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1 SUMMARY

In the light of the concurrent loss of biodiversityiodiversity and ecosystem functioning
(BEF) research attracted a great deal of attersti@mhemerged as one of the important fields
of research in ecology. Since important ecologio&ractions such as competition occur
between individuals, the understanding of individtr@e growth was considered to be
fundamental for forest related BEF research. Ialdigl tree growth is determined by the
above- and belowground interactions of a tree idda with its local neighbourhood. To
obtain a deeper understanding of BEF relationsHifpadened the focus from individual
tree growth (usually measured as diameter or bisnmasement) to the arrangement and
dynamics of the above-ground modules of trees pedéence of their local neighbourhood.
More precisely, the main objective of the presémisis was to analyse the impact of tree
diversity on individual tree growth, crown archiie@l and branch demographic variables.
Thereby | considered crown architectural varialalesmportant indicators of the competition
for light. In addition, crown architectural variasl impacted ecosystem services such as
erosion control. Furthermore, the results of thespnt thesis contributed to the current
discussion on species coexistence theories, whiah lboe differentiated by two opposing
views: one that relies on neutral processes andtloaeimplicates a role for meaningful
differences in the ecological strategy (niche)@fccurring species.

The studied forest ecosystems were the subtroprcald-leaved evergreen forests of south-
east China, which have been under high human peesiie to a long history of intensive
land-use. The area is of particular interest foFB&search due to the high species richness of
woody plants, including many, yet poorly studie@aps, and due to the rough terrain with
steep slopes, which cause severe soil erosionpiEsent thesis combines three observational
with two experimental studies, applying the loc&ighbourhood approach along an age
gradient from tree saplings to mature trees. In Gwianshan National Nature Reserve
(GNNR), | conducted two observational studies ommament plots which were chosen
according to a space-for-time substitution desidre aim of the first study was to reveal the
effects of diversity (species richness, functiodalersity) together with other biotic and
abiotic variables on morphological growth parangefgrown area, crown displacement and
stem inclination) of target trees of four tree spedCastanea henryi, Castanopsis eyrei,
Quercus serratand Schima superBaln the second study, the same target treeshegetith
their neighbours were used to analyse the reldigiween stand related functional diversity

and the horizontal and vertical structure of theogy. The third study was conducted in a



young secondary broad-leaved evergreen forest.gUsNo target speciesCastanopsis
fargesiiand Quercus fabpi, the role of diversity, intra- vs. inter-specitompetition and the
mode of competition (symmetric vs. asymmetric) e target individuals was tested by
analysing five-year radial growth increments. The tother studies were carried out in an
experimentally established plantation, using sagglirof four tree speciesC( henryi,
Elaeocarpus decipiens, Q. serraaadS. superbg which were planted in monoculture, two-
and four-species combinations and in three dessitiehe fourth study focused on
mechanisms of coexistence and the role of speabseass, species composition, species
identity and density on sapling growth. The fiftady tested the effect of sapling density and
identity on the througfall kinetic energy, whiclpresents a measure for the erosive power of
rain.

It was found that functional diversity does affarbwn architectural and canopy related
parameters of forests in the GNNR. However, nocgdfef species richness on radial-growth
were detected in the younger forest. Since | aldadt find strong effects of species richness
on saplings in the experimental plantation, diwgreffects may evolve at a later age stage.
The importance of the diversity effect may be edateversely to that of species identity in an
age gradient of forest stands.

The findings suggest that different mechanismsekistence operate simultaneously but that
their relative importance may shift through the Iftages of trees. During the sapling stage,
species-specific differences in growth and architet traits support niche theory. In older
forest stands, no species-specific differences nowth parameters could be detected.
However, | did find effects of functional diversibn horizontal canopy structure. | conclude
that mechanisms of coexistence may not only chavitfe forest stand age, but may also
differ for distinct traits.

The present thesis, being the first to apply tlwllmeighbourhood approach with regard to
crown architecture and branch demography within Big= field of research, stresses the
importance of this individual based approach. Aligjo the observed forest systems are very
complex, crown architectural and canopy structweaiables were found to be affected by
diversity. The finding that the degree of erosiwavpr of rain could be elucidated by crown
architectural variables, encourages further studeesreveal possible relations between
biodiversity and other ecosystem functions or i which might be mediated by crown

architectural and canopy structural variables.



ZUSAMMENFASSUNG

Angesichts des Verlustes der biologischen Vielfalt die Beziehung zwischen Biodiversitat
und Okosystemfunktionen (BEF — Biodiversity and $&mpem Functioning) groRe
Aufmerksamkeit erlangt und sich zu einem wichtigEorschungsfeld der Okologie
entwickelt. Da wichtige Okologische InteraktionenewKonkurrenz auf der Ebene der
Individuen ablaufen, bildet das Verstandnis indimallen Baumwachstums die Grundlage fur
die Wald-BEF-Forschung. Das individuelle Baumwaghstst hierbei von einer Vielzahl von
ober- und unterirdischen Interaktionen des Einzelixs mit seiner lokalen Nachbarschaft
gepragt. Um ein umfassenderes Verstandnis der BEteBungen zu erlangen, erweitere ich
den Fokus in dieser Arbeit von der Analyse desviddellen Baumwachstums (haufig erfasst
durch Durchmesser- oder Biomasse-zuwachs) hin aufAdsrichtung und Dynamik der
oberirdischen Module des Baumindividuums innerhatiner lokalen Umgebung. Die
Hauptfragestellung dieser Arbeit ist die Analyses dénflusses von Baumartenzahl und
funktionaler Diversitat auf das individuelle Baunslatum sowie auf kronenarchitektonische
und astdemographische Variablen. Zudem betracht&ramenarchitektonische Variablen als
wichtige Anzeiger von Lichtkonkurrenz. Auch Okosysdienstleistungen wie die
Verminderung von Erosion werden von kronenarchiteischen Variablen beeinflusst. Die
Ergebnisse dieser Arbeit konnen zudem zur aktu@®iskussion um Theorien der Koexistenz
von Arten beitragen, die sich durch zwei gegengdigl Standpunkte und
Interpretationsansatze auszeichnen: der eine bauiliteutralen Prozessen, wahrend sich der
andere auf Unterschiede in den O©Okologischen Anpassirategien (den Nischen)
koexistierender Arten stitzt.

Die untersuchten subtropischen, immergrinen Lautevalsidostlichen China waren
aufgrund Jahrhunderte langer intensiver Bewirtdohgf starken anthropogenen Einflissen
ausgesetzt. Das besondere Interesse an diesenkésdtemen fir die BEF-Forschung wird
durch die hohe Vielfalt der Geholzarten gestarkteriideren Okologie bisher jedoch sehr
wenig bekannt ist. Die vorliegende Arbeit kombihiedrei beobachtende und zwei
experimentelle Studien, und wendet dabei den Andataokalen Nachbarschaft Gber einen
grof3en Altersgradienten der Braumgruppen (von @@t bis zu ausgewachsenen Baumen)
an.

Im Gutianshan National Nature Reserve (GNNR) wuraaénUntersuchungsflachen, die nach
einem ,space-for-time substitution“-Design ausgetvalurden, zwei beobachtende Studien

durchgefuhrt. Das Ziel der ersten Studie war, ditekle von Diversitat (Artenzahl und
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funktionelle Diversitat) und anderen biotischen unabiotischen Faktoren auf
Wachstumsparameter (Kronenschirmflache, Kronenastnen und Stammneigung) von
Baumindivduen vier verschiedener Zielart€tagtanea henryi, Castanopsis eyrei, Quercus
serrata und Schima superbazu ermitteln. In der zweiten Studie wurden Indiven dieser
Zielarten und ihre konkurrierenden Nachbarbaumearg@zogen, um den Einfluss der
funktionalen Diversitat auf die horizontale undtiale Kronendachstruktur zu analysieren.
Die dritte Studie wurde in einem jungen immergriu@akundarwald durchgefuhrt. Anhand
zweier Arten Castanopsis fargesii und Quercus fgbwurde analysiert, welchen Antell
Diversitat, inner- und zwischenartliche Konkurremzd asymmetrische Konkurrenz an der
Erklarung der Durchmesserzuwéchse haben. Die beidsgteren Studien wurden in einer
experimentellen Pflanzung durchgefihrt, in der S&gel von vier Arten €. henryi,
Elaeocarpus decipiens, Q. serrata und S. superiba Monokultur, Zwei- und Vier-
Artenmischung und in drei Pflanzabstanden gesetatien. Mechanismen der Koexistenz
und die Bedeutung von Artenzahl, ArtzusammensetzAnidentitat und Pflanzabstand fur
das Wachstum der Samlinge waren Untersuchungsgagensler vierten Studie. In der
funften Studie wurde der Effekt von Pflanzabstand Artidentitat auf die kinetische Energie
der Kronentraufe, die ein Indikator fur die Starter Erosionsféhigkeit des Regens ist,
untersucht.

In den é&lteren Waldbestanden des GNNR waren krookitektonische sowie das
Kronendach beschreibende Variablen von der Bessaindgsitat beeinflusst. Ein Einfluss
der Artenzahl auf das Durchmesserwachstum konmigeljen nicht festgestellt werden. Da
bei der Untersuchung der Samlinge lediglich geribgeersitatseffekte gefunden wurden,
konnten sich diese erst mit zunehmendem Alter stéakispragen. Entlang eines Gradienten
des Bestandesalters konnte hierbei die Bedeuturgy Dieersitatseffektes umgekehrt
proportional zu der des Arteffektes sein.

Die Ergebnisse dieser Arbeit weisen darauf hin,sdesrschiedene Mechanismen der
Koexistenz von Arten nebeneinander vorkommen urgth shre relative Bedeutung in
unterschiedlichen Altersstufen andert. Die Samlindger untersuchten Arten zeigten
artspezifische Wachstumsmuster und Kroneneigensehakas die Nischentheorie stitzt. In
alteren Bestanden wurden keine artspezifischen risfteede in Wachstumsparametern
gefunden. Allerdings war ein Einfluss von funktitera Diversitat auf die horizontale
Kronendachstruktur nachweisbar. Daraus schlie3ede$s Mechanismen der Koexistenz von
Arten sich nicht nur mit dem Bestandesalter andesondern sich auch zwischen den

untersuchten Variablen unterscheiden.



In dieser Arbeit wird zum ersten Mal der Ansatz lidalen Nachbarschaft im Hinblick auf
Kronenarchitektur und Astdemographie im Rahmen BEF-Forschung angewendet. Die
Ergebnisse betonen die Bedeutung dieses Indivibeengenen Ansatzes. Ein
Diversitatseffekt auf kronenarchitektonische undogndach bezogene Variablen konnte
sogar in diesen komplexen Waldotkosystemen gefundenden. Die Erkenntnis, dass die
Erosionsstarke von Regen mit Hilfe von kronenastttgnischen Eigenschaften erklart
werden konnte, sollte folgende Studien anregen,Béieiehungen zwischen Diversitat und
weiteren Okosystemfunktionen und -dienstleistungemintersuchen, wobei indirekte Effekte
von kronenarchitektonischen oder Kronendach bezgevariablen eine wichtige Rolle

spielen kdnnten.
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2 GENERAL INTRODUCTION

Growing human pressure induces rapid changes dhilotic and biotic compartments of the
planet (Vitouselket al. 1997). Thereby, the changes of the abiotic compisnef ecosystems
(e.g. the changes in the carbon pools, elemeningyahd climate) and concurrent changes in
the biotic components (e.g. species introductiod artinction, fragmentation of natural
communities by changes in land-use) are no sepghnatenomena but are interrelated
(Tylianakis et al. 2008). Global environmental change impacts theispecomposition and
diversity of communities and landscapes and cowdehsubstantial indirect effects on
ecosystem processes (Chapin ¢l al. 2001). As a consequence, the relation between
biodiversity loss and ecosystem functioning hasolbrex one of the major topics in ecology
(Loreauet al.2001).

The present thesis aims to reveal the relation datvthe diversity of trees and individual tree
growth. Following the local neighbourhood approgéhetzsch 2009), | investigated if
competition between tree individuals is reduced hwinhcreasing diversity of the
neighbourhood. Thereby | focused on growth and oranchitectural variables, which on
stand level determine ecosystem functions suchraguptivity, the cycling of water and
nutrients indirectly via the canopy structure attéd decomposition (Prescott 2002).

In this introductory chapter, | first define and/igia general overview of BEF research and its
findings, with a focus on BEF forest experimentslidwing, | introduce the main objective
of and hypotheses addressed by the present tkdspter 4 describes Material and Methods,
and chapter 5 the Results of the studies, whichireoleded in this thesis. Furthermore a

general Discussion and Conclusions may be foumtiapter 6.

2.1 Biodiversity and Ecosystem Functioning — a biatin

Biodiversity

Biodiversity was defined by the Convention on B@tal Diversity (CBD) in 1992 as

‘the variability among living organisms from all soes including,inter alig terrestrial,
marine and other aquatic ecosystems and the eaabgbomplexes of which they are part;
this includes diversity within species, betweertigseand of ecosystems.’

In the dependence on this definition, biodiverstgommonly divided into genetic diversity,
species diversity and the diversity of ecosysteifise term “biodiversity” is not only
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scientific, rather it is embedded in a social awditipal framework (see CBD) and widely

used and connoted as being intrinsically good 2040).

Measuring biodiversity

For practical reasons, species number is the noostonly used unit describing biodiversity
(Hillebrand & Matthiessen 2009). The number of spedargely depends on the size of the
observed area. Thus, for comparisons of specibeegs patterns respective values need to be
standardised (e.g. Gotelli & Colwell 2001). BEF eaxh aims to explain the effect of
diversity on ecosystem functions, and the numbesp#cies is not always appropriate to
detect these relations. Thus, assemblages arectdrasad based on functional traits, which
are those components of the organisms’ phenotypeishwdetermine their effects on
ecosystem processes (Petchey & Gaston 2006). Twses a range of methods how to
measure this functional diversity: from straightward grouping of species according to
particular traits to more complex methods whicheasdifferences in traits between pairs of
species and relate them to their relative abunda(Rao’s quadratic entropy; Botta-Dukat
2005).

Ecosystem functions and functioning

Ecosystem functions are often considered as beyngnymous to ecosystem processes
(Reiss et al. 2009; Jax 2010). Some authors use the term eeosy$tinctions also
interchangeably with ‘interactions’, which refer ‘ichanges in energy and matter over time
and space through biological activit{fReisset al.2009).

