.

The study was conducted in the Lienhuachih Experimental Forest in central Taiwan
(23°54°N, 120°52’E), which is a part of international network of forest dynamics plots

coordinated by CTFS. The mean annual temperature is 2@8dthe mean annual

precipitation is 2,285.0 mm with pronounced seasonality (89.6% of total rainfall falls in
between May and September) and common typhoons (Chang et al. 2010).The forest
dynamics plot of 25 ha (500 x 500 m) was set up in 2008, with methodology following the
census manual of Condit (1998). All woody stems with diameter at breast height ¥DBH)

1 cm were measured, tagged, mapped, and identified into species. The elevation of the plot
ranges from 667-845 m a.s.I, withan average slope of 35.3°. Altogether 153,268
individualsand 203,316 stems were recorded within the plot(6,131 ind/haand 8,133
stems/ha, respectively). The vegetation represents subtropical evergreen broad-leaved
forest with important canopy species includi@gclobalanopsis pachyloma, Engelhardia
roxburghiana,Pasania nantoensis, Schefflera arboricola &uthima superb&Chang et al.

2010).

Topographical, soil and spatial descriptors.

As topographical descriptors, | used exactly the same type of variables as Legendre
et al. (2009) and De Céaceres et al. (2012), namely mean elevation, convexity, slope and
aspect, all derived from measured elevation of four corners of each 20x20 m cell (for
details of calculations, see Appendix S2 in De Caceres et al. 2012 and Appendix A in this
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paper). The aspect was further segmentedinto east-west and north-south direction,
represented by the sine and cosine of the aspect, respectively. Mean elevation, convexity
and slope were used to construct third-degree polynomial equations, creating a total of
nine monomials (see Legendre et al. 2009); in total 11, topographical variables (nine
monomials and two derivatives of aspect) were available for variation partitioning.
Variables calculated here slightly differed from those used (and reported) by De Céaceres et
al. (2012), probably because | used the last version of updated and corrected dataset, while
De Caceres et al. (2012) used an older version (see Appendix A for comparison).

Soil properties are described by 16 variables, including soil chemistry (total C and
N, C/N ratio, pH in 1M KCI, extractable K, Ca, Mg, Fe, Mn, Cu, Zn and P), water content
and texture (proportion of sand, silt and clay); see Appendix B for details. Third-degree
polynomial equations were constructed for each soil variable, resulting into 48 monomials
used in further analyses.

As spatial descriptors, distance-based Moran’s eigenvector maps (dbMEM,
previously known as PCNM) derived from spectral decomposition of the spatial
relationships among grid cells were used (Borcard and Legendre 2002, Dray et al. 2006).
This method produces linearly independent spatial variables covering a wide range of
spatial scales and allows modeling of any type of spatial structure (Borcard and Legendre
2002). Truncation distance was selected to retain links between horizontal, vertical and
diagonal neighboring cells. All eigenvectors associated with Moran’s | coefficients larger
than the expected values of | were kept in analysis (all together 208 eigenvectors).
Statistical analyses

To decompose the variation of tree beta diversity into fractions explained by
topographical, soil and spatial predictors, | used variation partitioning approach based on

redundancy analysis (RDA, Rao 1964). Fourvariation partitioning analyses were
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conducted, namely: 1) topographical vs.spatial variables, 2) soil vs.spatial variables, 3)
soil and topographical vs.spatial variables, and 4) topographical vs. soil vs. spatial
variables. The set of first three variation partitioning analyses was conducted on both
original (i.e. not transformed) species composition matrix and on Hellinger standardized
matrix (Legendre and Gallagher 2001); this dichotomy aims to make my results
comparable to those of Legendre et al. (2009), who did not use any standardization, and
De Céceres et al. (2012), who used Hellinger standardization. Moreover, De Céaceres et al.
(2012) compared different forest dynamics plots in terms of the amount of beta diversity
attributable to particular components of variation partitioning. As a measure of beta
diversity for a given forest plot, they used total variance in the Hellinger-standardized
species data matrix (Legendre et al. 2005), which was consequently divided into parts
according to components derived from variation partitioning. To make my results

comparable, | report the results of variation partitioning of Hellinger-standardized species

data by both relative values of explained variation using adjtl%zté'ﬁgdi, Peres-Neto et

al. 2006) and the absolute values of beta diversity attributable to individual components.
Variation partitioning among separate topographical, soil and spatial variables was
conducted only on Hellinger standardized matrix.

Multiscale decomposition of [c] component was conducted using a set of partial
RDAs. | evaluated variation in species composition explained separately by each doMEM
variable in three different scenarios: 1) without any covariables (i.e., marginal variation
explained by individual dbMEM variables), 2) with topographical variables as covariables
(i.e., variation explained by dbMEM after accounting for topography), and 3) with
topographical and soil variables as covariables (i.e. variation explained by doMEM after
accounting for all available environmental variables). The significance of each of the 208

dbMEM variables in each of the three scenarios was tested by Monte Carlo permutation
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test (reduced model with 9,999 permutations); Holm’s correction (Holm 1979) was
applied to correct for multiple testing. Scenarios 1 to 3 differ by gradually increasing the
number of environmental variables entering the analysis as covariables, from no variables,
only topographical, and both topographical and soil variables. The focus of this analysis is
on relative changes in the distribution of variation explained by individual dbMEM
variables after including only topographical and both topographical and soil variables,
namely whetherthe variation explained by broad-scaled dbMEM variables will decrease
after controlling for environmental variables. Large variation explained by broad-scaled
dbMEM in this analysis indicates that not all important environmental variables were
included, while significant variation explained by fine-scale dbMEM variables may
indicate imprints of population processes such as dispersal. Theoretically, the distribution
of the explained variations will change from right-skewed, with a dominance of variation
explained by broad-scaled spatial variables surrogating unmeasured environmental
variables, to left skewed with a prevalence of variation explained by fine-scaled spatial

variables, indicating dominance of dispersal processes.

RESULTS

Adding soil variables along with topographical ones increases the variation
explained by the environment from 20.7% explained only by topography to 47.7%
explained jointly by topography and soil (Fig. 4.1 and Table C in Appendix C, considering
Hellinger-standardized species data). Soil variables alone explain 43.5%, which twice as
muchas the variation explained by only topographical variables. In case of
non-standardized species matrix, the explained variation is slightly higher: 24.5% for
topographical variables only, 43.6% for soil only and 49.0% for both (Table C in

Appendix C); hereafter, only results on Hellinger-standardized species data will be
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reported. Almost all variation explained by environmental (either topographical or soil)
variables is spatially structured, meaning that an increase in variation explained by
environmental factors after including soil variables decreases the variation explained
purely byspatial variables (component [c]). Component [c] decreases from 37.5% if only
topography is included to 11.3% if both topography and soil are included, while
unexplained variation [d] remains unaffected by selection of environmental variables. If
examining topographical and soil variables separately, it becomes obvious that most of the
variation explained by topography is explained also by soil variables (from the20.7%
explained by topography, 16.6% is shared with soil; Fig. C in Appendix C), while soill
explains a considerable amount of variation by itself (26.9% of variation is not shared with
topography, from a total of 43.5%). From this | can conclude that if appropriate soll
variables are measured, topographical variables become highly redundant, because, from
the total variation of 47.7% explained by the environment (topography and soil), only
4.2% is explained purely by topography.

If | adopt the approach of De Caceres et al. (2012), the absolute values of beta
diversity explained by topography in Gutianshan and in Lienhuachih are comparable
(0.096 and 0.092, respectively, see Table S3 in De Caceres (2012) for the first number and
Table C in Appendix C of my paper for the second), while the part of beta diversity
explained by pure space in Gutianshan is lower than in Lienhuachih (0.105 and 0.166,
respectively). Adding soil among environmental variables in the case of Lienhuachih
increases the beta diversity explained by environment to 0.212 and decreases those
explained by pure space to 0.050.

The distribution of variation explained by individual dboMEMvariables (ordered by
decreasing spatial scale from broad- to fine-scaled ones) changed considerably among the

three proposed scenarios. If no covariables were included, the distribution was
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right-skewed (Fig. 4.2a), with broad-scaled dbMEM variables being the most important
(with doMEM 1 explaining 6.8% of variation). Filtering out topographical variables as
covariables has a rather minor effect on the distribution shape (Fig 4.2b), with
broad-scaled dbMEM variables still prevailing. Adding soil variables along with
topographical ones to the covariableschanges the distribution dramatically, decreasing the
importance of broad-scaled dbMEMs in favor of meso- and partly also fine-scaled ones

(Fig 4.2c).

DISCUSSION

If | followthe reasoning of Legendre et al. (2009), who attributed the components
[a+b] of variation partitioning to the signature of niche processes and component [c]
signature ofdispersal-basedprocesses, and apply it to data from the Lienhuachih plot, the
conclusion will be very different if | include only topographical or both topographicaland
soil variables in the analysis. If environment is represented by only topographical
variables, dispersal-basedprocesses prevail, as the fraction [a+b] represents 24.5% and
fraction [c] represents 40.8% of explained variation (non-standardized species data in
Table C in Appendix C). Including soil variables along with topographical onescompletely
reverses the interpretation in favor of niche-based processes, with 49.0% becoming much
more important than dispersal-basedones with 17.0%. Incomparison, in Gutianshan at the
same scale, topographical variables (components [a+b]) explain30.7%, while the pure
space (component [c]) explains34.8% (Table 4.1 in Legendre et al. 2009, variation in
community composition at the scale 20 x 20 m). Higher variation explained by
topography compared to variation explained purely by space in the case of Gutianshan can
perhaps be explained by the more rugged terrain in Gutianshanwhen compared to

Lienhuachih and hence the higher effect of topographical variables (De Céaceres et al.
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2012). | assume that adding soil among environmental variables would considerably
increase the variation explained by the environment also in the case of Gutianshan,
resulting into the dominance of niche- over dispersal-basedprocesses. Although we cannot
foresee how significant this increase would be, my study indicatesthat it maybe rather
dramatic.

On the other hand, relatively high variation explained by soil variation can partly be
an artifact. The variation-partitioning approach assumes that environmental variables have
a causal effect on species composition. While this is definitely true in the case of
topography, which can perhaps hardly be modified by vegetation, in the case of sall
variables, the direction of the causal relationship is not so straightforward. Soil samples
are usually collected in the upper part of the soil profile, which is most strongly influenced
by the litter of the aboveground vegetation. In this sense, not only does the soil chemistry
influence the vegetation, but thevegetation also influences the soil chemistry. The relative
proportion of this feedbackchanges from species to species (e.g., Finzi et al. 1998) and is
hypothesized to have evolutionary context (Binkley and Giardina 1998). Therefore, the
inclusion of soil variables among environmental variables in variation partitioning effect
can overestimate the real effect of environmental control at the cost of the dispersal
processes. The possible indication that this overestimation exists may be drawn from
detailed analysis of the importance of particular soil properties and carefully considering if
the important ones are more likely to be derived from geological substrates or from the
effect of aboveground vegetation. However, the real scale of this overestimation will
perhaps remain unknown, and its quantification will require an experimental approach.

Multiscaleanalysis of residual spatial variationin component [c]shows that
topography itself is indeed not a sufficient descriptor of environmental control on the

vegetation of my study site. The distribution of variation explained by particular doMEM
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variablessorted from broad-scaled to fine-scaled did not change much between analysis
without any environmental variables (Fig. 4.2a) and that including topography as
covariables (Fig. 4.2b).Both show that there is still a considerable amount of broad-scaled
spatial variation, indicating that important environmental factors have not been considered.
After including soil variables, variation explained by broad-scaledspatial variables is not
much higher than that explained by meso- or fine-scaledvariables. Some of the
broad-scaleddbMEM variables, however, remain significant, meaning that there is still
some space for other environmental variables to play a role, although perhaps these arenot
asimportant as soil.

The dichotomy of broad-scaledspatial variables equaling environmental variables
and fine-scaledonesrepresenting dispersal processes is indeed simplified, and while it may
be close to reality at certain scales, it cannot be applied universally. Ecologiststend to
measure broad-scaled environmental variables and ignore (or are unable to measure)
fine-scaled ones (Dray et al. 2012), although these may also exist. Similarly, far-distance
dispersal may theoretically result in more broad-scaled spatial community patterns.
Information about the spatial structure of component [c] offers additional insight in data,
but does not offer a definite answer about the relative role of alternative processes causing
the spatial pattern. Further studies may focus on the comparison of my method with spatial
autocorrelation analysis approach proposed by Diniz-Filho et al. (2012) to see if the
results are comparable, and to check its sensitivity and reliability using community data of

known properties.