Ecosystem functioning, by contrast, describes aad®p view, combining all ecosystem
processes which sustain an ecosystem. On the ornk tias means a broadening of BEF
research to the multifunctionality of ecosystems) the other, the overall network of
processes of an ecosystem is in focus, askingdqrerformance (e.g. regarding invasibility,
resilience). The latter includes the human persgecin the definition of what the
‘performance’ of an ecosystem actually means. Tdesomes even more obvious when

considering ecosystem services, which are ecosyfstections that are of value to humans.
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2.2 Biodiversity and Ecosystem Functioning - theeEgence of a New Research Field

The first impulse for BEF research was the conoérhe impact of ongoing biodiversity loss
on ecosystem functions and functioning. The pioshesr this emerging field of science
focused on bivariate analyses, plotting ecosystamstions against a gradient of biodiversity
(Naeemet al. 2009). The measure of biodiversity was mainly sg®ecichness, and single
ecosystem processes were observed (Reiaks2009).
The first experiments that manipulated biodiversitgrted in the 1990s. Besides the use of
mesocosms, which are small-scale ecosystems cangpdgferent trophic levels (Naeegt
al. 1995), a number of grassland studies were condyetg. Cedar Creek - Tilmaet al.
1996; Reichet al.2001; BIODEPTH - Hectoet al. 1999; Jena Experiment - Marquagtal.
2009). The focus on grasslands may be explainedthiey relatively straightforward
manipulation of short-lived, and comparatively smhbkerbaceous species. A positive
relationship between biodiversity and productivtyas found in these experiments. Two
processes have been considered to determine tht®onship: positive species interactions
such as facilitation or complementarity and the garg effect (Hectoret al. 1999), i.e. the
increased chance to include a highly productivecisgein a community at high diversity
levels (Loreatet al.2001).
During the following phase the range of ecosysternigh were explored and experimentally
manipulated was broadened to freshwater, streamtavae microbial, coral reefs, marine and
forest ecosystems. Biodiversity was now often mesktrait-based, and functional diversity
rather than species diversity per se was foundftaence ecosystem processes (Reisal.
2009). Jianget al. (2008) pointed out that the diverse (positive,atieg and neutral) BEF
relationships are dependent on how the functionapaicts of species relate to their
competitive abilities within the community.
Important findings were (Balvaneed al. 2006):

* The stability of ecosystems was found to increasen Wiodiversity but is also

influenced by community composition (Stachowatzl.2007).
e The experimental design and the type of studiedesysinfluence the BEF
relationship.
e With increasing trophic links between the manipedatand the measured level,

productivity-related diversity effects decrease.
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As a reaction, BEF research persuited a numberdedrecements and formulated future

directions of research. Complexity in different éimsions was added to improve the

interpretability and comparability to real-worldosystems of experimental results:

The incorporation of trophic complexity (verticaiversity) produced a greater
variety of BEF relationships than that predicted dmgle trophic levels (Duffyet
al. 2007; Schmicet al. 2009). Both, the degree of specialisation/linkbgeveen
trophic levels and whether systems are top-dowrbaitom-up controled was
found to have an impact on BEF (Regtsal. 2009).

Different ecosystem processes should be addressbd same time, since overall
ecosystem functioning is sustained by multiple psses. Overall functioning is
more susceptible to species loss than single fometi due to the
multicomplementarity of species (Gamfeklt al. 2008). For globally distributed
drylands a significant positive relation betweeneaes richness and
multifunctionality (C, P and N cycling) has beerua (Maestreet al. 2012).
Gamfeld et al (2008) also found multifunctional redundancy t® lower than
single-function redundancy.

An incorporation of spatial and temporal heteroggnen experiments may
enhance the likelihood to detect complementarityvben species (Stachowiet
al. 2007; Hillebrand & Matthiessen 2009). In additiobserved BEF relationships
may change over time with varying species becondoginant. Thus, more
species are needed to allow for higher commungyilfility and stability in time,
which enhances the importance of diversity for gstesn functioning (Hoopest
al. 2005; Hillebrand & Matthiessen 2009; Allahal.2011).

Most recently, in a meta-analyses it was found ghabmbination of these factors (different

ecosystem functions, temporal and spatial hetemtendifferent environmental change

scenarios) requires a high plant diversity (84%lbbbserved species) to maintain ecosystem

functioning (Isbellet al.2011).

BEF research and theories of coexistence

Almost all postulated relationships between diwgraand ecosystem functions require

individuals to possess different traits (HillebrakdViatthiessen 2009) and thus follow the

idea of the ecological niche (Hutchinson 1959). Tbecept of overyielding was explained by

niche separation: diverse mixtures can use ressumm®re sufficiently (i.e. in a
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complementary way) and produce more biomass than the best monoculture (Naeean

al. 1994; Hectoet al. 1999).

However, in the debate of theories for speciesistaxce, Niche theory is opposed to Neutral
theory. The Neutral theory as formulated by HukB6I01, 2005) is based on the hypothesis
of functional equivalence, meaninat trophically similar species are, at least #ofirst
approximation, demographically identical on a paptta basis in terms of their vital rates, of
birth, death, dispersal — and even speciati@fitbbell 2005). Both concepts underly ongoing
experimental testing, especially in the extremglgcges-rich tropical and subtropical forest
ecosystems (Cond#t al. 2006; Willset al. 2006; Kraftet al. 2008; Legendrest al. 2009),
where estonishing numbers of woody species coewsisty all the same restricted pool of

resources.

2.3 Biodiversity and Ecosystem Functioning - BEFesb Experiments

Forest ecosystems attracted increased attentiolBER research since the workshop
‘Functional significance of tree diversity in termgi and boreal forests’, organized in
Weimar in 2002 (Scherer-Lorenzeat al. 2005a). In particular, the importance of forest
ecosystems for the worldwide carbon fixation armatlst and for the loss of biodiversity have
been stressed (see Thompsoml.2009 and references herein).

In addition, there is a long debate of increasaddiproductivity as a result of two or three
tree species mixtures with different functionalttge.g. shade-tolerant vs. shade-intolerant)
(Pretzsch 2005). However, the first experimentesi explicitly for biodiversity effects along
a gradient of multiple species was the Finnish l&atta tree diversity experiment established
in 1999 (Scherer-Lorenzeat al. 2005b). The number of BEF experiments with woody
species increased rapidly and with the establishwiethne BEF China in the Subtropics there
now exist 12 experiments across all types of fdoesnes (Tab.1).

In Fig. 2.1, | present important findings of BEFSearch of observational and experimental
studies in forest ecosystems of the tropical aratrepical region. Tropical and subtropical
forest ecosystems are of particular interest foF B&earch due to their high species richness
and due to the pressure from intensive land-use.

Observed differences in BEF relationships betwemedl/temperate and subtropical/tropical
forests have often been attributed to lower speowesbers of boreal/temperate forests

(Thompsonet al. 2009). In boreal and temperate forests, nichesifftiation is presumably
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comparatively low, due to species extinction in tdoeirse of the ice ages and slower (co-)

evolutionary processes of the long-lived tree imdlials (Pretzsch 2005).

Table 1 BEF Forest experiments (modified after Bruelhel@6&0)

Experi Country Biome Year Plot size  No.of No. of Diversity variables D|ve_r sity
ment (m?) plots trees gradients
Satakunta FIN boreal 1999 400 114 19,760  Speciesrichness 1, 2, 3, 5 species
Exp.1 No. of functional 1,2FG
groups (FG) (decid./conif./mix)
Satakunta FIN boreal 2000 400 49 4,900 Genetic diversity of 1, 2, 4, 8 clones
Exp. 2 Betula pendula
BIOTREE- GER temperate 2003- 5,760- 56 185,000 Speciesrichness 1,2, (3) 4, 6 (10)
species 2004 10,368 species
BIOTREE- GER temperate 2003 1,700 25 22,000  Functional diversity FD gradient: low to
FD (FD) high, always 4
species
BIOTREE- GER temperate 2003 256 36 2,100 Dominance, density dominant, co-
Simplex dominant, even;
high, low density
Kreinitz GER temperate 2005 25 98 2,900 Species richness 0, 1, 2, 3, 5, 6 sp.
Exp. Identity of functional Slow/fast
groups decomposing
decid./conif.
ORPHEE FRA temperate 2007- 400 256 25,600 Speciesrichness 1,2, 3, 4, 5 species
2008 No. and identity of deciduous
functional groups  (early/late),
evergreen
FORBIO BEL temperate 2009 1,800 84 70,400  Speciesrichness 1, 2, 3, 4 species
genetic diversity of different
Quercus and Fagus provenances
Canada CAN temperate 2009  12.25 216 5,400 Speciesrichness 1, 2, 4, 12 species
Exp. functional diversity 8 levels of FD
assemblage identity native vs. exotic sp.
BEF China CHI subtropical 2008 -667- 2,667 153 300,000 Speciesrichness 1, 2,4, 8, 16, 24 sp.
2010 shrub species 0, 4, 8, 16 shrub sp.
richness
Sardinilla PAN tropical 2001  324- 2,025 48 6,270 Speciesrichness 1,3,6,+6,9,18
Exp. identity of functional sp.
groups Pioneer/shade-
tolerant
Sabah Malaysia tropical 2002 40,000 124 165,300 Speciesrichness 1,4, 16 species
Exp. no. of genera 2 vs. 4 genera

tree height 2 vs. 3 height

classes

In contrast to other ecosystems, the size and \atygef trees causes heterogeneity in space

and time as well as in environmental factors, whpthy an important role for forest

observations, and analyses should therefore cofur@ large number of covariates (Vi
al. 2005; Nadrowsket al.2010). Vance-Chalcraét al. (2010) pointed out that differences in
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diversity-productivity relationships may be relatedformer land-use and successional state.
In a subtropical Chinese forest, Bruelheeteal. (2011) found richness of adult trees to
increase with successional stage, wiiebmed to be caused by continuous random imnuograti
over time.

In conclusion, the results of BEF research of foeepsystems allow first insights into BEF
relationships as regards some important ecosystamstions such as productivity and
invasibility. However, there is little evidence ftre impact of diversity (including genetic
diversity) on multitrophic interactions and moreesific ecosystem functions and services
such as soil erosion or coarse woody debris dyreanricaddition, some of the findings are

ambiguous and differences between vegetation ze®s to be prevalent.

+ Ecosystem resilience over space and time
Thompson et al. 2009

+ Aboveground production

Cardinale et al. 2011
Thompson et al. 2009

+? N+FP pools
Zeugin et al. 2010

+/~ Herbivory
Cardinale et al. 2011
Nadrowski et al. 2010
Schuldt et al. 2010

? Litter production
Scherer-Lorenzen et al. 2007,

+/- Invasibility
Thompson et al. 2009

+/- Decomposition
Cardinale et al. 2011
Scherer-Lorenzen et al. 20

- Soil respiration
Murphy et al. 2008

+/- Belowground production
Meinen et al. 2009

Fig. 2.1 Effects of biodiversity in tropical and subtrodiéarest ecosystems. The cited studies report a
positive (+), negative (-) or no (+/-) relation Wween biodiversity and ecosystem functions. Unclear
relationships are indicated by “?".
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3 OBJECTIVE ANDHYPOTHESES

The main objective of the present thesis is to ysti impact of tree diversity on tree
individual growth, crown architectural and branabdnobgraphic variables. Conventionally,
analyses in forest research have been conductéldeospatial scales of the stand. However,
since a stand could be considered as the colleofivedividual trees and their interactions,
the individual tree may be seen as the criticat unithe maximation of fitness (Pretzsch
2009).

The “neighbourhood approach” follows the recogmitmf the stand as a spatial, structural-
functional collective of tree individuals. It assesnthat ecologically important processes,
which take place between, and will be influencedhgyclosest neighbouring tree individuals
and by the local abiotic conditions, determine stend structure. Following, there might be
close feedback loops between individual growth @oors, tree growth and stand structure
which determine forest stand dynamics (Pretzsc®R00

Since light is broadly recognized as one of thetrnoasical factors determining tree growth,
the competition for light between tree individuatay be seen as one of the most important
processes in a forest stand. The above-ground ddiopefor light was found to be size
asymmetric, i.e. that larger individuals have apdbportionate higher effect on smaller
individuals by shading (Schwinning & Weiner 199B)orphological responses of the crown
architecture may thereby be the most importantlregusize-asymmetric competition for
light (Grams & Andersen 2007). Shade-avoidance omsgs of tree individuals to
surrounding and overtopping vegetation are indubgdlower photosynthetically active
radiation and a decreased red to far-red ratioldBal1999). Since different species cast
distinct qualities of shade, species identity afghbouring trees was found to influence the
growth of shoots and branches (Lintunen & Kaitani2@10).

Tree crowns respond to anisotropic light avail&piWwith stronger lateral crown expansion
towards high light conditions (phototropic growthgsulting in crown asymmetry. The higher
relative competitive strength of a neighbouringetreay cause crown asymmetry (Brisson
2001). The development of asymmetric crowns mayethe be intensified by correlative
inhibition, i.e. the growth of branches in favouebonditions is increased at the expense of
the growth of branches in unfavourable conditicB®l| & Schmid 1998; Takenaka 2000).
Thus, crown responses to competition are the agtrdgeffects of the differential
development of single branches and it is cruciaxplore branch demography in more detalil
(Stoll & Schmid 1998; Sumidat al.2002).
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Differences between species or functional grough wagard to shade-avoidance responses
and crown architecture may evidence complementaagegies of foraging for light. This
complementarity may lead to reduced competitiontret individuals, which belong to
different species or functional groups, promotipgaes coexistence at the same time. The
main objective of this thesis is, thus, to revéabimpetition on a local neighbourhood scale is
reduced with increasing species richness of neigtihg trees. If so, diversity effects on the
stand-level may be the aggregated effects of diyeeffects on the local neighbourhood
level. Following these assumptions, species comxigt in the observed systems would be
ruled by niche differentiation as opposed to néutrechanisms (Hubbel 2001).

More specifically, the following hypotheses havemaddressed by the set of five papers (see

appendix I-V), which are the basis of the preskesis:

» Growth responses of stem and crown on forest slapespecies-specific (paper I).

* Morphological responses of crown and stem are enibed by both, biotic and abiotic
variables of the local neighbourhood (paper I).

* The functional diversity of the stand as well as sticcessional stage influence the
horizontal and vertical heterogeneity of the upgaropy (paper II).

* The number of hetero- vs. conspecifics as welhasspecies richness of neighbouring
tree individuals affects the radial growth of aetmedividual (paper IlI).

» Species richness, species composition, speciesitidamd stand density affect the

coexistence, growth patterns and crown architeatibeee saplings (paper V).