CONCLUSIONS
In the case study from the Lienhuachih forest dynamics plot, | have shown that

including soil variables along with topographical variables into variation partitioning
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results in a more than two-fold increase invariation explained by the environment, and
reverses the original conclusion about the dominance of dispersal-based processes in
community assembly in the prevalence of niche-based ones. Detailed multiscale
decomposition of [c] component indicates that topographical variables, when included as
explanatory variables, does not explain much of the broad-scaled spatial pattern in species
composition, while including soil variables does, leaving meso- and fine-scaled spatial
patterns unexplained. However, | also pointed out that the variation explained by soil
variables may be overestimated, because not only does soil influence the vegetation, but

vegetation also partly influences the soil properties.
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Figure 4.1. Results of variation partitioning of species composition into fractions

explained by environmental and spatial variables, reported as adRfsted percentage

2
scale fzaﬂi x 100). Environmental variables are represented either by only topographical
(first column), only soil (second column) or both topographical and soil variables together

(third column).
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Figure 4.2. Variation in species composition explained in redundancy anaf%ﬁl (x
100) by individual dboMEM variables with (a) no covariables, (b) topographical variables
as covariables, and (c) topographical and soil variables as covariables. dbMEM variables

are sorted from broad-scaled to fine-scaled (from left to right), and only dbMEM variables
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CHAPTER 5

CONTRASTING SPATIAL DISTRIBUTION OF SPECIES
DIVERSITY OF PIONEER VS. NON-PIONEER SAPLINGS
IN A TAIWANESE FOREST: A MULTIPLE SCALE

APPROACH

+ LI-WAN CHANG, SHAU-TING CHIU, CHANG-FU HSIEH, will be submitted to J
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ABSTRACT

Understanding the spatial distribution of species diversity is one of the central issues
in community ecology. Environmental conditions, dispersal limitation, and disturbance
have been suggested to be important processes influencing spatial patterns in species
diversity. At local scales, however, species distribution and habitat factors always show
comparable spatial aggregation, making it difficult to understand how different processes
regulate the spatial distribution of diversity and species composition. In this study, |
investigated the spatial distribution of saplings belonging to two functional groups,
pioneer and non-pioneer species, in a recently established 25-ha forest dynamics plot in
the subtropical evergreen broad-leaved forest of central Taiwan. Spatial analysis method
of principal coordinates of neighbor matrices (PCNM) was used to disentangle the
contributions of these processes at different spatial scales. My results show that: (1)
fine-scale spatial patterns are more important for pioneer than for non-pioneer species; (2)
dispersal limitation showed stronger effects on non-pioneer saplings than pioneer saplings;
(3) soil chemistry explained the greatest variations for both two functional groups,
followed by disturbance for pioneer group, and topography for non-pioneer group, and
then soil texture and moisture content. The results of canonical correspondence analysis
indicated that species distributions were significantly correlated with topographic, soil and
disturbance variables. It is also evident that plant species, geomorphic processes, and

disturbance have different effects on the physical and chemical properties of soils.

Key words. spatial scales; dispersal limitation; pioneer saplings; diversity; topography,

soil, disturbance; PCNM analysis
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INTRODUCTION

Understanding the spatial distribution of species diversity is one of the central issues
in community ecology (Chust et al. 2006; Borcard et al. 2011). Such understanding is
especially important for tree communities (Legendre et al. 2009; De Caceres et al. 2012).
Trees are sessile organisms, and their growth, recruitment and mortality are influenced by
the immediate neighborhood created by the abiotic environment and interactions among
neighboring trees (Zhao et al. 2006). These interactions among neighboring trees and their
abiotic environment usually leave spatial signatures in tree communities and create
detectable spatial patterns in species diversity (Legendre et al. 2009). As a result, studying
spatial distributions of species diversity and composition can be used to identify critical
ecological processes that influence community assembly and species diversity
(Brind’Amour et al. 2005; Legendre et al. 2009; De Caceres et al. 2012).

In recent years, empirical studies documenting spatial patterns of species diversity
in tree communities have rapidly increased (Legendre et al. 2009; De Caceres et al. 2012,
Chang et al. 2013). Principle coordinates of neighbor matrices (PCNM) is an advanced
statistical method that has been widely applied to detect spatial patterns of species
composition at multiple spatial scales (Chust et al. 2006; Jones et al. 2008; Legendre et al.
2009; De Céceres et al. 2012). The overall species composition can be decomposed at
several spatial scales and relevant spatial patterns can be identified. Together with the
variation partitioning method, the spatial variation can be further attributed to different
components, which .explained by environmental and spatial variables is often used to
identify a signature of niche- and dispersal-based processes in community assembly
(Legendre et al. 2009).

Many factors that influence plant distributions will generate spatial pattern in

community composition. Previous studies showed that broad-scaled spatial variation
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dominated the spatial distribution of diversity in the forest (Jones et al. 2008; Legendre et

al. 2009; De Caceres et al. 2012). That had been explained by multiscale decomposition of
pure spatial component, if only topography was included, broad-scaled spatial variation

prevails in pure spatial component (Legendre et al. 2009; De Céaceres et al. 2012).
However, after also including soil variables this pattern disappears, increasing importance
of meso- and fine-scaled spatial patterns indicative of dispersal processes (Chang et al.
2013). When we consider environmental heterogeneity, not only topographic and soil

factors are important but also as disturbance factor. While the first two factors had been
studied, disturbances are often overlooked (Condit et al. 1995; van Nieuwstadt and Sheil
2005).

Canopy gaps are the most common disturbance in the forest (Tanaka et al. 1997).
Comparing topographic and soil factors, gap dynamics are likely to produce spatial
structure most evident at relatively fine scales (Jones et al. 2008). Gaps provide an
environment in which tree species of differing competitive abilities partition
heterogeneous resources. This promotes the persistence of pioneer species and maintains
the diversity in the forest (Schnitzer et al. 2001). Hence, the spatial distribution of gaps
also relate to distribution of pioneer species. On the other hand, the spatial distribution of
species diversity of tree species, especially during the sapling stage, may reflect the
distribution of canopy gaps within the forests. Therefore, the understanding factors affect
distributions of pioneer and non-pioneer species help us more realize different ecological
process act on diversity of the forest.

The relative importance of dispersal limitation and environmental factors, including
topography, soil properties and disturbances, however, may differ among different
functional groups of trees. Based on various plant attributes, tree species are usually

divided into two functional groups, pioneer and non-pioneer groups. Pioneer species show
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adaptive traits such as small-sized, well-dispersed and dormant seeds that can survive long
time in the soil bank and regenerate in large canopy gaps (Chen et al. 2003). In contrast,
non-pioneer species have been considered as poor-dispersers, surviving short time in the
soil seed bank, and their seedlings can tolerate the low light condition in the understory for
many years (Delissio et al. 2002).

Taiwan is a mountainous island in southeastern Asia with a complex gradient in
topography and experienced frequent typhoons (Lin et al. 2011). The distinction in
distribution patterns between pioneer and non-pioneer saplings in subtropical evergreen
broad-leaved forests has often been recognized. However, no detailed study has been done
to understand the relative contribution of dispersal limitation and environmental factors
(topography, soil properties, and disturbances) to the spatial distribution of species
diversity. In 2008, | established a 25-ha forest dynamics plot (FDP) with precise stem
mapping in the Lienhuachih forest in central Taiwan. Based upon the mapped tree data, |
hypothesized that distribution of species diversity differed between pioneer and
non-pioneer saplings. The main objectives of this chapter are (1) to know what the
different spatial scales variations contribute to distribution of pioneer and non-pioneer
saplings; (2) to understand dispersal limitation affects distribution of pioneer and
non-pioneer saplings; and (3) to realize the different environmental factors contribute
discriminative variation in explaining species composition of pioneer vs. non-pioneer

saplings.

METHODS
Study site
The study site is located in the Lienhuachih Experimental Forest (LEF) in central

Taiwan. The forest is described as a Lauro-Fagaceous forest (Su 1984). The mean annual
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temperature is 20.8°CThe annual precipitation is 2285.0 mm with markedsonality (Lu

et al. 2008). More than half of the rain falls in between May and September (about 89.6%
of total rainfall). Typhoons, a common disturbance in the LEF, usually sweep through the
area with violent winds and extremely heavy rainfall, and often cause canopy gaps and
landslides (Lee 2006; Chang et al. 2010).

In 2008, following the standardized methodology developed by the Center for
Tropical Forest Science, Smithsonian Institution (Condit 1998), | set up a 25-ha forest
dynamics plot (FDP) (500 x 500 m, 23°54’'N, 120°52’E) in the LEF. The elevation of the
plot ranged from 667-845 m a. s. |. Average slope of plot was about 35.3°. Topography
was characterized by hills with valleys, steep slopes, and ridges (Chang et al. 2010). All
woody stems with diameter at breast height (DBHL cm were measured, tagged,
mapped, and identified to species. According to the first census there were 153,268 (6,131
ha') stems within the plot, belonging to 46 families, 88 genera and 144 species. The forest
is dominated by Fagaceae, Lauraceae, Rubiaceae, Euphorbiaceae and Melastomataceae
(Chang et al. 2010).

Data collection
Selection of pioneer and non-pioneer species and the definition of life stages

A total of 144 species were recorded in the plot. Based on photosynthetic rates (Kuo
et al. 2011), previous reports in literature (Chen et al. 2000; Chen et al. 2003) and habitat
requirements such as saplings’ distribution in gaps and landslide areas which we observed
in the Lienhuachih FDP, species were classified into two functional groups: pioneer and
non-pioneer species. As a result, 18 pioneer species were selected. In order to make the
data comparable, | also selected 18 dominant non-pioneer species.

Based on DBH, two life stages (sapling and mature stages) were distinguished
separately for each of the three plant growth forms (shrub, sub-canopy tree, and canopy
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tree). Saplings were defined as the stems with 1.0-2.0 cm DBH for any growth form.
Mature stages for canopy trees, sub-canopy trees and shrubs were defined as having a
DBH > 20 cm,> 10 cm, and> 5 cm, respectively. Dispersal modes and life foohs
pioneer and non-pioneer species are listed in Appendix D.

Topographic and soil variables

The 25-ha LHC plot was systematically divided into 625 quadrats of 20 m x 20 m.
Using laser theodolites, relative elevation was measured at each corner of the quadrat and
a topographic map was generated from these data using geostatistical methods (Cressie
1991). Topographic variables derived for each quadrat included mean elevation, convexity,
slope, stream distance and ridge distance. Mean elevation was obtained by averaging
elevation measures from the four corners of the quadrat. Convexity was defined as
elevation differences between the focal quadrat and mean elevations of the eight
neighboring quadrats except for those quadrats on plot edges (Valencia et al. 2004). Slope
was measured by the mean angular deviation from the horizontal plane of each of the four
triangular planes by connecting three out of the four corners. Stream and ridge distances
were measured from the quadrat center to the nearest stream and ridge. In order to increase
the predictive ability of topographic factors, mean elevation, convexity and slope were
used to construct third-degree polynomial equations for a total of 9 monomials (Legendre
et al. 2009). After adding the two distance variables, a total of 11 variables were used to
describe the micro-topographic environmental conditions of each quadrat.

Soil samples were collected from three randomly selected points within each
guadrat at the depth of 0-10 cm. The three samples were mixed thoroughly together to
obtain a composite sample. These 625 soil samples were air-dried and passed through a
2-mm sieve (10 mesh) for the following laboratory analyses. The gravimetric soil water

content was determined by the weight loss at@@br 24h (Gardner 1986). The sieved
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soil samples were subsequently analyzed for soil texture, total C and N, C/N ratio, pH,
extractable K, Ca, Mg, Fe, Mn, Cu, Zn and P. Soil pH was measured in distilled water and
potassium chloride (1M) at soil: solution ratios of 1:1 and 1:2.5 (McLean 1982).
Extractable K, Ca, Mg, Fe, Mn, Cu, Zn and P were measured by the Mehlich-3 solution
method (Helmke and Sparks 1996). Total soil C and N were determined by a dry
combustion method (Nelson and Sommers 1982) using a Fisons NA-1500 analyzer. For
soil texture, the Bouyoucos Hydrometer method was used for determining the soil particle
size; for each sample, | obtained percentage of sand, silt and clay. The total work was done
by the Soil Research Laboratory of Taiwan Forestry Research Institute. A total of 16
variables were collected, including soil chemistry and texture. For each of the 16 variables,
monomials of three-degree polynomial were created, resulting in 3x16=48 soil variables.
Disturbance variables: canopy gaps and logging road

In this study, | applied photogrammetry and GIS techniques to collect and quantify
the characteristics of forest canopy gaps. Aerial photographs of a forest canopy taken in
different years provide information on canopy dynamics (Tanaka and Nakashizuka 1997;
Henbo et al. 2004). Aerial photographs (1:5000) taken in 1998, 2002 and 2007 were
purchased from the Aerial Survey Office, Taiwan Forestry Bureau. Elevations at
every point on a 5 x 5 m grid were digitized from these photographs by Aerial Survey
Office, using a stereo plotter. Two paired images were used to obtain stereo images
covering the plot. Canopy gap was defined as an area where the canopy is noticeably
lower than in adjacent areas or not occupied by crowns. The canopy gaps were digitized
from these photographs using a stereo plotter (Leica Stereo Analyst for Arc GIS and
Planar Stereoscopic Displays SD2020) and stored in the Arc/Info system. Gap area was
determined by counting each quadrat where over half the quadrat was not covered by

canopy. During canopy gap survey in 2008, | found a meandering logging road (180 m in
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length and 4 m in width) in the north middle side of the plot, which was an indicator of
human disturbance. Spatidiktribution of gaps and logging road at four okagon times

show in Appendix E.
Statistical analyses
Environmental variables

For all environmental variables, 11, 48 and 4 variables were included as topography,
soil, and disturbance datasets, respectively. | applied forward selection (Blanchet et al.
2008) to select those variables that significantly (P < 0.05 after 999 random permutations)
explained the variation in species composition of pioneer and non-pioneer saplings. Only

the selected variables were used in subsequent analyses.
Spatial variables of sapling trees and mature trees

Spatial variables for all saplings and mature trees and for the saplings of two
different functional groups were created using the principal coordinates of neighbor
matrices (PCNM) method (Borcard and Legendre 2002; Dray et al. 2006). For the 20 m x
20 m quadrats, PCNM eigenfunctions were computed across the 625 points of the spatial
grids. In the present study, 324 PCNM eigenfunctions with positive eigenvalues were
generated. Then | also used forward selection (Blanchet et al. 2008) to select those
eigenfunctions significantly explaining variation in community composition for all species
of saplings and mature trees and for the species of two functional groups. The selected
PCNM eigenfunction variables were used as explanatory variables to analyze the spatial
variations in community composition of saplings and mature trees. In order to understand
multiple spatial structures in community composition, | arbitrary defined the first 20,
21-50, 51-100 and 101-324 of the 324 PCNM eigenfunctions representing very broad,
broad, medium and fine spatial scale, respectively. Then | identified the topographic, soil
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and disturbance variables that significantly correspond to the different multiple spatial
scales.Variation partitioning was run with each of the PCNM subsets combined with, in

turn, each subset and the full set of environmental variables.
Variation partitioning

| conducted variation partitioning (Borcard et al. 1992), using species composition
tables of pioneer, non-pioneer and all species as response matrices, and environment
(topography, soil and disturbance variables), mature trees (spatial eigenfunction tables)

and space (spatial eigenfunction tables of sapling trees) as explanatory matrices. | used

adjusted I%(Rza) to measure the unbiased amount of variation explained by the PCNMs

(Peres-Neto et al. 2006), and recorded the proportion of variation explained in RDA
analyses by either the significant spatial (polynomial or PCNM) or environmental (simple
or polynomial) variables, or both simultaneou3lige results of variation partitioning were
illustrated as Venn diagrams (Fig. 5.1a). This method allowed the partitioning of response
matrices into the following fractions of variation: (a) pure environment, including pure
topography, pure soil and pure disturbance; (b) pure mature tree space; (c) pure sapling
tree space; (d) non-sapling structured mature and environment factions; (e)
non-environment structured mature and sapling tree space fractions; (f) non mature tree
structured space and environment factions; (g) spatially structured environment, mature
tree space, and sapling tree space; and (h) residuals. In this study, | interpreted the
spatially structured environmental and pure environmental fractions [a+d+f+g] as
environmental control, and overlap spatial distribution fraction [e] of sapling tress and
mature trees as dispersal limitation.

All analyses were done using the R statistical language (R Development Core Team
2013). Canonical analyses and PCNM eigenfunctions were computed using the “vegan”

package (Oksanen et al. 2012).
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Ordination

For ordination quadrats or species with less than 5 individuals were eliminated
resulting in a 35 species x 374 quadrats matrix. The variations in the species composition
and abundance of all saplings, and their relationships with the selected environmental
variables (including 16 soil, 5 topographic and 4 disturbance variables) were analyzed
with Canonical Correspondence Analysis (CCA) using CANOCO 4.5 (ter Braak and
Smilauer 2002). The results of the analyses were visualized in the form of ordination
diagrams in the Canodraw for Windows. Monte Carlo permutation tests (with 999
unrestricted permutations) were used to evaluate the significance of the first two canonical
axes. To classify forest communities present in the FDP, the floristic data were analyzed
using two-way indicator species analysis (TWINSPAN) with PC-ORD version 5 (McCune
and Mefford. 2006). Differences in environmental variables between the two forest
communities at the first level of TWINSPAN classification were examined by
Mann-Whitney U Tests (STATISTICA. 8.0, StatSoft, Tulsa, OK, USA). Furthermore,
relationship between topographic and soil variables was examined by canonical

correlation analysis.

RESULTS

Variation in multiple spatial scales

The spatial structure of pioneer saplings showed a finer-scale spatial pattern than the
spatial structures of all sapling and non-pioneer sapling communities. Additionally, the
variation (10.6%) explained by the fine-scale PCNM eigenfunction is approximately equal
to the variation (11.0%) explained by very broad-scale PCNM eigenfunction. In the cases
of all saplings and non-pioneer saplings, only very broad-scale PCNM eigenfunctions

accounted for the most variation (19.8% and 20.2%, respectively) (Table 5.2). When
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considering the environmental variables significantly related to spatial variation for
different scale submodels, it was found that both topographic and soil variables
contributed more at very broad, broad and medium scales, while gap disturbance variables
explained more variation at fine scale.

Environmental control and dispersal limitation processes

Environment, sapling tree space, and mature tree space jointly explained 61.0%,
41.2% and 60.5% of the variations in sapling composition for all species, pioneer and
non-pioneer species, respectively (Fig. 5.1b-d). | considered the joint non-environment
fraction [e] between mature tree and space as dispersal limitation effect. The results
showed that the environment fractions [a+d+f+g] explained much more of the variation
than dispersal limitation fraction for all saplings and the saplings of either of the two
functional groups. The adjusted® Rere 0.142, 0.129 and 0.064 which accounted for
74.3%, 70.1% and 39.7% of the non-environment space fraction [e+c] for all saplings,
non-pioneer and pioneer saplings, respectively. The results supported dispersal process
showed a stronger effect on all saplings and non-pioneer saplings than on pioneer saplings
in the Lienhuachih FDP.

The comparison between environment control [a+d+f+g] and mature tree [b+d+e+g]
effects for pioneer saplings showed that environmental variables explained more variation
than mature tree effects, but for all saplings and non-pioneer saplings, the pattern was
reversed (Fig. 5.1b-d). In terms of pure fractions (pure environment [a], pure space [b] and
pure mature tree [b] fractions), the permutation tests showed that most fractions (except
pure mature trees of pioneer saplings) were significant (Fig. 5.1b-d).

Contributions of topographic, soil and disturbance variables to saplings
The variation partitioning of environmental submodels (topography, soil chemistry,

soil texture and water content, and disturbance) showed that soil chemistry explained most
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of the variation in species composition for all saplings, pioneer and non-pioneer saplings,
followed by disturbance for pioneer group, and topography for non-pioneer group (Table
5.2). Soil texture and water content were least important for all groups of saplings (Table
5.2).

The results of variation partitioning with respect to each environmental variable
indicated that soil pH captured the largest fraction of the variation in the composition of
non-pioneer saplings (14.7%) and all saplings (14.2%), whereas topographic convexity
captured slightly less (10.0%, 10.4%), and ridge distance contributed the least (4.2%,
4.3%) (Table 5.2). In terms of pioneer saplings, the strongest environmental predictors
were soil Mg, gap 2007, and soil P, which contributed 4.6%, 4.1%, and 3.9% of the
variation, respectively (Table 5.2). Other environmental variables each contributed less
than 3% (Table 5.2).

Ordination

In CCA ordination, the eigenvalues of the first two CCA axes were 0.393 and 0.128,
respectively. The species-environment correlations of the first two CCA axes were 0.911
and 0.680, and the cumulative percentage variance were 48.3 and 64.1%. The Monte
Carlo tests (p<0.001) carried out for the first two canonical axes indicated that the floristic
variance of saplings was significantly related to the environmental variables selected. The
CCA biplot (Fig. 5.2) of species and environmental data along the first axis produced a
clear segregation of quadrat and species groups classified by TWINSPAN. Quadrats (Fig.
5.2a) and species (Fig. 5.2b) of pioneer group (136 quadrats) are mainly located on the
right side of the first CCA axis, wheras quadrats and species belonging to non-pioneer
group (238 quadrats) are found toward the left side of the axis. Only one sptties (
formosana) assigned to the non-pioneer group was misclassified by TWINSPAN as

pioneer group.
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The results of CCA also showed that the first axis represented a
topographic-edaphic gradient; it was positively correlated with distance from the ridges
and soil moisture, and negatively correlated with convexity, elevation and distance from
the streams. The second axis was primarily related to disturbance-associated variables.
The average values found for pH, extractable Mn, Cu, Ca, Mg Zn and clay percentage
were distinctly higher in soils of pioneer communities, while C/N ratio, sand percentage,
total C, total N, extractable K and Fe were higher in those of non-pioneer communities
(Appendix E). There was no significant difference in extractable P between these two

TWINSPAN groups.

DISCUSSION

In this study, the explained variations for non-pioneer saplings and all saplings
declined from the broad spatial scales to fine spatial scales. Similar results were found for
the tree and seedling compositions in temperate and subtropical forests (Laliberté et al.
2009; Legendre et al. 2009; Yuan et al. 2011; De Céceres et al. 2012; Lin et al. 2013). My
results suggest that non-pioneer species tend to be more effective for tracking
environmental variation at broader and medium spatial scales. On the other hand, the
variation at fine spatial scale for pioneer saplings was greater than those for non-pioneer
saplings and all saplings. This is likely to be attributable to the long-distance seed
dispersal by wind and the recruitment of saplings in disturbed areas (Dalling et al. 1998).
An earlier study (Lee 2006) on the same site indicated that, as a frequently disturbed forest
in the Lienhuachih FDP, fine-scale disturbances resulting from the creation of canopy
gaps provided more opportunities for recruitment and regeneration of pioneer species and
could also influence their spatial patterns.

Both environmental variation and dispersal limitation have frequently been cited as
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primary determinants of species diversity and distribution across spatial scales. My
analyses suggest that at broader scales, environmental control (pure environment and
spatially structured environment) explained more variation than spatially structured
non-environmental processes for all saplings and the two functional groups of saplings.
These results implicate the importance of environmentally controlled broad-scale spatial
structure, and are coincident with findings from other studies for saplings and poles in a
subtropical forest (Lin et al. 2011) and overstory species in a tropical forest in southern
China (Lin et al. 2013), tree species in an old growth temperate forest in northeastern
China (Yuan et al. 2011), and tree seedlings in a temperate forest in Canada (Laliberté et
al. 2009). On the other hand, for pioneer saplings, the increase in the proportion of spatial
PCNM variables at small scales may be attributed to the influence of biotic processes such
as dispersal and gap disturbance as mentioned above.