In an additional study the focus has been shiftedhfthe plant-plant interactions towards an
ecosystem service, soil erosion control, whichnisraportant topic from both an ecological
and economical point of view. In particular in saipical China, where high rainfall intensity
causes severe and continuous soil losses, soihdi@gwn by erosion and its control is one of
the major environmental problems. In this studg timpact of tree saplings on the kinetic
energy (KE) of rainfall was tested. More specifig#l was hypothesised that:
* The planting density and species identity of s@sliaffect the KE of throughfall
(paper V).
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4 MATERIALS AND METHODS

4.1 Study Area: Climate, Geomorphology, Vegetatiod Land-use

The study area is located in the border regionheftivo provinces Zhejiang and Jiangxi,
south-east China, about 400 km west of Shanghgi4Hi).

A B | ‘ ‘\;Shangha

J\lanchang

Jiangxi

Fig. 4.1 Location of the study sites in south-east Chireejiang and Jiangxi province (A, B) and
position of the pilot experiment (paper IV and X)relation to the Gutianshan National Nature
Reserve (paper | and I, C). The location of thelgtdescribed in paper Il is about 20 km southwest
from the pilot experiment (maps by Erik Welk).
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The region is characterised by a subtropical cknwéth mean annual temperature of 15.1° C
and mean precipitation of 1960 mm (Fig. 4.2). Rméaiion rates achieve a maximum in

summer (May to June), while there is a short dagea in winter (October to December).

Gutianshan (350 m)
1994-2008 15.1°C 1964 mm

7 r 500

1 I~ 300

50 —T 100

40 - 80

30 — 60

Fig. 4.2 Walter and Lieth climate diagram of Gutianshan N{&rif3leret al.2010)

The area can be described as fold-and-thrust beltcking from SE to NW. Slopes are
typically convex shaped and thus show low inclioasi in the upper part and 20-35° at
midslope positions. The footslopes are the steepiésta mean inclination of 30-40°. The soll
cover of these footslopes and also ridges is widsbged (Bruelheide 2010). The soils of the
region are mainly Cambisols, interfered by Regosolsidges and crests, and in the lower
parts of the landscape Acrisols and Ferralsols.

The predominant forest type is evergreen subtrbpocast, comprising approximately equal
numbers of deciduous broad-leaved and evergreenddeaved species, but with the
evergreen being dominant in abundance (Wu 1980etYal. 2001). Species of plant families
with temperate (e.g.A6ACEAE), subtropical (e.g. RACARDIACEAE, LAURACEAE) or tropical
distribution range (e.g. YMPLOCACEAE, THEACEAE, MYRSINACEAE) form the species pool.
The Gutianshan National Nature Reserve (GNNR), &/libe permanent plots have been
established, hosts a number of 1426 seed plantespet 648 genera and 149 families, of
which 258 species are woody (Lou & Jin 2000).

In the study region, agricultural land-use in tladleys comprises the cultivation of rice, corn,
legumes and other vegetables. The constructioeraddes is a widespread technique to allow
for extended land-use - mainly tea plantations loater parts of the slopes. Predominant
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land-use of the midslopes and higher up are plantgbf Cunninghamia lanceolaté_amb.)
Hook. andPinus massonianfLamb.). These plantations are manually clear-getye20-25
years. Due to the long history of intensive land;uisw remnants of old-growth broad-leaved
evergreen forest are left today; those of whichaieed have been preserved as National
Parks or NNRs (Yiet al. 2001; Wanget al. 2007). The majority of broad-leaved evergreen
forest stands in China now represent younger secgtidrests (Wangt al.2007).

As a response to the vast deforestation, the ChitGes/ernement established the National
Forest Protection Program (NFPP) in 1998, whichtexfain 2000 and is devoted to state-
owned forests and forest land. The program comprésdéogging ban (or at least logging
restrictions) on 30.4 Million hectares otirrently existing natural forest area in the upper
reaches of the Yangtze and upper and middle reachése Yellow River,and the plan to
afforest 30.8 Million hectares of degraded lanadht@b et al. 2002). The ultimate aim is to
develop a sustainable forest management in China.

A second important governmental program is the iStphand Conversion PrograniTHe
main objective of the Sloping Land Conversion Paogris to reduce erosion by converting
private cropland on steep slopes and some degrkaetto grasses and tree-covélintaoet al.
2002). The incentive mechanism is subsidiarity bgvigzion of grain, cash, and saplings to

farmers who are willing to convert their land.
4.2 Study Design and Measurements

This thesis combines observational studies withegrpental, and tree individuals from the
sapling stage up to an age of more than 80 yeaes examined.

In the GNNR, 27 permanent plots (each 30 x 30 mgaund) were randomly selected,
stratified by successional age (< 20 yrs - > 80 srwl by excluding slopes steeper than 50°.
A complete inventory of woody species (> 1 m heighas carried out to determine species
richness. Functional diversity was calculated ag’®R@uadratic Entropy (Rao’s Q) for each

plot as:

N1 W
1) FDop)=Z X d; i p;
where N is the number of species in a pt @; is the trait difference between thbk andjth
species, andj@and p are the proportions of théh andjth species, calculated as number of
individuals per species related to the total numifeindividuals in the community (Botta-
Dukat 2005) Differences between traith were calculated as the Euclidian distance between

traits devided by the number of traits:
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where n is the number of traits considepédyalue of traitk in species. Functional diversity

as Rao’s Q of a plot equals the sum of differemcespecies traits, weighted by the abundance
of the respective species within the plot. In addita number of abiotic variables (such as
e.g. inclination, aspect, soil depth, functionaledlsity) was measured at plot level.

Four tree species of high abundance were sele@eldima superbasardn. et Champ.,
Castanopsis eyre{Champ. Ex Benth.) HutchQuercus serratavar. brevipetiolata and
Castanea henryiSkan) Rehd. et Wills.. Seventy target trees @0species; exce@. henryi
(10)) were chosen randomly within the permanentspfoiom all target species individuals
complying with pre-defined criteria (for more détal refer to papers | and Il). All trees
growing within a circular plot with a radius equalhalf of the target tree’s height (Ammer

al. 2005) and fulfilling the criterion of minimum diater at breast height (dbh, measured at
1.3 m above ground) were considered as neighbdurs.resulted in a total number of 996
observed tree individuals in the 27 permanent plets each tree the position in relation to
the target tree, the dbh, the total height anchtéight of the first branch were measured. Stem
inclination was calculated by triangulation (seepgral). The crown radii in the eight
subcardinal directions were measured and the crprejection area was calculated as a
polygon. Crown projection maps were constructetigishe geoinformation system ArcGIS
(Version 9.0, ESRI). A set of abiotic parameters warveyed on the level of target groups
(e.g. slope inclination and aspect, species nunamer number of functional groups of
neighbouring trees). To characterise the competiower of the target tree the distance-
independent competition index (Cl) of Danietsal. (1986) was chosen:

3) C| = dbh?*n / X, dbh?

wherej is the subscript for the target trédor the neighbour and stands for the number of
neighbours.

The study presented in paper Ill was conductedforest stand in Jiangxi province, close to
Dexing city. We chose 40 target trees of the twecss of the family KGACEAE, one
evergreenCastanopsis fargesiiFranch.) and one deciduou3uercus fabri(Hance). Target
trees were at least 40 m away from each other.Heigrs were identified in the same way as
described above. The relative position of neighbdarthe target tree and tree morphological
parameters (dbh, total height, height of the fimstnch, crown radii) were measured for all
tree individuals. The target tree was cut and stiesos were taken at ground and at breast

height. Tree age was determined from the basal disos, and the annual radial growth of
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the previous five years was measured from the slisos at breast height. Various biotic and
abiotic variables were surveyed for each targeugrdifferent competition indices were
calculated (for more details see paper lll).

In addition, an experimental plantation using tsaplings was established on a former
agricultural field, which was ploughed, harrowedl alivided into four blocks prior to setting
up the experiment in March 2009. Four highly abumdaarly-successional species were
chosen for the experimen8. superbaElaeocarpus decipiengiemsley (evergreen)Q.
serrata and C. henryi(deciduous) (Yuet al. 2001). We manipulated species richness and
species composition of tree saplings on plots oRXkize. Three plot-related species richness
levels were established: monocultures, two-speanesfour-species combinations. The four
monocultures of each species, all six possiblegpecies combinations, and one four-species
combination made a total of eleven species compasit Finally, the species richness and
species composition treatments were fully crossitd avdensity treatment. The low density
treatment comprised only one individual per plohereas the experimental plots with high
and intermediate density each contained 16 indalgjulanted in an array of four by four.
Planting distances between saplings in the highiateimediate density treatment were 15
and 25 cm, respectively. Sapling growth (height draimeter growth), biomass allocation
(determination of dry weight of leaves, branched stem in 25 cm sections) and architecture
(e.g. crown length, length of longest branch, binanamber) were recorded for the central
individuals (for further details see paper V).

For the study presented in paper V, we used the degsity plots of all monocultures and of
the four-species combination. Five splash cups \w&eed in the central positions of each
plot and mean values per plot were used for furtimalyses. For a more detailed description

of the method of splash cups | refer to paper V.

4.3 Statistical Analyses

Statistical analyses were performed using R 2R0Dévelopment Core Team 2010; except
for paper Ill). Mixed effects models represent tain statistical model that was used
throughout the present thesis. The model represemswerful tool to deal with data in a
hierarchical structure, it avoids pseudoreplicataomd allows the distinction of explanatory
variables into random and fixed effects. For thalgses of mixed effects models the package
“nime” was used (Pinheiro et al. 2009). Multiplengmarisons were performed by means of

the package “multcomp” (Hothorn et al. 2008). Ipgalll, simple and multiple regression
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models to predict the radial growth were developsthg SPSS 17.0 (SPSS Inc., Chicago,
IL).
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5 RESULTS

5.1 Effects of the Local Neighbourhood

The effect of neighbouring tree individuals on &rgree growth, morphology and crown
architecture was tested throughout all studies. griogected crown area was negatively (p =
0.003) and the relative crown displacement wastipef (p = 0.009) related to the
competitive strength of neighbours (paper I). le third study, up to 78 % of diameter
growth could be explained by the strength of lowighbourhood competition (paper Ill). In
addition, competition was found to be size asymimeDiameter increment was significantly
reduced with higher sapling density in experimédytplanted saplings (paper 1V). At the
same time the total height of saplings was constahereas the crown length tended to be

reduced with increasing density (Fig. 5.1).
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Fig. 5.1 The effect of density on sapling diameter incretr(&), total height (B) and crown length
(C). Significant differences between treatmentsrdeated by different letters (for further resusiee

paper V).

5.2 Diversity Effects on Tree Growth and Architeetu

In stands older than 20 yrs, the projected crowaa af target trees increased with higher
functional diversity of neighbouring trees (p = ZB) paper I). Moreover, the horizontal
heterogeneity of the upper canopy was found toemme with higher stand functional
diversity (measured as Rao’s Q; p = 0.025; papemMd significant effect of local species
richness on radial growth increment could be dete¢paper Ill). Similarly, no significant

effect of species richness on growth and biomasedyation of saplings could be revealed
(paper 1IV). In contrast, branch turnover (p = 0)048d pruning (p < 0.001) of saplings was

significantly enhanced with higher species richness
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5.3 Species ldentity and Effects of Species Coniiposi

Species-specific differences in tree growth andvararchitecture may evidence the potential
for complementary mechanisms if tree species dogather. In the permanent plots no
species-specific differences in crown area, retatiown displacement and stem inclination
were found (paper I). Rather the variation in thengh response of stem and crown within
species was very high; i.e. individuals of all spe@re highly flexible in adjusting to their
local environment. In contrast, species identitg wastrong predictor of all growth and crown
architectural variables in tree saplings (paper Rdrthermore, complementarity with regard
to biomass and crown length was found for spesfliecies compositions of saplings (Fig.
5.2).
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Fig. 5.2 Boxplots of the individual total biomass (A) areht biomass (B) o€. henryiand of total
biomass (C) and stem biomass (D)@f serratain the different species compositions (paper V).
Significances of post-hoc Tukey tests of the exglary variable “species composition” tested by
Models 2b are indicated by different letters. Speaodes: ChC. henryj Ed: E. decipiensQs: Q.
serratg Ss:S. superba
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5.4 Species Effects on Throughfall KE can be relédeCrown Architectural Traits

The throughfall KE was significantly impacted by ttainfall KE, by the height of the
saplings and by the species identity of saplingpép V). In addition, the interactions of
rainfall KE and sapling height and the interactodmainfall KE and species identity of
saplings were significant (p < 0.05). At the saimeetspecies were found to have a
significantly different crown architecture with gl to total height, the number of branches

and the angle of the first branch.
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6 GENERAL DISCUSSION ANDFUTURE RESEARCHNEEDS

To my knowledge this thesis is the first to studgdl neighbourhood effects in subtropical
forest ecosystems in the framework of BEF reseaftie special focus on, and detailed
analyses of, crown architectural and branch denpbgcavariables presents a unique

approach for competition analyses of neighbouniegg in these ecosystems.

6.1 Effects of the Local Neighbourhood

In accordance with the findings of the Panama ptofPotvin & Gotelli 2008; Potvin &
Dutilleul 2009), all studies of the present thedealing with growth characteristics of tree
individuals proved the significance of the localigiourhood. Distinct attributes of
neighbouring trees were found to affect differemvgh parameters over a large age gradient,
reaching from experimentally manipulated saplirgd (yr) to mature trees (> 80 yrs). Thus,
it might be advisable to widely include local néiglirhood analyses into forest ecology
research. The factors forming competition withia tbcal neighbourhood are manifold:

The experimentally manipulated density of neighbooegatively impacted the diameter
increment of saplings (paper IV). Increased densiégls to enhanced competition for light
(Cournedeet al. 2008). This was underpinned by a reduced crowgtlheat constant height,
when comparing low density with high density plots.

In competition indices, increased density of neamhing trees translates to a higher
competition index, since the values for all neigiy trees are commonly added (e.g.
(Biging & Dobbertin 1992). Competition accounted # high percentage of radial growth
variation (paper Ill) and for a reduction in croarea (paper ).

However, competition is not only about the densitdy neighbouring trees. The size
(quantified by dbh, total height or projected croarea) and the distance (in the case of
distance-dependent indices) of neighbouring treviduals is incorporated in the index as
well. The importance of tree size was stressechbyfinding of size asymmetric competition
between neighbouring tree individuals (paper IH)addition, competition might be affected

by diversity.
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6.2 Diversity Effects on Tree Growth and Architeetu

Different measures of diversity have been applisughout the present thesis. Species
richness as the number of species per plot was asedell as two different measures of
functional diversity: the number of functional gpsuof the neighbouring trees (paper 1) and
stand functional diversity, calculated as Rao’sf@af traits (paper Il). If we tested for both,
species richness and functional diversity, in thenes model (paper | and IlI), functional
diversity proved to be a superior predictor of plagameters observed (crown area and canopy
cover).

| have two hypotheses with regard to the impactiwérsity on the observed variables:

(1) The commonly found relation between biodivgrsihd productivity of forest ecosystems
may partly be explained by an indirect effect ofedsity on individual tree crown area and
stand level canopy structure.