The results obtained in this study support the third hypothesis that dispersal
limitation exerts stronger effects on non-pioneer saplings than pioneer ones in the
Lienhuachih FDP. This can been explained by the fact that non-pioneer species dispersed
their seeds over relatively shorter distances, and thus showed a stronger dispersal
limitation than pioneer species with long-distance dispersal capacity. Pioneer seedlings
were mostly clumped at locations with intermediate to high light availability or in recently
disturbed sites, and usually occurred at some distance away from conspecific adult trees.
This may have decreased the relative proportion of variation explained by the mature tree
eigenfunction (Fig. 5.1). On the other hand, seedlings of non-pioneer species often showed
a strong clumping around adult trees, and explained much more of the variation in mature
tree space. Results from temperate and tropical forests (van Ulft 2004; Flinn et al. 2010)
also suggested that dispersal limitation showed stronger effects on short-distance dispersal

species than on long-distance dispersal species.
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Topography associated with other environmental variables, such as drainage
regimes and soil properties have been regarded as the most important abiotic factors
causing variation in the composition and structure of tropical forests on a local scale
(Ratter 1980; Bourgeron 1983; Foster 1988; Adamolj &88l0; Oliveira-Filho et all990,
Johnston 1992; Enoki et al. 1997). In this study, the results of CCA showed that the first
axis represented mainly a topographic and edaphic gradient. Canonical correlation
analysis indicated a significant overall relationship between topographic and edaphic
variables (R= 0.909, p<0.001). Gradients of increasing pH, extractable Mn, Ca, Mg, Cu
and Zn and decreasing C/N ratio, N, C and Fe have been shown to be associated with a
microtopographic gradient from higher slopes and ridges to lower sites. This pattern may
reflect an underlying gradient of soil moisture. It also points to the importance of slope
processes which lead to a gradual removal of dissolved inorganic nutrients from upper
slopes and the accumulation of these materials near the streamsides. As a result, upslope
soils were poorer in mineral nutrients and coarser-textured than were streamside soils.

One of the the major differences in soil properties between communities of pioneer
and non-pioneer saplings was C/N ratio. The C/N ratio indicated the rate of decomposition
(Fisher and Binkley 2000) and the quality of the organic matter in the soils (Cot¢ et al
2000). There is considerable evidence that topsoil C/N ratio was significantly affected by
forest types and species composition (Cété et al. 2000; Zhong and Makeschin 2004;
Vesterdal et al. 2008; Gairola et al. 2012). Many studies have also documented the
concomitant change of soil C/N ratio in primary and secondary chronosequences
(Vitousek et al. 1989, Aravena et al. 2002, Sariyildiz et al. 2005, Dolle and Schmidt 2009),
however, few researches have been examined for the broad-leaved forests along the
successional sequence (Kamijo et al. 2002; Yan et al. 2009). In this study, the C/N ratios

of non-pioneer soils were markedly higher than the pioneer soils. This might be attributed
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to the more recalcitrant (high C/N ratio) litter and a relatively low soil moisture in upslope
soils. Alternatively, the fast-growing pioneer forests near streamsides had a vulnerable
(low C/N ratio) litter and moistened soils. My result was consistent with other
observations that soil C/N ratio increased with successional age, as a result of increasing
input of partly recalcitrant organic matter with high C/N ratio (Berendse 1990; Kamijo et
al. 2002; Dolle and Schmidt 2009). On the contrary, some evidences showed a lower C/N
ratio of soils in later successional forests than in the earlier successional stages (Aravena
et al. 2002; Yan et al. 2009). This is likely to be caused by the contribution of greater
amounts of lower C/N ratio litterfall from few dominant species of later successional
stages.

It has often been pointed out the role of gaps in maintaining pioneer species
diversity in the forests (Ricklefs 1977; Densld®87; Brandani et al. 1988), and the
empirical evidences also supported this paradigm (Schnitzer and Carson 2001). In this
study, the second CCA axis represented a continuum of gap-phase regeneration, from
more recently disturbed or open areas (logging road and gap 2007) in the upper portion of
Fig. 5.2. to areas of later regeneration stages in the lower portion of CCA ordination. In
Lienhauchih plot, landslides and treefall gaps frequently occurr on concave slopes and
along streamsides, and the individuals of pioneer species siMblastroma candidum
Trema cannabina, Litsea cubeba, Tetradium glabrifolietn. were abundant in those sites.

The results of variation partitioning showed that the most recently created gap 2007 was
the strongest predictor explaining variation in sapling composition, followed by the gap
2002. However, gap 1998 created longer than 14 years were quite closed and not suitable
for using as predictor for the pioneer 1-2 cm dbh saplings. For non-pioneer saplings, gap
2007 and gap 1998 also had been selected as significant predictors, even though the

contributions were weak. This is probably because the non-pioneer species included both
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intermediate species and shade-tolerant species. When disturbance formed, light increased,
that also benefited the growth of saplings and promoted the diversity for the non-pioneer
group (Yamamoto 2000).

Although there was no significant difference in extractable P between pioneer and
non-pioneer groups, comparisons done separately for soil P between gap quadrats of
varying ages and non-gap quadrats showed that significance levels (Mann-Whitney
U-tests ) decreased with gap ages, from p=0.0003 (mean=18.437 vs 15.839) for gap 2007,
through p=0.0465 (mean=17.670 vs 15.965) for gap 2002, to p=0.8949 (mean=16.534 vs
16.208) for gap 1997. Higher soil P content in gaps is most likely due to the release of P
from decomposing organic debris generated by gap disturbances, with some then sorbed
into geochemical soil pools (Scatena et al. 1996). The decreasing amount of P content in
non-gap soils might indicate accumulation of P in the living plant biomass (Délle and
Schmidt 2009).

H. formosana assigned to the non-pioneer group was misclassified by TWINSPAN
as pioneer groupH. formosana is a sub-canopy dominant specie in forest in Taiwan,
which prefer lower slope and moisture habitat (Su et al. 2010). Becausedsfide
disturbance frequently occurred on concave atdawer slopewhere was also the habitdt
formosana dormant. This is the reason whil. formosanawas misclassified by
TWINSPAN as pioneer group

Overall, | observed that environment control was the main process that regulates the
spatial distribution of species diversity both for pioneer and non-pioneer saplings.
Disturbance effects contributed to fine-scale spatial variations for pioneer saplings,
whereas topographic and soil effects contributed to broad scale spatial variations for
non-pioneer saplings. At the same time, dispersal limitation was also an important process

influencing the spatial distribution of spec ies diversity for both functional saplings,
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especially for the non-pioneer saplings. The results also emphasize the role of disturbance
process in the maintenance of pioneer species composition which simultaneously
structured plant diversity. Although species distributions were significantly correlated with

topography, soil and disturbance, my results showed that both topographic factors and
plant species could also exert strong control over soil chemical and physical properties,

and thus influenced vegetation-soil patterning.
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a) Venn diagrams b) All saplings

Environment Mature trees space

( Topography, Seil, Disturbance)

Dispersal
limitation

Sapling trees space

Residuals = [h] Residuals = 0.390

c) Pioneer saplings d) Non-pioneer saplings

Residuals = 0.588 Residuals = 0.395

Fig. 5.1. Variation partitioning results. The four figure panels show Venn diagrams
representing the partitioning of the variation of b) All saplings, c¢) Pioneer saplings and d)
Non-pioneer saplings. Among three sets of explanatory variables: environment variables
(upper left circle), mature trees PCNM eigenfunctions (upper right circle) and sapling
trees PCNM eigenfunctions (down circle). Each box represents 100% of the variation in
the corresponding response variable. The reported fractions are adjstedig®ics. a),

The figure panels show Venn diagrams.[a] pure environment (include pure topography,
pure soil and pure disturbance) [b] pure mature trees space, [c] pure sapling trees space, [d]
non-sapling structured mature and environment faction, [e] non-environment structured
mature and sapling tree space fraction, [f] non mature tree structured space and
environment faction, [g] spatially structured environment, mature tree space, and sapling
tree space, and [p] residuals. The permutation test was done to test significance of pure
environment, pure space and pure mature trees factions. ** significant (p<0.001); *
significant (p<0.005).
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Fig. 5.2. Ordination diagrams of 374 quadrats (a) and 35 species (b) based on Canonical
Correspondence Analysis with respect to 16 soil and 5 topographic variables represented
by the arrows and 4 disturbance regimes shown by their centroids. Species are identified
by their abbreviated names (the first four letters of the genus combined with the first four
letters of the speciegirdisia quinquegonaCallicarpa formosanaCallicarpa kochiana,
Cinnamomum subaveniuntClerodendrum cyrtophyllumClerodendrum trichotomum
Cryptocarya chinensjsCyclobalanopsis pachylomd)iospyros morrisiana,Euonymus
laxiflorus, Glochidion acuminatum Gordonia axillaris Helicia formosana, Helicia
rengetiensis Litsea acuminata, Litsea cubeba, Mallotus paniculatus Mallotus
philippensis Melastroma candidumNeolitsea aciculateOrmosia formosanaPasania
nantoensis Podocarpus nakaji Psychotria rubra, Randia cochinchinensisRhus
succedanea,Sapindus mukorossiiSapium discolgr Schefflera octophylla,Schima
superba, Syzygium buxifolium Tetradium glabrifolium Trema cannabina, Trema
orientalis and Tricalysia dubia. TWINSPAN classification groups are indicated by
different symbols: pioneer species or quadrats (solid circle) and non-pioneer quadrats or

species (open circle).
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Table 5.1. Accumulated adjusted’®f PCNM eigenfunctions (accumulated number) and
significantly correlated environmental variables in different sub models of community
composition for all saplings (AS), pioneer saplings (PS) and non-pioneer saplings (NPS).

Four sub models were divided: very broad-scaled: 1-20 PCNM eigenfunctions;

broad-scaled:

21-50 PCNM

eigenfunctions;

medium-scaled:

eigenfunctions; fine-scaled: 101-324 PCNM eigenfunctions.

51-100 PCNM

Very broad-scaled Broad -scaled Medium-scaled Fine-scaled Total
0.198 (18) 0.165 (22) 0.108 (25) 0.006 (32) 0.554 (97)
elevation, ridge elevation, pH, slope, clay, -
distance, silt, water, C/N water, C/N ratio,
AS  sand, clay, water, ratio, P, Ca, Ca, Cu, Zn, Mn,
C/N ratio, P, Ca, Fe, Zn, Mn, gap1998
Mn, Mg, K, Mg, K
gapl998, gap
2007
0.110 (13) 0.060 (14) 0.068 (16) 0.106 (50) 0.361 (77)
elevation, sand, elevation, elevation, silt, gap 2002, gap
ps clay, water, P, Ca, ridge distance, sand, clay, water,2007
Fe, Mn, K, gap silt, sand, C/N ratio, Ca,
2007 water, C, P, Zn, Mn, K,
Cu, Fe, Mn,
K, gap1998
0.202 (18) 0.169 (22) 0.111 (26) 0.005 (50) 0.557 (90)
elevation, ridge elevation, slope, stream -
distance, silt, water, C/N distance, silt,
NPS sand, clay, water, ratio, P, Ca,  sand, clay, water,
C/N ratio, C, P, Fe, Zn, Mn, K C/N ratio, Ca,
Ca, Mn, Mg, K, Cu, Fe, Zn, Mg,
gapl998, gap K, gap1998
2007
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Table 5.2. Variation partitioning results of environment (topography, disturbance, soll

chemistry, soil texture and water content) variables for species composition of all saplings

(AS), pioneer saplings (PS) and non-pioneer saplings (NPS). No.: the number of

environment variables selected by forward selectiori., Rdjusted R Acc R%,

accumulated adjustedfR

No. Topography 2 No. All Soil 2 Soil texture 2 Disturbance 2
Ra Soil chemistry Ra and water a Ra
[Acc Ri] [Acc Ri] [Acc Ri] [Acc Ri]
AS 8 convexity3 0.100 26 C/N ratio30.142 slit 0.016 gap 1998 0.010
ridge 0.042 pH2 0.021 water 0.028 gap 2007 0.008
distance
[0.191] 0.340 [0.271] [0.069] [0.018]
PS 5 slope 0.012 12 Mg3 0.046 water3 0.018 3 gap 2007 0.041
convexity 0.010 P2 0.039 sand3 0.008 gap 2002 0.015
[0.041] 0.161 [0.132] [0.030] [0.064]
NPS 8 convexity3 0.104 26 C/N ratio3 0.147 water 0.029 gap 1998 0.011
ridge 0.043 pH2 0.022 slit 0.017 gap 2007 0.007
distance
[0.196] 0.347 [0.277] [0.071] [0.018]
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CHAPTER 6

SUMMARY AND CONCLUSIONS
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The Lienhuachih FDP is dominated by Fagaceae and Lauraceae and which is
characteristic of theMachilus-Castanopsidorest zone of Taiwan. The size-class
structure of trees showed most tree species had plenty saplings, which displayed good
recruitment in the forest. Fisher’s alpha diversity of the Lienhuachih FDP was the
highest among low-elevation FDPs in Taiwan, but lower than which of other FDPs in
tropical plots. It indicates that the subtropical forests maintain the diversity as high as
tropical ones especially in those with the good recruitment.