A more diverse stand is characterised by a morerbggéneous canopy and by increased
crown areas of tree individuals in sufficiently dthnds (paper | and Il). The differentiation
in horizontal canopy space may be the effect diengeparation of individual tree crowns and
promotes the development of increased crown ateager crown areas caused by increased
diversity, in turn, should be transformed to insesh radial growth of the tree individuals
(Fig. 6.1). Radial growth could be predicted by mseaf competition indices using crown
area (paper lll). Although, this study failed taekt any direct effect of species richness on
radial-growth increments in young forests and saygsli(paper Il and V), it seems reasonable
that larger crown areas in diverse versus monospdorest stands return increased yields.
Besides being of economic advantage, a more heteoog canopy offers multiple niches for
organisms increasing overall biodiversity of thenst By means of modelling it was recently
found, that in the long-term competition for lightone induces a positive effect of tree
species richness on productivity. This was duedimmlementarity of tree species in shade

tolerance, maximum tree height and growth ratesrifMet al.2011).
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Fig. 6.1 The relation between biodiversity and productivitly forest ecosystems may partly be
explained by an indirect effect of diversity on iwvidual tree crown area and stand level canopy
structure. Black arrows indicate correlations, fdusy this thesis; grey arrows indicate probable
correlations; + means a positive, - a hegativeatation.
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(2) The importance of the diversity effect may btated reversely to that of species identity
in an age gradient of forest stands (Fig. 6.2).[@&Vbpecies identity, but not species richness
was a strong predictor of growth and architectwadiables of tree saplings (paper 1V),
functional diversity was a strong predictor in gldéands, and no species-specific differences
in growth parameters were detected (paper I). Hewehe weak effects of species richness
(paper IV) may as well be due to the limited numtifespecies used in the experiment.
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Fig. 6.2 The importance of the diversity effect may betedareversely to that of species identity in an
age gradient of individual trees. Species-spedifierences and diversity effects, found by thisdlis
are shown.

6.3 Evidence for Mechanisms of Coexistence

The findings of the present thesis suggest thahar@sms of coexistence (neutral and niche-
based) operate simultaneously, but that theirivelatnportance may change through the life
stages of the subtropical tree species observedndthe sapling stage, species-specific
differences in growth and architectural traits sapghe niche theory. In addition, | found
evidence for facilitative or complementary mecharisetween specific species.
In older forest stands, no species-specific diffees in growth parameters could be detected.
The variability of the observed parameters withie@es was higher than between species
(paper 1). In accordance, Bohnke al. (2012) stated the functional equivalence of secie
with respect to wood traits using the same permigplets. This supports the neutral theory of
community assembly with regard to these traits. elmv, | found a relation of stand
functional diversity and horizontal canopy struetypaper Il) and an effect of functional
diversity on crown area.
I conclude that mechanisms of coexistence may niyt change through life stages but may
also differ for distinct traits. Since the relatshiip between diversity and ecosystem functions
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relies on differences in traits, the relationshgelf may change through life stages and may
depend on the observed ecosystem functions.

6.4 The Importance of Crown Architectural Traits tbe Prediction of Ecosystem

Functions

Crown projection areas proved to be a significaatdr for the prediction of radial-growth
increment by means of competition indices (paggr Mifferences in crown architecture and
branch demography were found to add to the conneetpgerformance of species in the
sapling experiment (paper IV). In addition, theeeff of species on the kinetic energy of
rainfall could be related to their species-specsichitectural traits of crown and branches
(paper V). Several studies show the effect of croavohitectural traits on growth of
individual-trees (Biging & Dobbertin 1992; Browat al. 2004; Drobyshe\et al. 2007) and
relate them to the competitive abilities of spedipenalled 2001; Aiba & Nakashizuka
2009). However, to my knowledge, this is the fgstdy relating crown architectural traits to
ecosystem functions within the BEF framework andthia species rich subtropical forest
ecosystems. | expect crown architecture and caswpgture to indirectly influence a number

of additional BEF relations.

6.5 Future Research Needs

The present thesis provided new insights in possiiechanisms driving the positive relation
between tree species richness and productivitpngtoved the knowledge of subtropical tree
species, and of important factors of local neighlthoad relations and finally it raised

awareness for further research needs. Followipgjrit to the most important future research

questions:

(1) Does species richness or functional diversitytlee local neighbourhood reduce
competition between tree individuals?

Although the present thesis revealed a positiveceff diversity on the crown area of mature
trees, the direct effect of diversity on radialwgtio in older stands needs further investigation.
In addition, it remained open if diversity effeain plot level are the aggregated effects of

local neighbourhood interactions.
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(2) How does the high steepness of slopes of maltyapical and tropical forest ecosystems
together with the species richness of these fordstermine the spatial arrangement of
crowns?

To sufficiently explain the effect of slope inclir@n on the horizontal and vertical canopy
structure, a three-dimensional analysis is necgs$arentually, the light environment in
dependence of slope aspect and inclination coulthlellated and set in relation to structural

parameters of the canopy.

(3) Are mechanisms of coexistence similar betwempidal, subtropical and temperate
systems? Does inter- and intra-specific competiti@iween tree species follow similar
mechanisms in these systems?

Individual tree growth was found to be mainly afést by the local neighbourhood in the
subtropics (paper Ill) as well as in the tropicetiih & Gotelli 2008; Potvin & Dutilleul
2009). Thus, it is conceivable that differenceg.gn the proportion of co-occuring evergreen
vs. deciduous species between both systems magfleeted in the local neighbourhood
interactions. At the same time the positive refati@tween stand diversity and productivity
was found in subtropical and tropical systems lilsew Thus, basic mechanisms between
species or tree individuals such as complementardly act in a similar way. Therefore it is
interesting to compare the mechanisms of complesmignbetween subtropical and tropical

systems.
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Abstract

Trees are able to respond to their local biotic ahobtic environment with morphological
adjustments which improve resource acquisition #mas, growth. In forests, light is broadly
recognised as one of the major factors determigirayvth, and morphological responses
comprise changes in crown architecture and stetaretaOn sloping terrain, the interplay of
phototropism and gravitropism may further affect rpfmlogical growth characteristics.
However, different tree species are expected tov gpecies-specific responses. In this study,
we analysed three growth characteristics of treléeviduals belonging to four species of two
functional groups (evergreeSchima superba, Castanopsis eydeiciduousQuercus serrata
var. brevipetiolata, Castanea henyyin a species-rich Chinese subtropical forest.wdro
projection area, relative crown displacement aedhsnclination were related to biotic (local
species richness, functional richness, competitstand age) and abiotic (slope aspect and
inclination, soil depth) variables in the local gigourhood of the tree individuals. We
hypothesised that (i) there are species-specifferdnces in the morphological response of
crown architecture and stem stature and (ii) thatvo size and asymmetry as well as stem
inclination are influenced by both, biotic and almdactors. In contrast to our expectations
we were unable to reveal any species-specific rdiffees in any of the three growth
characteristics. The results of mixed effects meod#iowed that crown area was mainly
affected by the target tree’s dbh and biotic vdeslrelated to neighbours (competition,
functional diversity), whereas stem inclination wasinly influenced by slope. Relative
crown displacement was influenced by both, biotid abiotic variables. We conclude that
growth responses resulting in crown displacemertt stem inclination seem to be an
important mechanism to ameliorate foraging for tligh our study area, but that these
responses appear to be species-independent. Tdrplayt of stem inclination and crown
displacement allows for a plastic response of tnekviduals in biotically and abiotically
heterogeneous environments. Our results indicate fibrest management in this region
should focus on functionally diverse stands which promoting crown area positively
resulting in increased growth rates of individuaks.
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1 Introduction

The stature of a tree individual at any given tisiéhe result of growth processes that closely
interact with, and respond to, the local environménforests, light is broadly recognised as
one of the major factors determining growth. Iniadd, light is the most important example
of a resource that generates size-asymmetric caimpe{Schwinning and Weiner, 1998;
Nord-Larsen et al., 2006, Potvin and Dutilleul, 9DGrams and Andersen (2007) suggest
that morphological responses such as crown sizecemdn architecture may be the most
important results of size-asymmetric competition light. Lower photosynthetically active
radiation and a decreased red to far-red raticaragffect of shading by surrounding and
overtopping vegetation, may induce shade-avoidaesponses of tree individuals (Ballare,
1999). Under strong, evenly distributed competitionlight by surrounding vegetation (e.g.
in even-aged and mono-specific stands of high tgnsiee individuals may promote height
growth rates as compared to lateral growth ratemdngased allocation of resources to stem
elongation and decreased allocation to lateral divas (Takenaka, 2000). As a result, the
crown projection area (projection of the horizontabwn extent) may be lower at higher
levels of competition for light. In a heterogenearsvironment, tree crowns respond to
anisotropic light availability with stronger latérarown expansion towards high light
conditions (phototropic growth), resulting in crowesymmetry. The development of
asymmetric crowns may be intensified by correlainfgbition, i.e. the growth of branches in
favourable conditions is increased at the expemdkeogrowth of branches in unfavourable
conditions (Stoll and Schmid, 1998; Takenaka, 200®je direction or degree of crown
asymmetry can be assessed by measuring the dicergdnthe centroid of the projected
crown area from the position of the stem base (oroigplacement). Following changes in
resource availability, crown foliar and branch @sges are generally more rapid and more
plastic than stem increment or height growth respen Crown projection area and crown
displacement are, therefore, very sensitive grorgdponses to competition (Getz al.,
2008).

Light conditions are, however, not only affected thy local neighbourhood (i.e. biotic)
interactions, but also by abiotic factors. In aidditto latitude, topography is the major abiotic
factor influencing the direction and intensity noEoming sunlight. On sloping terrain the lines
of equal light intensity run parallel to the grouffdexander, 1997; Ishii and Higashi, 1997).
Therefore, the most efficient height growth of sreghould occur at a right angle to the
ground, resulting in stems that incline in a dovintdirection on slopes. However, for
biomechanical reasons there has to be an optingt &or the stem on a slope; this is neither
vertical nor perpendicular to the ground, but somaw in between (Ishii and Higashi, 1997).
Crown asymmetry was also found to be affected lmpesl(Umeki, 1995a; Getzin and
Wiegand, 2007). For example, Sumida et al. (200@3eoved more primary branches
inclining in a downhill than in uphill direction faCastanea crenatan a downhill direction
the trees can reach the upper canopy more easijube the average canopy height is lowest
on this side. Thus, on sloping ground the interméyooth abiotic and biotic factors may
result in stem inclination together with crown asyetry.

Observational studies have shown that tree cromdsstems respond to anisotropic light in a
species-specific way (Umeki, 1995a; Matsuzaki et 2006). For example, Umeki (1995a)
showed thaBetula maximowiczianhad greater crown asymmetry thaicea abiesand that
crown asymmetry oB. maximowiczianavas more influenced by slope inclination than by
neighbouring trees, while the opposite was foumdPfaabies In a Japanese slope forest, stem
inclination was lowest for the coniferous spec@&yptomeria japonicaintermediate for
Pinus densifloraand the evergreen oak specf@gercus myrsinaefolijaand largest for the
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deciduous oak speci€xuercus serratgdMatsuzaki et al., 2006). According to niche thear

is conceivable that these species-specific difis@ermay promote species coexistence (Wills
and Condit, 1999; Wills, 2006; Zillio and Condi)®; Levine and HilleRisLambers, 2009).
These relationships may, thus, become particulanieresting when analysing the
mechanisms underlying the exceptional species eghrof tropical and subtropical forests.
On a local neighbourhood scale, species identity miuence the degree and intensity of
neighbourhood competition (Yoshida and KamitaniD@O0 Tree biodiversity experiments
have revealed positive complementarity effects ixtumes (Pretzsch, 2005; Potvin and
Gotelli, 2008). One explanation for these findinigs that aboveground space is used
complementarily because tree architecture is spapecific, thus enabling more efficient
light exploitation (Pretzsch and Schitze, 2009).

In tropical forests, growth of species is influeshicby variable degrees of intra- and
interspecific competition (Hubbell, 2001b; StolldaNewbery, 2005; Masse&t al., 2006).
Morphological responses of trees might, therefbeeinfluenced by the local neighbourhood
diversity level. For example, in a more diverseeftrthe canopy layer is usually more
structured, with the effect that light is distribdt more patchily, creating a more
heterogeneous light environment. In such an enmnt, stem inclination might not only be
influenced by slope but stems might incline towag#ps to avoid competition. As a
consequence, stem inclination might be more vagiabtiverse stands.

In this study, we investigated whether there arecigs-specific differences in the
morphological response of crown and stem staturémgiortant tree species in Chinese
subtropical forests, and how crown size and asymynes well as stem inclination, are
influenced by biotic and abiotic factors. Thesectts are of particular interest for diversity
research because they are almost as rich in wopelyies as tropical forests (Wills et al.,
2006; Legendre et al., 2009). Furthermore, theyessmt a formerly widespread ecosystem in
South and East China (Wu, 1980), which is curremtigter high pressure from intensive land
use (Wang et al., 2007). The study was carriedrotiie National Nature Reserve (NNR) of
Gutianshan (eastern China), where the occurrendbeofmajority of woody species is not
significantly related to slope, aspect, elevatiocanvexity (Legendre et al., 2009; Bruelheide
et al., in press). Although most species do nowshabitat preferences, they might still show
different morphological responses to abiotic sdetdrs such as slope inclination. For the
present study, four target tree speci®shima superhaCastanopsis eyreQ. serratavar.
brevipetiolata Castanea henryiwere selected because of their high abundanta@srforest
type (Yuet al., 2001). Crown projection area, crown dispiaent and stem inclination were
measured for all target individuals. Furthermotefib (species richness, functional diversity,
competition, mean upper canopy height) and abparameters (slope inclination and aspect,
soil depth) were recorded for each target treethayewith its neighbours. To our knowledge,
this is the first study to analyse crown projectiarea, crown displacement and stem
inclination together and discuss the findings witthie framework of biodiversity research.
Our specific hypotheses were: (H1) there are spepecific differences in the growth
response of stem and crown on forest slopes. licpkar, we expected differences between
early Q. serrataand C. henry) and late successiondl.(eyre) target species, and between
deciduous Q. serrata, C. henryiand evergreenS( superba and C. eyjespecies. (H2) The
morphological response of crown and stem is infteen by both biotic and abiotic
parameters.
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2 Materials and methods

2.1 Study site

This study was conducted in Gutianshan NNR whidbdated in Zhejiang province (eastern
China, 29°8'-29°17' N, 118°2'-118°11"' E) and coaarsarea of about 81 km2. The area
formerly belonged to, and was used by, a forestrpany. Prior to its recent status as an
NNR (since 2001), it had been protected as a Naltidiorest Reserve since 1975. The
Gutianshan NNR is situated in the subtropics withaam temperate climate and a short dry
season in winter. The mean annual temperature.is°@and the mean annual precipitation
is about 2000 mm (Hu and Yu, 2008).

The predominant vegetation type is subtropical dprewith evergreen broad-leaved
dominating over summergreen broad-leaved species {@80; Hu and Yu, 2008). A total of
1426 seed plant species of 648 genera and 149idanméve been recorded in this forest
reserve. The area is heterogeneous with respebetesuccessional stages that are present in
the forest, with older stands dominated(yeyreiandS. superband younger dominated by
P. massonianandQ. serratavar. brevipetiolata(for a detailed species list see Bruelheide et
al., in press). Anthropogenic influences such agiltg and natural disturbances such as
typhoon and snow and ice breakages are evidengebflyethe presence #finus massoniana
and Q. serratavar. brevipetiolataeven in the old-growth forests. Our study sitesgose
intermediate to steep slopes (ranging from 10° tmenthan 50°) and small-scale changes of
aspect. The elevation ranges from 300 to 1250 nveals®a level. Since only a few
individuals showed signs of sable growth, it isuassd that ground slides do not occur
regularly (other than topsoil erosion). Furtheratlstabout the Gutianshan NNR are given by
Lou and Jin (2000), Yu et al. (2001), Hu and YuQ&)) Legendre et al. (2009), Schuldt et al.
(2010) and Bruelheide et al. (2011).

2.2 Study design

We decided on an individual-based approach to @#teiour hypotheses. We selected four
tree species of high abundance (¥ual., 2001):S. superbaGardn. et ChampC. eyrei
(Champ. ex Benth.) HutchQ. serratavar. brevipetiolataand C. henryi (Skan) Rehd. et
Wills. called target species. The target specidsnigeto different functional groups, sin€e
superbaandC. eyreiare evergreen ar@. serrataandC. henryiare deciduous.

Data sampling was conducted during summer and au2088 on 27 plots (each 30 m x 30
m on the ground) which were randomly selected withie NNR, stratified by successional
age and which exclude slopes steeper than 55°.plidie were further investigated in the
context of the newly established biodiversity asdsystem functioning project China (BEF
China) (Bruelheide et al., in press). It is impattéo cover different successional ages from
young to old stands because tree growth and cotiweeiteractions are influenced by stand
age (Filipescu and Comeau, 2007). Twenty targetstyger species were chosen randomly
within the plots from all individuals complying witthe following criteria: (i) single
stemmed; (ii) diameter at breast height (dbh, 1.8bmve ground) >10 cm (intermediate and
old permanent plots) or dbh >3cm (in young permampots); (iii) crown position in the
upper canopy layer; (iv) each target species conlg be selected once per plot. Thus, the 20
target trees of each species were spread over 2@ &7 permanent plots with the exception
of C. henryi(10 trees in 10 plots) for which only 10 individsidulfilling all the criteria were
found.

Local biotic conditions (local species richnessalofunctional diversity, competition) were
assessed by recording the position, size and tglenitithe neighbours of each target tree.
Neighbours were defined as all individuals whogeteight (corrected for the slope position
(z-axis)) cut the hull of a reversed cone with @erang angle of 70° and positioned with its
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tip at the foot of the target tree (following thesttmod of Biging and Dobbertin, 1992). They
also had to fulfil the minimum dbh criterion (crien (ii) above). Each target tree, together
with its local neighbours formed a group. Each eatgee had a mean number of 1Gt%5(0
SD) neighbours, resulting in a total number of 88#&/eyed individuals.

2.3 Measurements and calculated variables

Crown radii in the eight subcardinal directions &véetermined by means of a crown mirror.
The crown projection area (hereafter crown aread walculated using the formula for a
polygon. In cases of extraordinary crown displacetmethe crown projection did not include
the stem base — the distances to the proximal etal @édge of the crown were measured in
all possible directions (if this was only possilite one direction, four crown radii were
measured as follows: the distances to the proxiamal distal edge of the crown were
determined and, starting at the centre of this oravameter, on the axis perpendicular to it
(Fig. 1A and B). In this case, crown area was axprated as a quadrangle). Relative crown
displacement (rd) was considered to be the distahti®e centre of gravity of the crown area
from the stem base, divided by the mean crown sa(ianguetaucdt al., 2008) (Fig. 1A). In
cases where the centre of gravity perfectly matthestem base, rd is equal to 0.
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Fig. 1: Tree growth on extreme slopes. (A) Lateral view: absolute crown displacement)(esdthe
distance of the stem base to the calculated cehgravity of projected crown area (g); relativewn
displacement (rd) is computed as ad divided by rttemn crown radius (r); dotted line: crown
projection eastwards. (B) View from above: for gregith extreme crown displacement, crown is
measured twice in one, in this case eastern, dre¢X1, X2) and, starting at the centre of the
distance X1 to X2, on the axis perpendicular te this (Y1, Y2). (C) Calculation of stem inclinatio
angle of inclination d) in relation to the vertical; h: height of bifut@a point d: horizontal distance
of stem base to the bifurcation point of the crown.
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Main tree stems may deviate from vertical stataremo different ways: stem inclination and
stem bendiness, with the former involving straight leaning stems and the latter bent or
curved stems (Schamp et al., 2007). In the forgstrior of Gutianshan NNR bent growth
forms are confined to a relatively small numbertiifes. To obtain the degree of stem
inclination, we first measured the height of thukmation point (height at which the lowest
living crown branch of the tree branches off, edabg epicormics or springs), and then the
horizontal distance of the bifurcation point frohetstem in the direction of the slope (Fig.
1C). The angle of inclination was calculated asdaof these two distances (Fig. 1C). If the
stem was inclined towards the slope, stem inclmatvas considered to be negative. This
method is similar to that used by Matsuzaki e(2006), where stem inclination was defined
by referring to a straight line between the sterseband the top of the tree. However, in our
study we used the bifurcation point as a referqmmet in order to separate the effect of
crown asymmetry from that of stem inclination. Qlree response variables were recorded
independently. Stem inclination was measured indihection of the slope, whereas relative
crown displacement was calculated by triangulatidrhe correction of the crown
displacement by crown radius resulted in the inddpat variable of relative crown
displacement. Correlations between the three respeariables were negligible. The dbh
(measured with a diameter measurement tape) aadhgight were recorded for all trees. The
relative position of the neighbours to the targeetwas measured as the horizontal distance
from stem base to stem base. All height and distameasurements were conducted using a
Forester Vertex Hypsometer (Haglof, Sweden).

All neighbours were determined to species (or th@est possible taxonomic level; for a full
species list see Table 1). Local species richnesstie species richness of the group) was
estimated using the rarefaction method (Hurlbddisula, 1971) of the vegan package in R
(subsample size: two trees). We applied the samthaueto obtain a measure for local
functional diversity. For this purpose we classifihie species into seven functional groups
(Table 1). Since our hypotheses are based on grodhacteristics of crown and stem, the
trees were allocated to the functional groups altogrto adult tree height (canopy tree vs.
sub-canopy tree) (Poortet al., 2006), leaf longevity (evergreen vs. decith) (Denget al.,
2008) and leaf morphology (simple leaves, compoleales, needles). We decided to
establish an additional functional group for Falaacdecause of their well known ability to
fix nitrogen and the resulting differential precdrahs for growth.

To characterise the competitive power of the tatget we chose the distance-independent
competition index (CI) of Daniels et al. (1986):

Cl; = dbhzn / Yidbh?

where j is the subscript for the target tree, itfe neighbour and n stands for the number of
neighbours. This Cl is particularly useful for tbemparison of individuals of differing age,
since the multiplication of the target trees’ dbiiwn makes it robust against heterogeneity in
stand density. The higher the CI, the larger themetitive power of the target tree in the
respective neighbourhood.

Upper canopy height was defined as the mean hafhhe highest 20% trees in the
respective group. These values ranged from 7.5@ 12 and were used as an indicator of the
age of the stand in which the tree group was lacate

For each tree group, data for slope inclination asypkect were collected and transformed after
Beers (1966). Soil depth, respresenting the sdiinco down to the C-horizon, and therefore
maximal rooting depth, was measured within oneuaifile per plot.
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2.4 Statistical analyses

Statistical analyses were performed using R 2RM¢velopment Core Team, 2009) together
with the packages vegan (Oksanen et al., 2008)néand (Pinheircet al., 2009). We tested
species-specific differences of crown area, retatixown displacement and stem inclination
(H1) using a mixed effects model with species rsdieffect and plot as random effect (Table
2).

We refined our models by testing for main effectsabiotic and biotic environmental
variables in order to verify their effects on croenmd stem parameters (H2). Biotic variables
included species richness, functional diversitynpetition index, the dbh of the target tree
and mean upper canopy height, while the abioti@tées were slope inclination, slope aspect
and soil depth. Target species identity was alstuded as a categorical predictor variable.
Similar to the previous models (H1), plot was inldd as random effect. All variables were z-
transformed (mean of zero and standard deviatioona) prior to analyses to meet the
requirements of normal distribution and homoscediast We tested for multi-linear
colinearity of all predictor variables (correlat®hetween variables did not exceed R= 0.8).
Model residuals did not show violation of modellingssumptions (normality and
homogeneity of variances).

3 Resaults

There were no significant differences between the farget species for any of the response
variables (p>0.05, Table 2). However, species-$ipedifferences in relative crown
displacement were close to our significance thrigshBy comparing the fixed effects
structure, the crown displacement@fhenryiwas significantly larger than that 8t superba
(Table 2).

Crown area varied considerably between individaal$ ranged from 0.36 to 58.88 m2 (mean:
10.17 m?2+ 10.04 m?). The linear mixed effects model expldirg% of total variance
(adjusted R?). The significant variables in the elodere related to both the biotic (dbh,
competition, functional diversity) and abiotic (sdepth) environment. Crown area increased
with dbh of the target tree (effect size: 066.13) and soil depth (effect size: 02%.09).
The crown area was larger if the competitive poefethe target tree was higher (effect size:
0.06+ 0.09) and with higher functional diversity (effeize: 0.13t 0.09).

Relative crown displacement varied from 0.00 toO6(thean: 0.83t 1.14). Our model
explained 36% of the total variance (adjusted RA&)o predictor variables, competition index
and local slope inclination, contributed signifidgnto the linear mixed effects model
explaining relative crown displacement. Relativeowan displacement decreased with
competitive power of the target tree (-0£8.14), but increased with slope inclination (0.27
+ 0.13).

Inclination of stems ranged from —3.28° (stem metl towards the upper slope) to 41.34°
(mean: 9.74°+ 7.85°) from vertical. The linear mixed effects mbdor stem inclination
explained 23% of the total variance (adjusted RAg only significant predictor variable was
slope inclination. Steeper slopes resulted in &driglegree of stem inclination (effect size:
0.28+ 0.13).
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4 Discussion

No species-specific differences in the growth respoof crown and stem.

While studying the growth response of four treecs®e on forest slopes in different
competitive situations, we did not find any spedpscific differences in crown and stem
parameters. Our findings are thus in contrast tandant evidence that tree species differ
remarkably in the extent of their morphological p@sses to comparable environmental
challenges (Umeki, 1995a; Muth and Bazzaz, 2002tsivkaki et al., 2006). In particular
early successional species may have higher morgicaloplasticity than late successional
species (Pretzsch and Schitze, 2005). Early sucnaetspecies show e.g. greater canopy
displacement because more extensive light foragingecessary than for late successional
(Muth and Bazzaz, 2002). Matsuzaki et al. (2006ntb species-specific differences in stem
inclination to be determined by phototropic respegrisess of species. Of four observed tree
species they foun®. serratato have the largest stem inclination. We also cli@sserrataas

a target species and together withhenryiit represent®arly successional species, while
eyreiis a late succession&. superbas a very dominant species and can be found mster
of all ages. For this reason, we expecfgdserrataand C. henryito show more flexible
growth responses. Contrary to our expectations, oeald not detect any significant
differences in growth characteristics between tber ftarget species. There is a slight
indication that there could be differences in tléative crown displacement betweé&n
superbaand C. henryi However, the sample size @f henryiwas limited. Thus, higher
numbers of replicates would be needed to confirnresults.

Our results show that the variation in the growebponse of crown and stem was very high
within species, i.e. individuals of all species &ighly flexible in adjusting to their local
environment. This would be in accordance with Hlilsbé2001a) neutral theory. All
individuals, independent of species identity, hageivalent potential to correct their crown
and stem growth as a response to abiotic and Hexttors. Hubbell (2001a) argued that it is
precisely the ecological equivalence of species #flaws their coexistence. However, we
studied only four species, and additional spediesiisl be included in future studies.

Table 2. (A) Results of the fixed effect of two-factoriadpecies - fixed, location - random) linear
mixed effects models for crown and stem paramet@}.Fixed effects structure for the model
explaining relative crown displacement. Resultscamsidered significant at p<0.05*.