On the other hand, the Lienhuachih forest could be divided to four types, these
are Pasania nantoensis - Randia cochinchinernge locates on the ridge and the
highest elevation was with the highest stem dendifigllotus paniculatus -
Engelhardtia roxburghiana type locates on the upper slope was with the middle stem
density and basal areBjospyros morrisiana - Cryptocarya chinensype locates on
the lower slope and stream side was with lower stem densitylackilus japonica var.
kusanoi - Helicia formosana type locates on west stream side was with the lowest stem
density and basal area. All four plant communities and species composition varied
across micro-topographic gradients. Why the Fagaceae-Lauraceae subtropical forest
contained not few unique donminant species implies that Lienhuachih forest may carry
on very complicated or mixed ecological processes to result in high diversity.

This may result from both niche process and dispersal process work together to
assemble the Lienhuachih tree communities. When comparing above two processes
affect community assembly, if only topography is included, dispersal-based processes
prevail. But if including soil variables along with topography variables into variation
partitioning, the result reverses. Furthermore, including disturbance variables with
topography and soil variables, niche-based processes still prevail for both pioneer and

non-pioneer saplings. However, dispersal limitation was also an important process
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influencing the spatial distribution of species diversity for both functional saplings,
especially for the non-pioneer saplings.

My study also demonstrated that topography affected distribution of non-pioneer
saplings, whereas disturbance affected distribution of pioneer saplings. Although soil is
an important factor to explain distribution of both pioneer and non-pioneer saplings, it
is also evident that plant species, geomorphic processes, and disturbance have different
effects on the physical and chemical properties of soils. Soil and disturbance effects
contributed to meso- and fine-scale spatial variations for distribution of species,
whereas topographic effects contributed to broad-scale spatial variations for
distribution of species. To conclude, in a rough terrain and highly disturbance area,
niche-based process is the main ecological process to maintain the coexistence and
diversity, and which also affect vegetation classification in the Lienhuachih subtropical
forest.

Above conclusions, | demonstrate niche-based process is the main ecological
process that regulates the coexistence and diversity of all tree community and different
functional saplings, which are both community level. Further studies may focus each
species level, especially on distribution of congeneric species in the plot. Because
sympatric distributions of congeneric species are remarkable features which also cause
high diversity in the tropical forest (Richards 1952, Ashton 1969, Whitmore 1984,
Schulman et al. 2004, Sedio et al. 2012). Congeneric status as descendants of a common
ancestor, are more likely to be similar in many phenotypic and ecological traits and,
which means they prefer similar habitat (Ackerly and Donoghue 1998; Mooney et al,
2008). What makes them coexist is the interesting study that | would like to do in the
future.

On the other hand, since 1990, the Taiwanese government has prohibited logging,
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timber self-sufficiency ratio gradualljecreased, only 0.022%, and others 99.78%
dependent on imports. Recent years, the aim of forestry department is not only try to
increase timber self-sufficiency ratio but also maintain forest diversity. Based on my
research, | suggest some native pioneer species are very good choices for plantation
species, like flema orientalis, Gordonia axillaris, Litsea cubeba, &apium discolor

etc. Because those species growth fast, adapt to bad environment, and usually have short
rotation. With the suitable management way, | believe those pioneer trees which |

mention above are also good for timber or other uses.

99



LITERATURE CITED

Ackerly DD, Donoghue, MJ (1998) Leaf size, sapling allometry, and Corner’s rules:
phylogeny and correlated evolution in maples (Acer). American Naturalist 152,
767-791.

Adamoli J, Sennhauser E, Acero JM, Rescia A (1990) Stress and disturbance: vegetation
dynamics in the dry Chaco region of Argentina. J. Biogeogr. 17: 491-500.

Allison D, Art W, Cunningham E, Teed R (2003) Forty-two years of succession
following strip clearcut in a northern hardwoods forest in northwestern
Massachusetts. For Ecol Manag 182:285-301.

Aravena JC, Carmona M, Pérez CC, Armesto JJ (2002) Changes in tree species richness,
stand structure and soil properties in a successional chronosequence of forest
fragments in northern Chiloé Island, Chile. Revista Chilena de Historia Natural
75: 339-360.

Ashton P S (1969) Speciation among tropical forest trees: some deductions in the
recent evidence. Biological Journal of the Linnean Society 1: 155-196.

Baldeck CA, Harms KE, Yavitt JB, John R, Turner BL, Valencia R, Navarrete H, Davies
SJ, Chuyong GB, Kenfack D, Thomas DW, Madawala S, Gunatilleke N,
Gunatilleke S, Bunyavejchewin S, Kiratiprayoon S, Yaacob A, Supardi MNM, 2.
Dalling JW (2013) Soil resources and topography shape local tree community
structure in tropicalforests. ProceedingsoftheRoyal Society B: BiologicalSciences
280: 20122532, doi: 10.1098/rspb.2012.253.

Berendse F (1990) Organic matter accumulation and nitrogen mineralization during
secondary succession in heathland ecosystems. J. Ecol. 78: 413-427.

Beatty, SW (1986) The variety of soil micro sites created by tree falls. Can. J. Forest
Res. 16: 539-548.

Binkley D, Giardina C (1998) Why do tree species affect soils? The Warp and Woof of
tree-soil interactions. Biogeochemistry 42:89-106.

Blanchet G, Legendre P, Borcard D (2008) Forward selection of explanatory variables.
Ecology 89(9):2623-2632.

Borcard D, Legendre P, Drapeau P (1992) Partialling out the spatial component of
ecological variation. Ecology 73(3):1045-1055.

Borcard D, Legendre P (2002) All-scale spatial analysis of ecological data by means of
principal coordinates of neighbour matrices. Ecological Modelling 153:51-68.

Borcard D, Gillet F, Legendre P (2011) Spatial Analysis of Ecological Data. In:
Gentleman R, Parmigiani GG, Hornik K (eds.) Numerical Ecology with R.
Springer, New York, pp 227-293.

Bourgeron PS (1983) "Spatial aspects of vegetation structure". pp7.28=-F.B. Golley
(ed.). Ecosystems of the world: tropical rain forest ecosystems 14. Elsevier,
Amsterdam.

Brandani A, Hartshorn GS, Orians GH (1988) Internal heterogeneity of gaps and species
richness in Costa Rican tropical wet forest. J Trop Ecol 4:99-119.

Brind’Amour A, Boisclair D, Legendre P, Borcard D (2005) Multiscale spatial
distribution of a littoral fish community in relation to environmental variables.
Limnol Oceanogr 50:465-479.

Chang L-W, Hwong J-H, Chiu S-T, Wang H-H, Yang K-C, Chang H-Y, Hsieh C-F
(2010) Species composition, size-class structure and diversity of the Lienhuachih
forest dynamics plot in a subtropical evergreen broad-leaved forest in central
Taiwan. Taiwan J. For Sci. 25(1):81-95.

Chang L-W, Zeleny D, Li C-F, Chiu S-T, Hsieh C.-F. (2013): Better environmental data

100



may reverse conclusions about niche- and dispersal-based processes in
community assembly. Ecology 94: 2145-2151.

Chang H-M (1996) Studies on the soil seed bank and the regeneration of tree species in
Fushan broad-leaved forest, northern Taiwan. National Taiwan University.
Taipei. [In Chinese with English abstract]

Chao W-C, Chao K-J, Song G-Z M, HsiehFG2007) Species composition and struc
of the lowland subtropical rainforest at Lanjenchi, Southern Taiwan. Taiwania
52:253-269.

Chao W-C, Song G-Z M, Chao K-J, Liao CC, Fan SW, Wu SH, Hsieh HASlin, Kuc
Y-L, Hsieh C-F (2010) Lowland rainforests in Taiwan and Lanyu at the northern
border of Paleotropics under the influence of monsoon wind. Plant Ecol. 210:
1-17.

Chase JM, Leibold MA (2003) Ecological niches. University of Chicago Press, Chicago,
USA.

Chen M-Y, Chen C-H, Lin S-K (2003) The composition of soil seed bank and seedlings
in the earthquake landslide sites of Guandaushi forest ecosystem. Q J For Res
25(2):97-108.

Chen M-Y, Chou W-C, Tsai J-L (2000) Studies on the gap regeneration at Guandaushi
forest ecosystem. Q J For Res 22(1):23-32.

Chen M-C, Ho H-C (2001) The effect of precipitation on the variation of soil water
potential of slopes in Fushan Experimental Forest. Q. J. Chin. For. 34(1):49-61.
[in Chinese with English abstrcat]

Chust G, Chave J, Condit R, Aguilar S, Lao S, Perez R (2006) Determinants and spatial
modeling of tree diversity in a tropical forest landscape in Panama. J Veg Sci
17:83-92.

Chytry M, Tichy L (2003) Diagnostic, constant and dominant species of vegetation
classes and alliances of the Czech Republic: a statistical revision. Folia Fac Sci
Nat Univ Masaryk Brun Biol 108:1-231.

Comita LS, Condit R, Hubbell SP (2007) Developmental changes in habitat associations
of tropical trees. J Ecol 95:482-492.

Condit R (1995) Research in large, long-term tropical fqukds. Trends in Ecology ar
Evolution 10:18 -22.

Condit R (1998) Tropical forest census plots: methods and results from Barro Colorado
Island, Panama and a comparison with other plots. Springer, New York, 220 pp.

Condit R, Hubbell SP, Lafrankie JV, Sukumar R, Manokaran N, Foster RBF, Ashton PS
(1996) Species area and species-individual relationships for tropical trees: a
comparison of three 50-ha plots. J Ecol 84:549-62.

Condit R, Sukumar R, Hubbell S P, Foster R B (1998) Predicting population trends from
size distributions: a direct test in a tropical tree community. American Naturalist
152: 495 -5009.

Condit R, Hubbell SP, Foster RB (1999prtality rates of 205 neotropical tree and
shrub species and the impact of a severe dro&giol Monogr65:419-439.

Coté L, Brown S, Paré D, Fyles J, Bauhus J (2000) Dynamics of carbon and nitrogen
mineralization in relation to stand type stand age and soil texture in the boreal
mixedwood. Soil Biol Biochem 32:1079-1090.

Cottenie K. (2005) Integrating environmental and spatial processes in ecological
community dynamics. Ecology Letters 8:1175-1182.

Cressie NAC (1991) Statistics for Spatial Data. Revised Edition, Wiley, New York. 990
pp.

Dalling JW, Muller-Landau HC, Wright SJ, Hubbell SP (2002) Role of dispersal in the

101



recruitment limitation of Neotropical pioneer species. J Ecol 90:714-727.

Dalling JW, Swaine MD, Garwood NC (1998) Dispersal patterns and seed bank
dynamics of pioneer trees in moist tropical forest. Ecology 79:564-578.

De Caceres M, Legendre P, Valencia R, Cao M, Chawg Chuyong G, Condit R, He
Z, Hsieh C-F, Hubbell S, Kenfack D, Ma K, Mi X, Noor NS, Kassim AR, Ren H,
Su S-H, Sun I-F, Thomas D, Ye W, He F (2012) The variation of tree beta
diversity across a global network of forest plots. Global Ecology and
Biogeography, 21:1191-1202.

Denslow JS (1987) Tropical rainforest gaps and tree species diversity. Annu Rev Ecol
Syst 18:431-451.

Delissio LJ, Primack RB, Hall P, Lee HS (2002) A decade of canopytree seedling
survival and growth in two Bornean rain forests: persistence and recovery from
suppression. J. Trop. Ecol., 18, 64658.

Diniz-Filho JAF, Siqueira T, Padial AA, Rangel TF, Landeiro VL, Bini LM (2012)
Spatial autocorrelation analysis allows disentangling the balance between neutral
and niche processes in metacommunities. Oikos 121:201-210.

Dolle M, Schmidt W (2009) Impact of tree species on nutrient and light availability:
evidence from a permanent plot study of old-field succession. Plant Ecology 203:
273-287.

Dray SP, Legendre P, Peres-Neto PR (2006) Spatial modelling: a comprehensive
framework for principal coordinate analysis of neighbour matrices (PCNM). Ecol
Model 196:483-493.

Dray S, R Pélissier, Couteron P, Fortin M-J, Legendre P, Peres-Neto PR, Bellier E,
Bivand R, Blanchet FG, Caceres MDe, Dufour A-B, Heegaard E, Jombart T,
Munoz F, Oksanen J, Thioulouse J, Wagner HH. (2012) Community ecology in
the age of multivariate multiscale spatial analysis. Ecological Monographs
82:257-275.

Editorial Committee of the Flora of Taiwan (1993-2003) Flora of Taiwagdition,

Vol. 1-6. Taipei.

Enoki T, Kawaaguch H, Iwatsubo G. (1997) Nutrient-uptake and nutrient-use efficiency
of Pinus thunbergii Parl. along a topographical gradient of soil nutrient
availability. Ecol Res 12:191-199.

Enoki T (2003) Microtopography and distribution of canopy trees in a subtropical
evergreen broad-leaved forest in the northern pa@kafawa Island, Japan. Ec
Res. 18: 103-113.

Fan S-W, Chao W-C, Hsieh C-F (2005) Woody floristic composition, size class
distribution and spatial pattern of a subtropical lowland rainforest at Nanjen
southernmost Taiwan. Taiwania 50:307-26.

Fan S-W, Hsieh C-F (2010) Spatial Autocorrelation Patterns of Understory Plant Species
in a Subtropical Rainforest at Lanjenchi, Southern Taiwan. Taiwania 55:160-171.

Finzi AC, Canham CD, Breemen N Van (1998) Canopy tree-soil interactions within
temperate forests: species effects on pH and cations. Ecological
Applications8:447-454.

Fisher RA, Corbet AS, Williams CB (1943) The relation between the number of species
and the number of individuals in a random sample of an animal population. J
Anim Ecol 12:42-58.

Fisher RF, Binkley D (2000) Ecology and management of forest soils, 3rd edn. Wiley,
New York.

Flinn KM, Gouhier TC, Lechowicz MJ, Waterway MJ (2010) The role of dispersal in
shaping plant community composition of wetlands within an old-growth forest. J

102



Eco 98: 1292-1299.

Foster JR (1988) Disturbance history, community organization and vegetation dynamics
of old-growth Pisgah Forest, southwestern New Hampshire, U.S.A. J. Ecol. 76:
105-134.

Gairola S, Sharma CM, Ghildiyal SK Suyal S (2012) Chemical properties of soils in
relation to forest composition in moist temperate valley slopes of Garhwal
Himalaya, India. The Environmentalist. 32 (4): 512-523.

Gardner WH (1986) Water content. In: Klute A (ed) Methods of soil analysis, Part 1.
2nd. Agron. Monogr. 9. ASA and SSSA, Madison, WI. pp 493-544.

Gee GW, Bauder JW (1986) Particle-size analysis: core method. Pagd4 B83
A.Klute, editor. Methods of soil analysis. Part 1. 2nd ed. Agron. Monogr. 9. ASA
and SSSA, Madison, Wisconsin, USA.

Gilbert B, Bennett JR (2010) Partitioning variation in ecological communities: do the
numbers add up? Journal of Applied Ecology 47:1071-1082.

Gilbert B, Lechowicz MJ (2004) Neutrality, niches, and dispersal in a temperate forest
understory. Proceedings of the National Academy of Sciences 101:7654-7656.

Gunatilleke CVS, Gunatilleke IAUN, Esufali S, Harms KE, Ashton PMS, Burslem
DFRP, Ashton PS (2006) Species-habitat associations in a Sri Lankan dipterocarp
forest. J Trop Ecol 22:371-384.

Hack JT, Goodlet JC (1960) Geomorphology and forest ecology of a mountain region in
the central Appalachians. United States Geological Survey Professional Paper
No. 347, 66 pp. US Government Printing Office, Washington DC.

Hara M, Hirata K, Oono K (1996a) Relationship between micro-landform and vegetation
structure in an evergreen broad-leaved forest on Okinawa Island, S-W. Japan.
Natural History Research 27-35.

Hara M, Hirata K, Fujihara M, Oono K (1996b) Vegetation structure in relation to
micro-landform in an evergreen broad-leaved forest on Amami Ohshima Island,
southwest Japan. Ecol. Res. 11: 325-337.

Harmon, ME, Franklin JF (1989) Tree seedlings on logs in Picea—Tsuga forests of
Oregon and Washington. Ecology 70: 48-59.

Harms KE, Wright SJ, Calderon O, Hernandez A, Herre EA (2000) Pervasive
density-dependent recruitment enhances seedling diversity in a tropical forest.
Nature 404:493—-495.

Harms KE, Condit R, Hubbell SP, Foster RB (2001) Habitat associations of trees and
shrubs in a 50-ha neotropical forest plot. Journal of Ecology 89:947-959.

Harper JL (1957) Biological Flora of the British Isles: Ranunculus acyiRanunculus
repensL. and Ranunculus bulbosusJ. Ecol. 45, 289-342.

Harper JL (1958) Famous plants-8, The buttercup. New Biology (Ed. By M. L. Johnson,
M. Abercrombie & G. E. Fogg) Vol. 26, pp. 30-46. Penguin, Harmondsworth.

Harper JL, Sagar GR (1953) Some aspects of the ecology of buttercups in permanent
grassland. Proc®Br. Weed Control Conf., pp. 256-64.

He F, Legendre P (2002) Species diversity patterns derived from spaces models.
Ecology 83:1185 -1198.

Helmke PA, Sparks DL (1996) Exchangeable Potassium. In: Sparks DL, Page AL,
Helmke PA, Loeppert RH (eds.) Methods of Soil Analysis, Part 3: Chemical
Methods, No. 5 in Soil Science Society of American Book Series. Soil Sci. Soc.
Am., Madison, WI, pp. 531-561.

Henbo Y, Itaya A, Nishimura N, Yamamoto Sl (2004) Long-term canopy dynamics in a
large area of temperate old-growth beech (Fagus crenata) forest: analysis by

aerial photographs and digital elevation models. J Ecol 92:945-953.
103



Hsieh C-F, Chao W-C, Liao C-C, Yang KC, Hsieh T-H (1997) Floristic composition of
the evergreen broad-leaved forests of Taiwan. Nat. Hist. Res. Special issue no.
4:1-16.

Hill MO (1979) TWINSPAN—A FORTRAN program for arranging multivariate data in
an ordered two-way data in an ordered two-way table by classification of the
individuals and attributes. Cornell University, Ithaca, New York.

Hill MO, Gauch HG (1980) Detrended correspondence analysis—An improved
ordination technique. Vegetatio 42:47-58.

Hirobe M, Tokuchi N, lwatsubo G (1998) Spatial variability of soil nitrogen
transformation patterns along a forest slope @rgptomeria japonica D. Don
plantation. Eur. J. Soil Biol. 34: 123-131.

Holm S (1979) A simple sequentially rejective multiple test procedure. Scandinavian
Journal of Statistics 6:65-70.

Hough AF (1932) Some diameter distributions in forest stands of northwestern
Pennsylvania. J For 30:933-43.

Hubbell SP, Foster RB, O’Brien ST, Harms KE, Condit R, Weschler B, Wright SJ, Loo
de Lao S (1999) Light-gap disturbances, recruitment limitation, and tree diversity
in a Neotropical forest. Science 283:554-557.

Hubbell SP, Foster RB (1983) Diversity of canopy trees in a neotropical forest and
implications for conservation. In: Sutton SL, Whitmore TC, Chadwick AC,
editors. Tropical rain forest: ecology and management. Oxford, UK: Blackwell
Scientific Publications. p 25-41.

Hubbell SP, Foster RB (1986) Commonness and rarity in a neotropiacl forest:
implications for tropical tree conservation. In: Soule M. editor Conservation
Biology: Science of Scarcity and Diversity. Sinauer Press, Sunderland, UK, p
205-31.

Hubbell SP (2001) The unified neutral theory of biodiversity and biogeography.
Princeton University Press, Princeton, New Jersey, USA.

Hurlbert SH (1971) The nonconcept of species diversity: a critique and alternative
parameters. Ecology 52:577-86.

Hwong J-L, Liaw S-C, Chen M-C, King H-B, Lu S-Y (2002) Review and analysis of
forest hydrological researches in the Lienhuachi Experimental Forest. J Exp Nat
Taiwan Univ 16(2):95-114. [in Chinese with English summary]

Ishizaki N, OKitsu S (1988) Effects of soil erosion to forest structure in valley heads of
hilly land: a study in the Kasumi-Kita Hills. Pedologd&:127-137. [in Japanese
with English abstract]

Jones MM, Tuomisto H, Borcard D, Legendre P, Clark DB, Olivas PC (2008)
Explaining variation in tropical plant community composition: influence of
environmental and spatial data quality. Oecologia 155:593-604.

Johnston MH (1992) Soil-vegeation realationship in a tabonuco forest community in the
Luquillo Mountains of Puerto Rico J. Trop. Ecol. 8:253-263.

Kamijo T, Kitayama K, Sugawara A, Urushimichi S, Sasai K (2002) Primary succession
of the warm-temperate broad-leaved forest on a volcanic island, Miyake-jima
Island, Japan. Folia Geobotanica, 37: 71-91.

Kikuchi T (1981) Valley-head area vegetation in the subalpine coniferous forest zone in
the Hakkoda Mountains. In: Ecological Studies on Abies mariesii Forest (ed. S.
lizumi) pp. 91-98. The Mount Hakkoda Botanical Laboratory, Tohoku
University, Sendai. [in Japanese with English abstract]

Kikuchi T, Miura O (1991) Differentiation in vegetation related to miscate landform
with special reference to the lower sideslope. Ecol. Rev. 22: 61-70.

104



Kikuchi T, Miura O (1993) Vegetation patterns in relation to micro-scale landforms in
hilly land regions. Vegetatio 106: 147-154.

Kilgore BM, Taylor D (1979) Fire history of a Sequoia-mixed conifer forest. Ecology
60: 129-142.

King H-B (1986) The classification of two forest soils in Lien-Hua-Chih experimental
watershed: an attempt to use USDA comprehensive system of soll classification.
Bull Taiwan For Res Inst New Ser 1(2):155-76. [in Chinese with English
summary]

Kira T (1991) Forest ecosystems of east and Southeast Asia in global perspective. Ecol
Res 6:185-200.

Kuo Y-L, Chen H-L, Yeh C-L (2011) Photosynthetic capacity and light environment of
natural regenerated seedlings of broadleaf tree species in Taiwan. Collection of
the theses of Forest resources conservation and use conference. Forest research
Institute, Taipei, pp. 91-100.

Laliberté E, Paquette A, Legendre P, Bouchard A (2009) Assessing the scale-specific
importance of niches and other spatial processes on beta diversity: a case study
from a temperate forest. Oecologia 159:377-388.

Lee M-F (2006) Changes in the vegetation cover in relation to the 1996 strong Typhoon
Herb at the Lienhuachi Experimental Forest in central Taiwan. M.S Thesis.
National Changhua Univ of Education. Changhua, Taiwan. 103pp. [in Chinese
with English abstract]

Lee M-F, Lin T-C, Vadeboncoeur M, Hwond_.J2008) Changes in the vegetation cc
in relation to the 1996 strong Typhoon Herb at the Lienhuachi Experimental
Forest in central Taiwan. For Ecol Manage 255(8-9):3297-306.

Legendre P, Gallagher ED (2001) Ecologically meaningful transformations for
ordination of species data. Oecologia 129:271-280.

Legendre P, Legendre L (2012) Numerical Ecology. Third English edition. Elsevier
Science B.V., Amsterdam, The Netherlands.

Legendre P, Borcard D, Peres-Neto P (2005) Analyzing beta diversity: partitioning the
spatial variation of community composition data. Ecological Monographs
75:435-4509.

Legendre P, Mi X, Ren H, Ma K, Yu M, Sun I-F, He F (2009) Partitioning beta diversity
in a subtropical broadleaved forest of China. Ecology 90:663—-674.