A Species
Response variables DE F-value p-value
Crown area 40 1.60 0.205
Stem inclination 40 0.80 0.501
Relative crown displacement 40 2.69 0.059
B fixed effects for relative crown displacement
Species comparisons

value t-value p-value
C.eyrei vs.S. superba 0.1270933 0.44 0.661
Q. serrata vs S. superba 0.5689474 1.91 0.063
C. henryi vs. S. superba 0.8658486 2.40 0.021 =

* Results are considered significant at pG50
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Table 3. Results of mixed effects models for crown and spamameter response to biotic and abiotic
environmental predictor variables. Results are iclemsd significant at p<0.05*; p<0.01**;
p<0.001***,

crown area relative crown displacement stem inclina tion
Fixed effects DF F-value p-value F-value p-value F-value p-value
dbh 33 96.40 <.0001 *** 0.79 0.380 0.16 0.692
Competition 33 10.49 0.003 ** 7.72 0.009 * 1.76 0.194
Species richness 33 0.1 0.478 1.91 0.176 3.71 0.063
Functional diversity 33 5.19 0.029 * 0.65 0.427 0.00 0.989
Canopy height 33 0.54 0.467 0.10 0.752 2.40 0.131
Local inclination 33 0.09 0.766 6.32 0.017 * 8.49 0.006 **
Local aspect 33 0.90 0.349 0.04 0.843 3.96 0.055
Soil depth 25 8.82 0.007 ** 0.20 0.660 3.42 0.076
Species 33 0.50 0.683 1.69 0.188 1.58 0.213

* Results are considered significant at p < 0.05
** Results are considered significant at p < 0.001
*** Results are considered significant at p < 0.000

Parameters influencing growth responses

Crown area was mainly influenced by biotic paramset@lbh, competition, functional
diversity). Since crown area is related to the siz¢he tree, the influence of dbh on crown
area represents an allometric function. Howeveallaeighbourhood competition also had a
highly significant positive impact on crown aredelmore competitive power the target tree
had, the larger its dbh in comparison to the mdam af its neighbours, the more extended
was its crown. This is in agreement with Simard &mghonick (2005) and Getzin et al.
(2008), who found that crown area is very senstiiveompetition.

Functional diversity in the local neighbourhood wassitively related to crown area of the
target trees. This result may be explained by tkistence of niches that promote the
coexistence of individuals of different functiorgtbups over that of individuals of the same
group. Pursuant to our classification, a more fiometl diverse group should form a more
structured canopy in terms of height stratificates well as timing of leaf occurrence and
crown density (influenced by different leaf shapeGSyowing in a functionally diverse
neighbourhood may allow tree individuals to invesire in lateral branch growth and, thus,
increase their light foraging efficiency. As crowrea is closely related to the growth rate of
tree individuals (Drobyshev et al., 2007), the dity effects at the local neighbourhood level
may also add up to a positive effect of functiodizlersity on productivity at the stand level
(Scherer-Lorenzeret al., 2005). This implies that forest managenshuld aim for the
maintenance or creation of functionally diversendsain this region. The majority of Chinese
subtropical forests now exist as secondary fordg¥ang et al., 2007). To preserve
functionally diverse stands single-tree harvesisigecommended which at the same time
helps to avoid soil erosion. A large proportiontioé present forest area in the subtropical
zone of China is occupied by mono-specific starfdsoaifers, in particulaP. massoniana
andCunninghamia lanceolataHowever, converting single-species conifer stantsmixed-
species stands as well as using species mixturesfamestation is now being seriously
considered for various objectives in China, sucinageased stand productivity, reduced pest
damage or fire risks, biodiversity conservatiorrpoa sequestration, and soil erosion control
(Wang et al., 2007; Lei et al., 2009; Zhang et 2009). Our results add evidence that there
might be increased stand productivity due to complatary resource use or facilitation in
functionally diverse stands.
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It remains open to which degree the effect of fiometl diversity on crown area might be
coupled to the effect of former canopy gaps. Byting heterogeneity in light levels gaps are
known to promote and maintain species diversityn{ie, 1989; Schnitzer and Carson,
2001). At the same time larger crown areas mayatdipast presence of gaps.

In our model, the parameter “functional diversityas superior to the parameter “species
richness”. We conclude that our classification ohdtional groups is more important for
crown area than species identity. The only sigaificabiotic parameter in the model was
“soil depth”. Soil depth represents the limitatioh rooting space in one dimension. The
significant impact of soil depth could indicate tineportance of belowground competition,
which is probably more severe in a more restri@pdce. Belowground competition was
found to have an influence on aboveground plandycton (see Brassard et al., (2009) and
references therein). Shallow forest soil may alsoabconstraint for mechanical anchoring
which could be of importance in a topographic gitra which is characterised by steep
slopes, as is the case in our study area (Chiatnaé, 2002; Di lorio et al., 2005). Slope
inclination alone has apparently no direct influeieo crown area. However, soil depth could
give an indirect indication of slope steepnessunstudy, the two variables were not related
(R%=0.04).

Relative crown displacement was influenced mainlycompetition and steepness of slope.
Relative crown displacement was lower when theetanggee had greater competitive power
than its neighbours. Results confirming that negghilmg trees influence crown displacement
in individual-based approaches were found by e.gung and Hubbell (1991), Umeki
(1995a), and Brisson (2001). Explanations for cralaplacement are seen in the differential
growth response of crown modules to differing lightvironments. In forests on slopes the
way in which neighbours are included in the anayse particularly important. When
considering competition for light, neighbouringesein uphill direction of the sampled target
tree impose a stronger influence than trees in #ddivdirection. The inverse cone method
takes this into consideration by including moreghéoburs in uphill than in downhill
direction. In our model, slope steepness had aipeseffect on crown displacement. Our
findings thus support the output of the model of ékim(1995b), who modelled the
relationship between crown displacement and longirenment. He found the crown vector
to be a function of the position and size of ne@lris and slope inclination.

Anthropogenic disturbances such as selective lgggasulting in the loss of neighbours and
creation of canopy gaps, might have had an inflaean relative crown displacement;
however it was not possible to include this in madels.

We are aware that our study is short of a histbpeaspective which is beyond the scope of
this work. Gap dynamics as well as changing cortipetiinteractions influence growth
processes of trees throughout their whole life sgance trees are very longlived organisms
these past growth conditions are preserved in threisent stature. Crowns generally react
faster to changes of the environment than the siéms. might contribute to the observed
pattern that biotic factors representing the curemvironmental status are related to crown
response, but not to stem response.

To our knowledge, this is the first study to relatgh biotic and abiotic variables to stem
inclination. However, only the inclination of slopead a significant impact on stem
inclination. This is consistent with the resultsMétsuzaki et al. (2006) and the theoretical
work of Ishii and Higashi (1997, 1998). In addititmthe mechanism which they describe of
lines of equal light intensity running parallel tioe ground, we think that inclined trees in
upslope position of the sampled tree should infbeethe sampled tree as well. Since almost
all trees in our study area had inclined stemsy&aB0 % of all 837 measured trees inclined in
a downhill direction, and as few as 17 % did notiake strongly from a vertical stature
(degree of stem inclination < + 3°)), each indiatlwas shaded by trees growing uphill of the
sampled individual. In our model, phototropism wbudause an inclination towards the
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remaining sunlight whereas gravitropism would resal a vertical uprightening. The
direction of phototropism would be influenced by tstem inclination, distance and crown
extension of the upslope tree individual (Fig.2em inclination of the target tree would thus
be the outcome of the interplay of phototropism grakitropism, similar to the experiments
of Matsuzaki et al. (2006). Stem bending towardsdinection of incoming sunlight was also
observed by Schamp et al. (2007). The tree’s owighweould also add to the inclination. In
studies about crown asymmetry towards gaps it vwagrved that the increased load on one
side caused some individuals to fall into the gapufig and Perkocha, 1994). If selfload was
essential, individuals would probably invest manestem erecting and thus less in crown
expansion. This would result in an influence ofpsl®n the crown area observed. However,
this could not be demonstrated by our analysesn $telination seems not to be influenced
by biotic factors. In particular, we were unabled&tect any diversity-related effects on stem

inclination.

Fig. 2:Factorsinfluencing phototropism in a stand of uniformly inclined tree individuals. Dotted
line indicates direction of phototropism for thewdwslope neighbouring tree. (A) Distance of tree
individual to the upslope neighbour, (B) crown edien of upslope individual, (C) stem inclinatioh o

upslope individual.
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Table 1. List of all species (recorded as neighbouring trees) with family affiliation. Trees were
divided into functional groups according to tredghé (canopy tree: c; sub-canopy tree: s), leaf
longevity (evergreen: e; deciduous: d), and leafphology (simple leaf: sl; compound leaf: cl;

needle: nl); Fabaceae were established as sepanatenal group (f) (see text).

Functional

Family Species Group
Aceraceae Acer cordatum Pax cdsl
Alangiaceae Alangium kurzii Craib cdsl
Anarcadiaceae Toxicodendron spec. cdcl
Toxicodendron succedaneum (Linn.) Kuntze cdcl

Aquifoliaceae llex litseifolia Hu et Tan sesl
llex rotunda Thunb. cesl

llex spec. cesl

Araliaceae Dendropanax dentiger (Harms) Merr. sesl
Daphniphyllaceae Daphniphyllum oldhamii Hemsley cesl
Ebenaceae Diospyros japonica Sieb. et Zucc. cdsl
Diospyros kaki Thunb. cdsl

Elaeocarpaceae Elaeocarpus chinensis (Gard. et Champ.) Hook. cesl
Elaeocarpus decipiens Hemsley cesl

Elaeocarpus japonicus Sieb. et Zucc. cesl

Ericaceae Rhododendron ovatum (Lindl.) Planch. sdsl
Vaccinium bracteatum Thunb. sesl

Vaccinium carlesii Dunn sesl

Fabaceae Albizia kalkora (Roxb.) Prain cdclf
Dalbergia hupeana Hance cdclf

Fagaceae Castanea henryi (Skan) Rehd. et Wils. cdsl
Castanopsis carlesii (Hemsl.) Hayata cesl

Castanopsis eyrei (Champ. ex Benth.) Tutch. cesl

Castanopsis fargesii Franchet cesl

Castanopsis sclerophylla (Lindl. et Pax.) Schott. cesl

Castanopsis tibetana Hance cesl

Cyclobalanopsis glauca (Thunb.) Oers. cesl

Cyclobalanopsis myrsinaefolia Oerst. cesl

Lithocarpus glaber (Thunb.) Nakai cesl

Quercus phillyreoides Gray cesl

Quercus serrata Murray var. brevipetiolata cdsl

Hamamelidaceae Liguidambar formosana Hance cdsl
Loropetalum chinense (R. Br.) Oliv. sdsl

Juglandaceae Platycarya strobilacea Sieb. et Zucc. cdcl
Lauraceae Lindera glauca (Sieb. et Zucc.) BI. sdsl
Litsea coreana Léveillé cesl

Machilus thunbergii Sieb. et Zucc. cesl

Neolitsea aurata (Hay.) Koid. sesl

Sassafras tzumu (Hemsl.) Hemsl. cdsl

Myricaceae Myrica rubra Sieb. et Zucc. cesl
Oleaceae Fraxinus insularis Hemsley cdcl
Osmanthus cooperi Hemsley sesl

Staphyleaceae Euscaphis japonica (Thunb.) Kanitz cdcl
Pinaceae Pinus massoniana Lamb. cenl
Pinus taiwanensis Hayata cenl

Rosaceae Malus leiocalyca Huang cdsl
Prunus schneideriana Koehne cdsl
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Sorbus folgneri (Schneid.) Rehd. cdsl

Sabiaceae Meliosma oldhamii Miquel cdcl
Styracaceae Styrax spec. cdsl
Symplocaceae Symplocos paniculata (Thunb.) Miq. sdsl
Symplocos stellaris Diels sesl|
Symplocos sumuntia Buch.-Ham. sesl|
Taxodiaceae Cunninghamia lanceolata (Lamb.) Hook. cenl
Theaceae Adinandra millettii (Hook. et Arn.) Ben. et Hook. cesl
Schima superba Gardn. et Champ. cesl

Acknowledgements

We are very grateful to Mr Teng Fang for all thdphduring the establishment of the
permanent plots and for the valuable assistancgpéties determination. This work was
funded by the German Science Foundation and caotugdvithin the research group BEF
China (DFG FOR 891/1). We are grateful for thisgsamp

References

Alexander, R.M., 1997. Physiological ecology - lieantrees on sloping ground. Nature 386,
327-329.

Ballare, C.L., 1999. Keeping up with the neighboupfiytochrome sensing and other
signalling mechanisms. Trends Plant Sci. 4, 97-201.

Beers, T.W., Dress, P.E., Wensel, L.C., 1966. Aspansformation in site productivity
research. J. Forest. 64 691-692.

Biging, G.S., Dobbertin, M., 1992. A comparison distance-dependent competition
measures for height and basal area growth of iddaliconifer trees. For. Sci. 38, 695-
720.

Brassard, B.W., Chen, H.Y.H., Bergeron, Y., 2008luence of Environmental Variability on
Root Dynamics in Northern Forests. Crit. Rev. PBait 28, 179-197.

Brisson, J., 2001. Neighborhood competition anavarasymmetry in Acer saccharum. Can.
J. For. Res. 31, 2151-2159.

Bruelheide, H., Bohnke, M., Both, S., Fang, T., rAasn, T., Baruffol, M., Bauhus, J.,
Buscot, F., Chen, X.-Y., Ding, B.-Y., Durka, W. fiaeier, A., Fischer, M., Geiller, C.,
Guo, D., Guo, L.-D., Hardtle, W., He, J.-S., Hectar, Kréber, W., Kiuhn, P., Lang,
A.C., Nadrowski, K., Pei, K., Scherer-Lorenzen, B8hi, X., Scholten, T., Schuldt, A.,
Trogisch, S., von Oheimb, G., Welk, E., Wirth, @/u, Y.-T., Yang, X., Zeng, X.,
Zhang, S., Zhou, H., Ma, K., Schmid, B., 2011.Comityuassembly during secondary
forest succession in a Chinese subtropical foEesil. Mono. 81, 25-41.

Chiatante, D., Scippa, S.G., Di lorio, A., Sarnatavl., 2002. The influence of steep slopes
on root system development. J. Plant Growth Reétjyl247-260.

Daniels R.F., Burkhart H.E., Clason T.R., 1986.oparison fo competition measrues for
predicting growth of Loblolly-Pine trees. Can. drFRes. 16:1230-1237.

Deng, F., Zang, R., Chen, B., 2008. Identificatminfunctional groups in an old-growth
tropical montane rain forest on Hainan Island, @hiRor. Ecol. Manage. 255, 1820-
1830.

Di lorio, A., Lasserre, B., Scippa, G.S., Chiatarile, 2005. Root system architecture of
Quercus pubescens trees growing on different sjpponditions. Ann. Bot. 95, 351-
361.

77



Drobyshev, 1., Linderson, H., Sonesson, K., 2008laionship between crown condition and
tree diameter growth in southern Swedish oaks.r&nyviMonit. Assess. 128, 61-73.
Filipescu, C.N., Comeau, P.G., 2007. Competitivieracctions between aspen and white
spruce vary with stand age in boreal mixedwoods. [Ecol. Manage. 247, 175-184.
Getzin, S., Wiegand, K., 2007. Asymmetric tree giowt the stand level: random crown

patterns and the response to slope. For. Ecol. dgarz?2, 165-174.

Getzin, S., Wiegand, K., Schumacher, J., Gougedh, B008. Scale-dependent competition
at the stand level assessed from crown areasEEol. Manage. 255, 2478-2485.

Grams, T.E.E., Andersen, C.P., 2007. Competitiomdsources in trees: physiological versus
morphological plasticity. Prog. Bot. 68, 356-381.

Hu, Z., Yu, M., 2008. Study on successions sequ&fcevergreen broad-leaved forest in
Gutian Mountain of Zhejiang, Eastern China: spedigsrsity. Front. Biol. China 3, 45-
49.

Hubbell, S.P.A., 2001a. The Unified Neutral Theafy Biodiversity and Biogeography.
Princeton University Press, Princeton/ Oxford.

Hubbell, S.P.A., Jorge A.; Condit, Richard and EgsRobin B., 2001b. Local neigbhorhood
effects on long-term survival of individual treesa neotropical forest. Ecol. Res. 16,
859-875.

Ishii, R., Higashi, M., 1997. Tree coexistence oslagpe: An adaptive significance of trunk
inclination. Proc. R. Soc. London B: Biol. Sci. 2683-139.

Ishii, R., Higashi, M., 1998. The adaptive sigrafice of trunk inclination: a further thought.
Proc. R. Soc. London B: Biol. Sci. 265, 175-177.

Legendre, P., Mi, X.C., Ren, H.B., Ma, K.P., Yu,M.Sun, I.F., He, F.L., 2009. Partitioning
beta diversity in a subtropical broad-leaved fooésThina. Ecology 90, 663-674.

Lei, X.D., Tang, M.P., Lu, YC, Hong, L.X., Tian, D, 2009. Forest inventory in China:
status and challenges. Int. For. Rev. 11, 52-63.

Levine, J.M., HilleRisLambers, J., 2009. The impade of niches for the maintenance of
species diversity. Nature 461, 254-257.

Longuetaud, F., Seifert, T., Leban, J.M., Pretz$th,2008. Analysis of long-term dynamics
of crowns of sessile oaks at the stand level bynsied spatial statistics. For. Ecol.
Manage. 255, 2007-2019.

Lou, L., Jin, S., 2000. Spermatophyta flora of @ushan Nature Reserve in Zhejiang. J.
Beijing For. Univ. 22, 33-39.

Massey, F.P., Massey, K., Press, M.C., Hartley,,S2B06. Neighbourhood composition
determines growth, architecture and herbivory opittal rain forest tree seedlings. J.
Ecol. 94, 646-655.

Matsuzaki, J., Masumori, M., Tange, T., 2006. Stphototropism of trees: a possible
significant factor in determining stem inclinatiom forest slopes. Ann. Bot. 98, 573-
581.

Muth, C.C., Bazzaz, F.A., 2002. Tree canopy dispiaent at forest gap edges. Can. J. For.
Res. 32, 247-254.

Nord-Larsen, T., Damaard, C., Weiner, J., 2006.MQfyeng size-asymmetric growth among
individual beech trees. Can. J. For. Res. 36, £48-4

Oksanen, J., Kindt, R., Legendre, P., O'Hara, RS8npson, G.L., Solymos, P., Stevens,
M.H.H., Wagner, H., 2008. vegan: Community Ecold®gckage. R Package Version
1.15-1. available fromhttp://CRAN.R-project.org/package=vegd@®kt 2009)

Pinheiro, J., Bates, D., DebRoy, S., Sakar, D.,mlea.R.C., 2009. nlme: Linear and
Nonlinear Mixed Effects Models. R package versiorl-36. Available from:
http://cran.r-project.org{Okt 2009)

Poorter, L., Bongers, L., Bongers, F., 2006. Amttiire of 54 moist-forest tree species: traits,
trade-offs, and functional groups. Ecology 87, 12891.

78



Potvin, C., Dutilleul, P., 2009. Neighborhood effeand size-asymmetric competition in a
tree plantation varying in diversity. Ecology 9@13327.

Potvin, C., Gotelli, N.J., 2008. Biodiversity enkan individual performance but does not
affect survivorship in tropical trees. Ecol. Ldif, 217-223.

Pretzsch, H., 2005. Diversity and productivity iordsts: evidence from long-term
experimental plots. In: M. Scherer-Lorenzen, C. &y E.-D. Schulze (eds.) Forest
Diversity and Function: Temperate and Boreal Systeicological Studies 176.
Springer, Berlin, pp. 41-64.

Pretzsch, H., Schitze, G., 2009. Transgressiveyi@ing in mixed compared with pure
stands of Norway spruce and European beech in &dnirope: evidence on stand level
and explanation on individual tree level. Eur. dr.RRes. 128, 183-204.

Runkle, J.R., 1989. Synchrony of regeneration, gapsl latitudinal differences in tree
species diversity. Ecology 70, 546-547.

Schamp, B.S., Schurer, M., Aarssen, L.W., 2007tifig$ypotheses for stem bending in tree
saplings. Int. J. Plant Sci. 168, 547-553.

Scherer-Lorenzen, M., Kérner, C., Schulze, E.D.0320Forest Diversity and Function.
Springer.

Schnitzler, S.A., Carson, W.P., 2001. Treefall gapd the maintenance of species diversity
in a tropical forest. Ecology 82, 913-919.

Schuldt, A., Baruffol, M., Bohnke, M., Bruelheidd,, Hardtle, W., Lang, A.C., Nadrowski,
K., von Oheimb, G., Voigt, W., Zhou, H.Z., Assmaiin, 2010. Tree diversity promotes
insect herbivory in subtropical forests of SouttstHahina. J. Ecol. 98, 917-926.

Schwinning, S., Weiner, J., 1998. Mechanisms deteng the degree of size asymmetry in
competition among plants. Oecologia 113, 447-455.

Simard, S.W., Zimonick, B.J., 2005. Neighborhoodeseffects on mortality, growth and
crown morphology of paper birch. For. Ecol. Mandfs1, 251-265.

Stoll, P., Newbery, D.M., 2005. Evidence of spe@pscific neighborhood effects in the
Dipterocarpaceae of a Bornean rain forest. Eco86jy8048-3062.

Stoll, P., Schmid, B., 1998. Plant foraging and aiyic competition between branches of
Pinus sylvestris in contrasting light environmegdtsEcol. 86, 934-945.

Sumida, A., Terazawa, |., Togashi, A., Komiyama, 2002. Spatial arrangement of branches
in relation to slope and neighbourhood competitdam. Bot. 89, 301-310.

Takenaka, A., 2000. Shoot growth responses to ligldroenvironment and correlative
inhibition in tree seedlings under a forest candpge Physiol. 20, 987-991.

Umeki, K., 1995a. A comparison of crown asymmetstween Picea abies and Betula
maximowicziana. Can. J. For. Res. 25, 1876-1880.

Umeki, K., 1995b. Modeling the relationship betwdba asymmetry in crown display and
local environment. Ecol. Modell. 82, 11-20.

Wang, X.-H., Kent, M., Fang, X.-F., 2007. Evergrdeoad-leved forest in Eastern China: Its
ecology and conservation and the importance ofroesipg in forest restoration. For.
Ecol. Manage. 245, 76-87.

Wills, C., 2006. Nonrandom processes maintain ditelin tropical forests. Science 314,
527-531.

Wills, C., Condit, R., 1999. Similar non-random @esses maintain diversity in two tropical
rainforests. Proc. R. Soc. London B: Biol. Sci. 26645-1452.

Wu, Z.Y., 1980. Vegetation of China. Science PrBsging.

Yoshida, T., Kamitani, T., 2000. Interspecific cagtipon among three canopy-tree species in
a mixed-species even-aged forest of central J&manEcol. Manage. 137, 221-230.

Young, T.P., Hubbell, S.P., 1991. Crown asymmaetegefalls, and repeat disturbance of
broad-leaved forest gaps. Ecology 72, 1464-1471.

79



Young, T.P., Perkocha, V., 1994. Treefalls, crovgnametry, and buttresses. J. Ecol. 82,
319-324.

Yu, M.-J., Hu, Z.-H., Ding, B.-Y., Fang, T., 200Eorest vegetation types in Gutianshan
Natural Reserve in Zhejiang. J. Zhejiang Univ. (&gtife Sci.) 27, 375-380.

Zhang, J., Wang, S.L., Feng, Z.W., Wang, Q.K., 20D&bon mineralization of soils from
native evergreen broadleaf forest and three plangtin mid-subtropic China.
Commun. Soil Sci. Plant Anal. 40, 1964-1982.

Zillio, T., Condit, R., 2007. The impact of neuttgl niche differentiation and species input
on diversity and abundance distributions. Oikos, BB3.-940.

80



PAPERII







Horizontal, but not vertical canopy structure ilted to stand functional
diversity in a subtropical slope forest

Lang, Anne C., Hardtle, Werner, Bruelheide, Helg&ber, Wenzel, Schréter, Matthias, von
Wehrden Henrik, von Oheimb, Goddert

Keywords: BEF-China, Gutianshan National NatureeRes niche differentiation, tree
individual, coefficient of variation

Ecological Research 27 (2012): 181-189

Abstract

The aim of this study was to analyse the relatibhavizontal and vertical canopy structure to
tree functional diversity of a highly diverse supgtical broad-leaved slope forest, stratified
for different successional stages. This is of palér interest because many key ecosystem
processes and functions are related to the arramgeshforest canopies.

We assessed the effect of stand-related functioinarsity (FOQ, measured as Rao’s
Quadratic Entropy of leaf traits), together witthet environmental variables on horizontal
(measured as relative crown projection ar€#) and vertical (relative crown overlap,
coefficients of variation (CV) of crown positioningiriables) structure of the upper canopy at
the local neighbourhood level. The analyses witkeahieffects models revealed a negative
relation (p = 0.025; estimate: -0.07) betweenyBDd CPA. No significant effect of FB on
vertical canopy structure has been found (p > 0.0B& findings are discussed with regard to
resource partitioning and niche differentiatiorcahopy and subcanopy species.
Successional stage positively impacted the CV oWarlength (p = 0.019; estimate: 0.03),
but did not affect other response variables. Tlpisg terrain strongly influenced vertical
canopy structure as revealed by the significargcefbf slope inclination on CV of crown
length (p = 0.004; estimate: -0.05) and of slopgeeson CV of mean crown height (p =
0.036; estimate: -0.03). The high complexity oftial crown positioning depending on the
heterogeneous sloping terrain of the study arealraag obscured relations of b vertical
canopy structure.
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I ntroduction

In forests, many key ecosystem processes and dunscire related to the horizontal and
vertical arrangement of forest canopies (Song 280dtzsch 2009). A canopy is defined by
Parker (1995) as “the combination of all leavesigswand small branches in a stand of
vegetation; it is the aggregate of all the crownBie arrangement of the crown with its
photosynthetically active foliage is decisive foetcarbon balance of an individual tree (Ishii
and Asano 2010). The local heterogeneity in abiatid biotic conditions among modules
(here: branches sensu Franco 1986) within eachitchdil crown causes differential growth
reactions of each module (Kawamura 2010). Scalp¢pithe higher level, the whole crowns
tend to optimise the use of light, leading to siytetteral crown expansion in the direction of
better light conditions under anisotropic light gadaility (light-related asymmetric growth of
the crown; Umeki 1995; Brisson 2001). In additiavind-induced crown collisions with
neighboring trees, leading to bud abrasion and tjrowhibition, shape tree crowns
(Takenaka 2000). Accordingly, the crown projectawea (i.e. projected area of the horizontal
crown extent) is a very sensitive growth resporas@ble of trees (Longetaud et al. 2008) and
represents the horizontal canopy space use witiraelg growing space and light harvesting
(Pretzsch 2010).

In forest stands that are homogeneous in termgyefséructure and species composition,
crown asymmetry is a crucial feature that allowsafanaximum crown projection area and an
optimal space occupation of the horizontal candmn@uetaud et al. 2008; Schroter et al.
2011). In structurally complex temperate and sybteal slope forests Umeki (1995) and
Lang et al. (2010), respectively, observed thawvor@asymmetry was influenced by both,
local neighbourhood interactions and slope inclomat The use of a local neighbourhood
approach in both studies reflects the growing edein analyzing stand dynamics through
individual tree-crown patterns (Seidel et al. 20Hgwever, the spatial response of crowns to
the environmental conditions not only occurs in tim@izontal, but also in the vertical
dimension (Ishii and Asano 2010). In particulamiixed stands of tree species differing in
shade-tolerance, leaf morphology or crown structsiratified canopies with a high degree of
crown overlap have been found (Kelty 1989, Mena#deal. 1998). Further attributes of tree
architecture that enable variability in verticabwn positioning are total tree height, crown-
base height, crown length and mean crown height.

The horizontal structure of the upper canopy lagem be defined as a mosaic of closed
canopy and gap patches. By this mosaic a varietiglof conditions is created in the lower
stand layers. In addition, crown overlap in theempganopy reduces the overall available light
in the sub-canopy, but at the same time incredseshéterogeneity of light distribution.
Furthermore, a more heterogeneous upper canopyregdrd to vertical crown positioning is
assumed to promote the heterogeneity of sub-carigby environment. Due to these
interrelations, the structure of the upper can@yel potentially shapes a mosaic of niches
with regard to light (e.g. McKenzie et al. 2000;nvRelt and Franklin 2000; Lhotka and
Loewenstein 2008), nutrient and water supply (Rr&s2002) in the whole forest stand which
may promote the coexistence of species by resqaréioning and niche differentiation. In
turn, a more diverse sub-canopy community influsnselowground competition for water
and nutrients and thus impacts the growth of cariogss. However, it is not clear whether
increased tree diversity promotes belowground bgsmaroduction of fine roots which are
important for the uptake of nutrients and water ifMa et al. 2009).

Previous studies of diversity effects on canopycepase mainly focused on canopy trees.
However, sub-canopy tree and shrub species oftemgly contribute to overall stand
diversity, and the interactions between canopystreab-canopy trees and shrubs were found
to be important drivers of tree growth during faresccession (Li et al. 1999; Duncan 2003).
It is therefore important to include sub-canopy ta@d shrub species in the definition of stand

84



diversity and to test the relation of overall staliakersity of tree and shrub species on canopy
structure.

The objective of this study was to analyse thetigiaof stand diversity on horizontal and
vertical canopy structure of canopy trees in a dempsubtropical forest ecosystem
comprising different successional stages. On the lmand, it might be expected that each
successional stage is composed of similar sizesetasf trees and shrubs with an optimal
horizontal packing and low vertical stratificatiaf the canopy (evidenced by high crown
projection area and low crown overlap). On the otiend, it is conceivable that in species-
rich forests, the highly heterogeneous mixture 0bdy species brings about a heterogeneous
stand structure even within certain successioaglest (von Oheimb et al. 2011), resulting in a
lower crown projection area of canopy trees antidrigyertical crown stratification. Thus, the
overall relationship of stand diversity and cangprycture is not clear. To our knowledge,
this is the first study to investigate the relatiohstand diversity and the horizontal and
vertical canopy structure in a highly diverse sopital forest ecosystem.