Lin GJ, Stralberg D, Gong Gq, Huang ZL, Ye WH, Wu LF (2013) Separating the effects
of environment and space on tree species distribution: From population to
community. PLoS ONE 8(2): e56171. doi:10.1371/journal.pone.0056171.

Lin Y-C, Chang L-W, Yang K-C, Wang H-H, Sun I-F (2011) Point patterns of tree
distribution determined by habitat. Oecologia 165:175-184.

Lin H-Y, Yang K-C, Hsieh T-H, Hsieh C-F (2005) Species composition and structure of
a montane rainforest of Mt. Lopei in northern Taiwan. Taiwania 50:234-249.

Losos EC, Leigh EG Jr (2004) Tropical forest diversity and dynamism: findings from a
large-scale plot network. Chicago, IL: Univ of Chicago Press. 645 pp.

Lu S-Y, Hwang L-S, Huang H-H (2008) Complication of meteorological records for the
Lienhuachih station 1997-2007. Taipei, Taiwan: Taiwan Forestry Research
Institute. 166 pp. [in Chinese with English summary].

Lu S-Y, Sun C-C, Tseng Y-H (2001) The legend of Lienhuachuh. Nat Conserv Q
35:28-42. [in Chinese].

Lu S-Y, Hwang L-S, Huang H-H (2010) Complication of meteorological records for the
LiKuei station (1955-2009) and records for all stations of TFRI in 2009. Taiwan
Forestry Research Institute, Taipei, Taiwan. 262 pp. [in Chinese with English

105



abstract]

Manabe T, Nishimura N, Miura M, Yamamoto S (2000) Population structure and spatial
patterns for trees in a temperate old-growth evergreen broad-leaved forest in
Japan. Plant Ecol 151:181-97.

Masaki T, Suzuki W, Nilyama K, lida S, Tanaka H, Nakashizuka T (1992) Community
structure of a species-rich temperate forest, Ogawa forest reserve, central Japan.
Vegetatio 98:97-111.

McCarthy BC, Hammer CA, Kauffman GL, Cantino PD (1987) Vegetation patterns and
structure of an old-growth forest in southeastern Ohio. Bull Torr Bot Club
114:33-45.

McCune B, Mefford MJ (2006). PC-ORD. Multivariate Analysis of Ecological Data
(Version 5). MjM Software Design, Oregon, USA.

McCune B, Mefford M J (1999) PC-ORD. Multivariate Analysis of Ecological Data,
Version 4. MjM Software Design, Gleneden Beach, OR, USA. 237pp.

McLaren KP, McDonald MA, Hall JB, Healey JR (2005) Predicting species response to
disturbance from size class distributions of adults and saplings in a Jamaican
tropical dry forest. Plant Ecol 181:69-84.

McLean EO (1982) Soil pH and lime requirement. In: Page AL et al (eds) Methods of
soil analysis, Part 2. Chemical and microbioloigical properties. 2nd. Agron.
Monogr. 9. ASA amd SSSA, Madison, WI, pp. 199-224.

Miura O, Kikuchi T (1978) Preliminary investigation on vegetation and micro-landforms
at valley head in the hills. In: Papers on Plant Ecology to the Memory of Dr
Kuniji Yoshioka(ed. The Society for Publishing Papers on Plant Ecology to the
Memory of Dr Kuniji Yoshiko) pp. 466-477. Tohoku Conversazione on Plant
Ecology, Sendai. [in Japanese with English abstract]

Mooney KA, Jones P, Agrawal AA (2008) Coexisting congeners: demography,
competition, and interactions with cardenolides for two milkwieedling aphids
Oikos 117, 450-458.

Nakashizuka T (1989) Role of uprooting in composition and dynamics of an old-growth
forest in Japan. Ecology 70: 1273-1278.

Nelson AJ, LE Sommers (1982) Total carbon, organic carbon and organic matter. pp.
539-579. In: Methods of Soil Analysis. Part 2. 2nd. ed. AL Page, RH Miller, DT
Keeney (eds.), SSSA and ASA Press, Madison, WI, USA.

Noguchi Y (1992) Vegetation asymmetry in Hawaii under the trade-wind regime. J.Veg.
Sci. 3(2):223-30.

Nufiez-Farfan J, Dirzo R (1988) Within-gap spatial heterogeneity and seedling
performance in a Mexican tropical forest. Oikos 51: 274-284.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’'Hara RB, Simpson GL,
Solymos P, Stevens MHH, Wagner H (2012) vegan: community ecology package
R package version 2.0-3. http://cran.r-project.org/i.

Oliveira-Filho AT, Ratter JA, Shepherd GJ (1990) Floristic composition and community
structure of a central Brazilian gallery forest. Flora, 184: 103-117.

Peres-Neto PR, Legendre P, Dray S, Borcard D (2006) Variation partitioning of species
data matrices: estimation and comparison of fractions. Ecology 87:2614-2625.

Plotkin J, Chave J, Ashton P (2002) Cluster analysis of spatial patterns in Malaysian tree
species. Am Nat 160:629-644.

Potts MD, Davies SJ, Bossert WH, Tan S, Supardi MNN (2004) Habitat heterogeneity
and niche structure of trees in two tropical rain forests. Oecologia 139(3):446 -
53.

R Development Core Team. R: A Language and Environment for Statistical Computing.

106



R Foundation for Statistical Computing, Vienna, Austria (2013) URL
http://www.R-project.org. ISBN 3-900051-07-0.

Rao CR (1964) The use and interpretation of principal component analysis in applied
research. Sankhyaa, Series A 26:329-358.

Ratter JA (1980) Notes on the vegetation of Fazenda Agua Limpa (Brasilia—DF, Brasil).
Royal Botanical Garden, Edinburgh.

Richards PW (1952) The Tropical Rain Forest.Cambridge University Press, Cambridge.

Ricklefs RE (1977) Environmental heterogeneity and plant species diversity: a
hypothesis. Am Nat 111:376-381.

Rosenzweig ML (1995) Species diversity in space and time. New York: Cambridg
Press.

Sakai A, Ohsawa M (1993) Vegetation pattern and microtopography on a landslide scar
of Mt Kiyosumi, central Japan. Ecol. Res. 8: 47- 56.

Sakai A, Ohsawa M (1994) Topographical pattern of the forest vegetation on a river
basin in a warmtemperate hilly region, central Japan. Ecol. Res. 9: 269-280.

Sariyildiz T, Anderson JM, Kucuk M (2005) Effects of tree species and topography on
soil chemistry, litter quality, and decomposition in Northeast Turkey. Soil Biol.
Biochem. 37: 1695-1706.

Sato T, Kominami Y, Saito S, Nijyama K, Manabe T, Tanouchi H, Noma N, Yamamoto
S-1(1999) An introduction to the Aya research site, a long-term ecological
research site, in a warm temperate evergreen broad-leaved forest ecosystem in
southwestern Japan: research topics and design. Bull Kitakyushu Mus Nat Hist
18:157-80.

Scatena FN, Moya S, Estrada C, Chinea JD (1996) The first five years in the
reorganization of aboveground biomass and nutrient use following Hurricane
Hugo in the Bisley Experimental Watersheds, Luquillo Experimental Forest,
Puerto Rico. Biotropica 28: 424-441.

Schulman L, Koivunen H, Ruokolainen K (2004) Spatio-ecological niche segregation of
two sympatric species afidemia (nelastomatacedenwestern amazonian
non-flooded rainforests Folia Geobotanica 39:143-160.

Schnitzer SA, Carson WP (2001) Treefall gaps and the maintenance of species diversity
in a tropical forest. Ecology 82(4):913-9109.

Seidler TG, Plotkin JB (2006) Seed dispersal and spatial pattern in tropical trees. PLoS
Biol 4:e344.

Sedio BE, Wright SJ, Dick C W (2012) Trait evolution and the coexistence of a species
swarm in the tropical forest understorey J Eco doi:
10.1111/1.1365-2745.2012.01993.x

Shimada K (1994) Topographical distribution of five pioneer tree species and
significance of their tree forms in natural forests on Mt Takao, central Japan.
Japanese Journal of Ecolog®:293-304. [in Japanese with English abstract]

Smith TW, Lundholm JT (2010) Variation partitioning as a tool to distinguish between
niche and neutral processes. Ecography 33:648-655.

Su H-J (1984) Studies on the climate and vegetation types of the natural forests in
Taiwan (11): altitudinal vegetation zones in relation to temperature gradient. Q.
Jour. Chin. For. 17(4):57-73.

Su H-J (1985) Studies on the climate and vegetation types of the natural forests in
Taiwan (111): a scheme of geographical climatic regions. Q. Jour. Chin. For.
18(3):33-44.

Su H-J (1987) Studies on the multivariate analysis in vegetation ecology lll: detrended
correspondence analys is and related ordination techniques. Q J Chin For

107



20(3):45-68. [in Chinese with English summary].

Su S-H, Chang-Yang C-H, Lu C-L, Guan B-T (2010) Micro-topographic differentiation
of tree species composition in a subtropical submontane rainforest in northeastern
Taiwan. Taiwan J. For. Sci. 25(1):63-80.

Su S-H, Chang-Yang C-H, Lu C-L, Tsui C-C, Lin T-T, Lin C-L, Chiou W-L, Kuan L-H,
Chen Z-S, Hsieh & (2007) Fushan subtropical forest dynamics plot: tree sg
characteristics and distribution patterns. Taiwan Forestry Research Institute,
Taipei. Taiwan. 272pp.

Sun I-F, Hsieh C-F, Hubbell SP (1996) The structure and species composition of a
subtropical monsoon forest in southern Taiwan on a steep wind-stress gradient.
In: Tuner IM, Diong CH, Lim SSL, Ng PKL, editors. Biodiversity and the
dynamics of ecosystems. DIWPA Series Vol. 1. Kyoto, Japan: Center of
Ecological Research, Kyoto Univ. pp. 147-69.

Tagawa H (1995) Distribution of lucidophyll oak-laurel forest formation in Asia and
other areas. Tropics 5:1-40.

Tamura T (1987) Landform-soil features of the humid temperate hills. Ped@agist
135-146. [in Japanese with English abstract]

Tanaka H, Nakashizuka T (1997) Fifteen years of canopy dynamics analyzed by aerial
photographs in a temperate deciduous forest, Japan. Ecology 78:612—620.

Tanaka N (1985) Patchy structure of a temperate mixed forest and topography in the
Chichibu mounrains, Japan. Japanese Journal of EcBmgh53-168 (in
English).

Tanouchi H, Yamamoto S (1995) Structure and regeneration of canopy species in an
old-growth evergreen broad-leaved forest in Aya district, southwestern Japan.
Vegetatio 117:51-60.

ter Braak CJF, Smilauer P (2002) CANOCO reference manual and CanoDraw for
Windows users’ guide: Software for canonical community ordination, version
4.5. Microcomputer Power, Ithaca, New York, USA.

Therneau TM, Atkinson B, Ripley B (2009) rpart: recursive portioning R package,
version 3. 1. -45. http://cran. R-project.org/.

Tubbs CH (1977) Age and structure of a northern hardwood selection forest, 1929-1976.
J. For. 75: 22-24.

Valencia R, Foster RB, Villa G, Condit R, Svenning JC, Hernandez C, Romoleroux K,
Losos E, Magard E, Balslev H (2004) Tree species distributions and local habitat
variation in the Amazon: large forest plot in eastern Ecuador. J Ecol 92:214-229.

van Nieuwstadt MGL, Sheil D (2005) Drought, fire and tree survival in a Borneo rain
forest, East Kalimantan, Indonesia. J Ecol 93:191-201.

van Ulft LH (2004) Regeneration in natural and logged tropical rain forest: modelling
seed dispersal and regeneration. Tekst. - Proefschrift Universiteit Utrecht. pp.
69-86.

Vesterdal L, Schmidt IK, Callesen I, Nilsson LO, Gundersen P (2008) Carbon and
nitrogen in forest floor and mineral soil under six common European tree species.
Forest Ecology and Management 255: 35-48.

Vitousek PM, Matson PA, Van Cleve K (1989) Nitrogen availability and nitrification
during succession: Primary, secondary, and old-field seres. Plant Soil 115:
229-239. doi:10.1007/BF02202591.

Wang H-H, Sun I-F, Chien C-T, Pan F-J, Kuo C-F, Yu M-H, Ku H-L, Wu S-H, Cheng
Y-P, Chen S-Y, Kao Y-C (2004) Tree species composition and habitat types of a
karst forest in kenting, southern Taiwan. Taiwan J For Sci 19(4):323-35.

Wang H-H, Pan F-J, Liu C-K, Yu Y-H, Hung S-F (2000) Vegetation classification and

108



ordination of a permanent plot in the Fushan Experimental Forest, northern
Taiwan. Taiwan J. For. Sci. 15: 411-428. [In Chinese, with English abstract]

Wiegand T, Gunatilleke S, Gunatilleke N (2007) Species associations in a heterogeneous
Sri Lankan dipterocarp forest. Am Nat 170:E77—-E95.

Whitmore TC (1984) Tropical Rain Forest of the Far East, 2nd edn. Clarendon Press,
Oxford.

Yan E-R, Wang X-H, Guo M, Zhong Q, Zhou W, Li Y-F (2009) Temporal patterns of
net soil N mineralization and nitrification through secondary succession in the
subtropical forests of eastern China. Plant and Soil 320(1-2): 181-194.

Yamamoto S, Nishimura N, Matsui K (1995) Natural disturbance and tree species
coexistence in an old-growth beech-dwarf bamboo forest, southwestern Japan. J
Veg Sci 6:875-86.

Yamamoto S-1 (2000) Forest gap dynamics and tree regeneration, J For Res 5: 223-229.

Yang KC, Lin J-K, Hsieh C-F, Huang C-L, Chang Y-M, Kuan L-H, Su J-F, Chiu S-T
(2008) Vegetation pattern and woody species composition of a broad-leaved
forest at the upstream basin of Nantzuhsienhsi in mid-southern Taiwan. Taiwania
53(4):325-37.

Yuan Zqg, Gazolc A, Wang XG, Lin F, Ye J, Bai XJ, Lia XJ, Li BH, Hao ZQ (2011)
Scale specific determinants of tree diversity in an old growth temperate forest in
ChinaBasic and Applied Ecology 12: 488-495.

Zak DR, Hairston A, Grigal DF (1991) Topographic influences on nitrogen cycling
within an upland pin oak ecosystem. Forest Sci. 37: 45-53.

Zhao D, Borders B, Wilson M, Rathbun SL (2006) Modeling neighborhood effects on
the growth and survival of individual trees in a natural temperate species-rich
forest Eco Model 196: 90-102.

Zhong Z, Makeschin F (2004) Comparison of soil nitrogen dynamics under beech,
Norway spruce and Scots pine in Central Germany. Europ. J. For. Res. 123:
29-37.

109



APPENDICIES

Appendix A. Comparison of environmental data for Lienhuachih forest plot with those
used by De Céceres et al. (2012).

All four topographical variables in My study (elevation, convexity, slope and aspect) are
derived from the dataset of measured elevation of grid corners, calculated in the same
way as in Legendre et al. (2009) and De Céaceres et al. (2012). Elevation, convexity and
slope are calculated according to Valencia et al. (2004). Elevation of the target cell is
calculated as a mean elevation of its four corners. Convexity is calculated as elevation of
target cell minus mean elevation of surrounding eight cells. Convexity of marginal cells
should be calculated as elevation of the cell midpoint minus the mean of the elevation of
its four corners; however, the midpoint elevation is not available (midpoint elevation
cannot equal to the elevation of the cell, which is calculated as mean elevation of four
corners, because the convexity of all marginal cells would become zero), and must be
approximated by krigging (Valencia et al. 2004). De Caceres et al. (2012) does not offer
further details about how they dealt with the problem of the marginal cells, so the reason
of the differences in convexity (Table A1) may be caused by the difference in the
krigging method used. Slope was calculated as the mean angular deviation from
horizontal of each of the four triangular planes formed by connecting three of its corners
(Harms et al. 2001). Aspect was calculated following the formula in De Caceres et al.
(2012, Appendix S2), and thiscalculated aspect was rather similar to the real aspect
measured in the field (not shown here). However, the mean and standard deviation
values for sin (aspect) and cos (aspect), respectively, which were used as easterness and
northerness, are different from those referred by De Caceres et al. (2012, Table S2 in

Appendix S1). The reason for this difference remains not clear.
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Table A. Comparison of topographical variables (their mean values and variance)
reported by De Caceres et al. (2012, Table S2 in Appendix S1) and those used in my

study.
: De Céceres et al.

This study (2012)
Year of the census 2008 2008
Number of species in the plot 144 145
Percentage of rare species 75% 75%
Number of individuals 203316 203313
Tree density (ind/f) 0.81 0.81
Elevation (m) — mean 764 764
Elevation (m) — s.d. 35.9 35.9
Convexity — mean -0.108 -0.257
Convexity — s.d. 3.83 7.54
Slope (°) — mean 334 33.4
Slope (°) — s.d. 8.53 8.69
EW aspect — mean 0.22 0.14
EW aspect — s.d. 0.67 0.73
NS aspect — mean -0.08 -0.11
NS aspect — s.d. 0.71 0.66
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Appendix B. Details of soil sample analyses.

In each of 625 grids, three random samples were collected from 0-10 cm depth and
mixed together. Soil samples were air-dried and passed through a 2-mm sieve for the
following laboratory analyses. The gravimetric soil water content was determined by the
weight loss at 105°C for 24h (Gardner 1986). The sieved soil samples were
subsequently analyzed for total C and N, C/N ratio, pH, extractable K, Ca, Mg, Fe, Mn,
Cu, Zn, and P, and soil texture. Total soil C and N were determined by a dry combustion
method (Nelson and Sommers 1982) using a Fisons NA-1500 analyzer. Soil pH was
measured in 1M KCI solution (soil: solution ratio of 1:2.5 (McLean 1982). Extractable
K, Ca, Mg, Fe, Mn, Cu, Zn and P were measures by the Mehlich-3 solution method
(Helmke and Sparks 1996). For soil texture, the Bouyoucos Hydrometer method was
used for determining the soil particle size (Gee and Bauder, 1986); for each sample, |
obtained percentage of sand, silt and clay. All analyses were conducted in Taiwan

Forestry Institute soil research laboratory.
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Appendix C. Variation partitioning analysis between environmental (only topographical,
only soil or both, respectively) and spatial variables.

Figure C. Results of variation partitioning into fractions represented by topographical

2

(topo), soil and spatial variables, reported as adjugfed percentage scalega(di X

100). Topography is represented by 11 variables, soil by 46 variables and space by 208
dbMEM variables. All testable fractions are significant (p < 0.001, 9999 permutations).

spatial

Residuals = 40.97
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Table C. Reported explained variation is represented by adjustetliRestable

components ([a], [c], [a+b] and [b+c]) are significant (Monte Carlo permutation test

with 9.999 permutations), mostly at p < 0.001, only fraction [a] explained by soil on
non-standardized species data is significant at p < 0.01. Results of variation partitioning
on non-standardized species composition matrix are provided for comparison with
results of Legendre et al. (2009), while variation explained by environmental variables
on Hellinger-standardized species composition matrix corrected for total beta diversity

(BD+or) Is for comparison with De Caceres et al. (2012).

Environmental variables [a] [b] [c] [d] [atb] [b+c]
Hellinger-standardized species compaosition matrix

topographical 0.013 0.194 0.375 0.418 0.207 0.569
soil 0.009 0.426 0.142 0.422 0.435 0.568
topo + soil 0.022 0.455 0.113 0.410 0.477 0.568
Non-standardized species composition matrix

topographical 0.011 0.234 0.408 0.346 0.245 0.642
soil 0.006 0.430 0.213 0.351 0.436 0.643
topo + soil 0.017 0.473 0.170  0.340 0.490 0.643
Hellinger-standardized species composition matrix, explained variationrsrBD
topographicdi 0.006 0.086 0.166  0.185 0.092 0.252
soil 0.004 0.189 0.063 0.187 0.193 0.252
topo + soil 0.010 0.202 0.050 0.182 0.212 0.252

[a] = variation explained by environmental and not by spatial variables, [b] = spatially
structured variation explained by environmental variables, [c] = variation explained by
spatial variables but not by environmental ones, [d] = unexplained variation, [a+b] and
[b+c] = marginal variation explained by environmental and by spatial variables,
respectively.

! Values reported for Lienhuachih by De Céceres et al. (2012, Table S2, size 20 x 20) are
slightly different: [a] 0.006, [b] 0.089, [c] 0.163, [d] 0.185, [a+b] 0.095, [b+c] 0.252.
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Appendix D. Dispersal modes and life forms of 18 pioneer species and 18 abundance

dominant non-pioneer species. C: canopy; SC: subcanopy; S: shrub.

Non-pioneer species  DispersalLife Pioneer species Dispersal Life
mode  form mode form
Euonymus laxiflorus  Animal S  Clerodendrum cyrtophyllum Animal C
Ardisia quinquegona Animal SC Litsea cubeba Animal SC
Psychotria rubra Animal SC Trema orientalis wind C
Syzygium buxifolium  Animal SC Gordonia axillaris wind C
Diospyros morrisiana Animal C Schima superba wind C
Helicia formosana  Animal SC Sapium discolor Animal C
Cryptocarya chinensis Animal C Mallotus paniculatus wind C
Litsea acuminata Animal C Callicarpa formosana  Animal SC
Randia cochinchinensis Animal SC Rhus javanica Animal SC
Cyclobalanopsis pachyloma Animal C Callicarpa kochiana Animal SC
Ormosia formosana Animal C Mallotus philippensis  Animal SC
Tricalysia dubia Animal SC Zanthoxylum ailanthoides Animal SC
Neolitsea aciculata  Animal SC Tetradium glabrifolium  Animal SC
Helicia rengetiensis  Animal SC Glochidion acuminatum  Animal C
Cinnamomum subavenium Animal SC Trema cannabina Wind SC
Podocarpus nakaii  Animal C Clerodendrum trichotomum Animal S
Schefflera octophylla Animal C Sapindus mukorossii  Animal C
Pasania nantoensis Animal C Rhus succedanea Animal C
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Appendix E. Spatialdistribution of gaps and logging road at four olaagon times.
(a-c) Gap (black); Non- gap are (white). (@®gging road (black); non-logging road

(white). Contour lines are drawn at 10-m intervals and the quadtat size is 10 x 10 m.
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Appendix F. Mann—Whitney U-tests for differences in soil properties, topographic

features and disturbance regimes between pioneer and non-pioneer community types.

Pioneer type

Non-pioneer type

Variables Mean + SD (N=136) Mean * SD (N=238)  P-level
Soil properties

C/N ratio 12.25+1.36 14.42 +1.20 <0.001
C (cmole/kg) 4.46 +1.36 5.87 £1.50 <0.001
Fe (cmole/kg) 293.96 £ 62.55 338.46 £47.79 <0.001
Water content (%) 15.71 £ 2.00 14.01 £2.23 <0.001
Zn (cmole/kg) 3.56 + 1.58 256+1.01 <0.001
Cu (cmole/kg) 0.97 £0.36 0.62 £0.26 <0.001
Mg (cmole/kg) 62.34 +41.68 31.86 + 29.03 <0.001
pH 3.42+£0.22 3.19+0.15 <0.001
Ca (cmole/kg) 196.52 + 170.51 64.40 £ 88.39 <0.001
Mn (cmole/kg) 51.95 +40.70 10.33+15.31 <0.001
K (cmole/kg) 120.50 £ 59.72 104.90 + 52.36 <0.001
N (cmole/kg) 0.35+0.08 0.39 £ 0.09 <0.001
Clay (%) 14.43 + 3.23 13.71+2.94 0.006
Sand (%) 63.36 +5.41 64.43 +5.15 0.010
Silt (%) 21.92+2.94 21.61 + 3.00 0.295
P 16.51 +5.29 16.42 +5.02 0.791
Topographic features

Stream distance (m) 27.38 £26.10 52.30 £ 27.20 <0.001
Convexity 15.96 + 3.36 18.71 + 3.52 <0.001
Elevation (m) 750.21 £ 29.12 770.77 £ 35.06 <0.001
Ridge distance (m) 124.45 + 65.61 58.67 + 46.38 <0.001
Slope (0) 31.65 £8.61 34.82 £8.35 <0.001
Disturbance regimes

Gap2007 1.33+0.47 1.13+0.33 <0.001
Road 1.07 £0.26 1.01+0.11 0.002
Gap1998 1.27 +£0.45 1.17 £0.38 0.023
Gap2002 1.23+0.42 1.18 +0.39 0.318
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