We hypothesised that increased stand diversityiteesua more heterogenous horizontal and
vertical structure of the upper canopy. To validais hypothesis we analysed the horizontal
canopy structure as the sum of crown projectiomsa@nd the vertical canopy structure as
crown ovelap and coefficients of variation of cropwsitioning parameters (total tree height,
crown-base height, crown length and mean crownhtegj the local neighbourhood level.
To account for the complex environmental conditiaresincluded successional stage, slope
inclination and aspect, disturbance severity anldrapogenic impact in our analyses.

M aterials and methods

Study site

We conducted our study in the Gutianshan Natioraliid Reserve (NNR) which is located
in Zhejiang province (Eastern China, 29°8'18"-229'7N, 118°2'14"-118°11'12" E) and
covers an area of about 81 km2. Prior to its redesignation as an NNR (in 2001), it had
been protected as a National Forest Reserve sBit®e The Gutianshan NNR is located in
the subtropics and has a warm temperate climataambrt dry season in winter (Nov, Dec).
The mean annual temperature is 15.1 °C and the ar@amal precipitation is about 1963 mm
(Hu and Yu 2008). The study site comprises inteliatedo steep slopes (ranging from 10° to
more than 50°) and small-scale changes of aspéet.afitude ranges from 300 to 1250 m
above sea level.

The predominant vegetation type is subtropical dpravith evergreen broad-leaved tree
species dominating in abundance over summergresdbeaved tree species (Wu 1980; Hu
and Yu 2008). The NNR is characterized by a higinpspecies richness and hosts a total of
1426 seed plant species belonging to 648 generalé@damilies. However, traces of its
former economic use can still be found with respedbrest composition and structure. The
area is heterogeneous with respect to the sucoessstages that are present in the forest.
Older stands are dominated Bastanopsis eyrefChamp. ex Benth.) Hutch. arfchima
superbaGardn. et Champ., whereas younger stands are dtedirbyPinus massoniana
Lamb. andQuercus serrataMurray var. brevipetiolata. Former anthropogenic influences
such as logging and current natural disturbancels as typhoon damage or snow breaks are
evident in almost all parts of the NNR. Furtherailstabout the Gutianshan NNR are given in
Lou and Jin (2000), Yu et al. (2001), Legendre let(2009), Schuldt et al. (2010) and
Bruelheide et al. (2011).
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Study design and measurements

Environmental plot-related variables
Data sampling was conducted during summer and autt@®8 on 27 study plots (each
comprising 30 x 30 m on the ground) establishejp@s of the ‘BEF (Biodiversity and
Ecosystem Functioning) China’ project. The plotseveandomly chosen within the whole
NNR (limited by inaccessibility and excluding slepsteeper than 55°), and stratified by
successional stage. Five successional stages vetireggdished: 1: < 20 yrs, 2: <40 yrs, 3: <
60 yrs, 4: < 80 yrs, 52 80 yrs, and confirmed by tree coring (for deta#g: Bruelheidet al.
2011). We assessed the following explanatory vhesgalat the plot level: A complete
inventory of woody species (> 1 m height) was eafrout to determine species richness.
When defining functional diversity (FD), it is impant to take the range of traits present and
the abundance of the species with those charactieraccount. We chose Rao’s Quadratic
Entropy (Rao’s Q) and calculated it for each pkt a

N-1 N
(1) FDo®)=% %, Pi P,
where N is the number of species in a pi)t @; is the trait difference between thbk andjth
species, and;@nd p are the proportions of théh andjth species, calculated as number of
individuals per species related to the total nunab@éndividuals in the community (Rao 1982;
Botta-Dukat 2005) Differences between traith were calculated as the Euclidian distance
between traits devided by the number of traits:
2 dij = 1/ 2 (X,oX,)?
where n is the number of traits considepgdyalue of traitk in species. Functional diversity
as Rao’s Q of a plot equals the sum of differemcespecies traits, weighted by the abundance
of the respective species within the plot. To reenmdundant information and obtain traits as
uncorrelated as possible (cf. Leps et al. 200@) 8tkraits with the highest loadings on the first
and second principal component analysis (PCA) wee chosen from a PCA including 38
leaf traits (divergence to PCA axes) (these wepeci§ic leaf area, leaf dry matter content,
content of nitrogen, aluminium, calcium and phospbkp C/N ratio, stomata density). In
addition, predictors were selected, which had hidreding on either one of the axes, and not
on both. FI has been defined as the differences in leaf tizstsveen all the censused
species of the study plots, since these differeramed their plasticity are important
determinants of light interception (Niinemets 2Q10)
Furthermore, slope inclination and aspect of edohvere recorded. To quantify the severity
of disturbance by an unusual snow break event brugey 2008, we used mean values of
crown loss of all measured individuals per plotovn loss of all observed tree individuals
was estimated as the percentage loss of the formedisturbed crown volume. Categories
were defined as: undamaged: 0% 1688, 1-25% losd1 1 etc., crown completely broken
100%1015. Altitude above sea level was interpreted asmdicator of human impact, assuming
that human impact such as selective logging woelddstricted by decreased accessibility
with increasing altitude.

Selection of target tree groups and individualteglaneasurements

Our response variables were based on measuremértsriaontal and vertical crown
parameters of canopy tree individuals. For thesasomements we focused on 70 groups of
upper canopy trees (formed by a target tree arldatd neighbours; in the following referred
to as target groups) that were spread over allysplmts. All trees growing within a circular
plot with a radius equal to half of the target ®seeeight (Ammer et al. 2005) and fulfilling
the criterion of minimum diameter at breast heiglth, measured at 1.3 m above ground; see
criterion (ii) below) were considered as neighbodiise number of neighbours ranged from
three to 38, resulting in a total number of 996seyed individuals. Our method of observing
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groups of trees follows the notion of the imporaraf tree individuals and their local
neighbourhood for forest stands, especially in B&earch (Potvin and Dutilleul 2009; von
Oheimb et al. 2011). To allow for greater geneadliity of tree individual-based
measurements, we selected four highly abundant dpeeies (Yuet al. 2001) as target
speciesS. superbaC. eyrej Q. serratavar. brevipetiolataandCastanea henryiSkan) Rehd.

et Wills.. Target trees were chosen randomly withiie plots from all target species
individuals complying with the following criteridi) single stemmed; (ii) dbh > 10 cm for
intermediate and old successional stages 3-5 or>dBltm for young successional stages 1
and 2; (iii) crown position in the upper canopyday(iv) no serious damage due to recent
snow break (less than 30% crown loss, no newly éafmap in close vicinity of the target
tree). For every individual tree belonging to thedged target groups, the dbh (measured with
a diameter measurement tape) and total height dsasv¢he crown-base height (defined as
the height at which the lowest living crown branchthe tree branches off, excluding
epicormics or sprigs) were recorded. The relatiositppn of the neighbours to the target tree
was measured as the horizontal distance from stm®@ to stem base. All height and distance
measurements were conducted using a Forester dyigsometer (Haglof, Sweden). Crown
length was computed as total height minus crowm-dssght and mean crown height as
crown-base height added to half of the crown length characterise the sampling trees (of
our target groups) within the different succesdiostages more thoroughly, we analysed
relative frequency distributions of height clas@ég. 1).

Crown radii in the eight subcardinal directions (W, ...., NW) were determined by means
of a densiometer (a gimbal mirror positioned in amgle of 45°, allowing the precise
observation of objects in orthogonality to the learimagnetic field; this is especially
important in sloping terrain; Rohle and Huber 1985)cases of extreme crown displacement
— the crown projection did not include the stemebaghe distances to the proximal and distal
edge of the crown were measured in all possibkectons. Whenever this was only possible
for one direction, four crown radii were measuradf@lows: the distances to the proximal
and distal edge of the crown were determined ataffirey at the centre of this crown
diameter, on the axis perpendicular to this diamete

Calculation of response variables

To convey the individual-based crown projectionshi® target group-level response variables
for horizontal and vertical canopy structure, tlewn radii were used to construct crown
projection maps for each target group in the geoméation system ArcGIS (Version 9.0,
ESRI). Crown projection maps were created by commgcahe crown edge points to a
polygon (Fig. 2). The sum of crown projection apes target groupGPA) was calculated as
the sum of the area of the polygons. In additibe,drea of crown overla®) was calculated
for each target group from the crown projection sd@gark grey in Fig. 2). In order to
account for the different successional stagesdtateflected in systematically highePAs

of older target groups, relativePA (CPA) was defined as the ratio 6fPA and the circular
plot area for the selection of neighbou@.(For the same reason, the relative crown overlap
Or was calculated as the ratio 6f and C. IncreasingCPA describes a higher horizontal
canopy space use of canopy trees leading to a ahased canopy, while an increaseOn
reflects a higher vertical overlap of canopy tré&ssth response variables are considered to be
important factors determining canopy structure.

To further test for vertical heterogeneity of tl@opy, we used individual-tree measurements
of crown positioning parameters: total height, anéwase height, crown length and mean
crown height. We aggregated them for each targaspyby coefficients of variation (CV,
standard deviation / mean, Valladares et al. 2006 CV describes the variability of a
specific attribute between a number of entities Bndommonly used to express plasticity.
We interpret higher CV of crown positioning paraarstas an increase in the heterogeneity of
vertical canopy structure.
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Fig. 1 Relative height frequency distributions of observed canopy treesfor 5 successional stages.
Height classes comprise 2.5 m each, n is the nuoflrget groups per successional stage. Already
young successional stands were highly structured.
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Fig. 2 Exemplary crown projection maps for two target groups (target tree and its neighbours
within a circular plot with a radius equal to half the target tree’s height)a)(A high functional
diversity stand (FB) with relatively small sum of crown projection ase CPA) resulting in a
heterogenous horizontal canopy structure of gapcandpy patches ant)(a low diverse stand with a
more homogenous horizontal canopy structure anérf@aps. Symbols: dots: stem bases, light grey:
crown projections with no crown overlap; dark greyerlap of crown projections used to analyse
crown overlap; dark and light grey: whole crownjpotion areas.

Statistical analyses

Statistical analyses were performed using R 2RMévelopment Core Team 2010). For the
analyses of mixed effects models the package “nlma% used (Pinheiro et al. 2009).
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Multiple comparisons were performed by means ofgghekage “multcomp” (Hothorn et al.
2008). The influence of a set of explanatory vdeston the response variabl@BA, O, and

the CV of crown positioning parameters (total heiginown-base height, crown length and
mean crown height) was tested by means of mixextisfimodels. The explanatory variables
entered the model as fixed effects in the ordererdity (FQ, and plot species richness),
successional stage, slope inclination and aspew (¢ aspect (E-W orientation) and cosine
of aspect (N-S orientation)), disturbance sevealiytude. Plot entered the model as a random
effect. Model simplification was done by stepwisackward selection of fixed factors,
removing the least significant variables until osignificant predictory variables were left (p
< 0.05). We tested for spatial autocorrelation leetw the model residuals by means of
correlograms with the R-package “ncf” (Bjornstad 02D No significant spatial
autocorrelation was revealed. The severity of distnce of different successional stages was
tested by a one-way ANOVA. Spearman rank correfatiovere calculated for RP
successional stage and disturbance severity.

All variables were z-transformed (mean of zero atahdard deviation of one) prior to
analyses to ensure comparability of results. Weede®r collinearity of all predictor variables
(correlations between variables did not exceed + 0.6). Model residuals did not show
violation of modelling assumptions (normality armhtogeneity of variances).

Results

CPA ranged from 0.25 to 1.42, with a mean of 0.78 SM.26). Our analyses showed that
CPA was significantly negatively affected by §p = 0.025, estimate: -0.07; Table 2), but
not by plot species richness. Disturbance sevatgy had a significant negative impact (p =
0.001, estimate: -0.11) d@PA. Since younger trees have smaller crown sizesaamdtill
more elastic, they should suffer less from crowsslby snow and wind break. In our data
young plots of early successional stages sufferess Ifrom disturbance than older
successional as evidenced by one-way ANOVA (F 8,91< 0.001; Fig. 3; Spearman rank
correlation coefficient r = 0.76). FPpwas neither correlated with disturbance (r = 046
with successional stage (r = 0.16).

The crowns of one grou®)( serrataof successional stage 3, on a plot with a meakv &%
crown loss) did not overlap at all, while the high®, was 0.52 (i.e. more than half of the
overall canopy area was overlapping). The mé&nwas 0.24+ 0.13. No explanatory
variables could be retained in the most parsimonoadel.

Stand F[ was not found to influence any CV of crown positig parameters. The CV of
crown length was significantly enhanced by sucoesdistage (p = 0.019; estimate = 0.03). It
was significantly reduced with increasing slopeepteess (p = 0.004; estimate = -0.05). The
CV of mean crown height was significantly highersouth facing than in north facing slopes
(p = 0.036; estimate = -0.03). No predictor vamablcould be retained in the most
parsimonous models for CV of total height and crdyase height.
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Table 2: Fixed effects of reduced mixed effects model forizontal CPA - measured as relative
sum of CPAs of circular are&C) and vertical canopy structure (measured as aoefii of variation
(CV) of crown length and mean crown height) witbtps random intercept.

CPA

Fixed effects Estimate F-value p-value
Functional diversity (Raos Q) -0.07 5.74 0.025 *
Disturbance severity -0.11 13.47 0.001 *

CV crown length

Fixed effects Estimate F-value p-value
Successional stage 0.03 6.31 0.019 *
Slope inclination -0.05 10.32 0.004 **

CV mean crown height
Fixed effects Estimate F-value p-value
Slope aspect (N-S) -0.03 4.94 0.036 *
*Results are considered significant at p < 0.05
** Results are considered significant at p < 0.01
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Successional Stage
Fig. 3 Boxplots representing the disturbance severity of successional stages as mean percentage
crown loss of the 27 plots in the Gutianshan NNRin@. Crown loss resulted from an outstanding
snow-break event in February 2008 and was estimiteddanopy trees of the target groups as
percentage crown loss of the former crown. Letsiaw significant differences (p < 0.05) for post-
hoc Tukey test.

Discussion

Canopy structure and stand &D

We found a negative relation of stand J-Bnd CPA, but no relation between kpDand
vertical canopy structure. However, because thidystvas based on correlative analysis it is
difficult to identify cause and consequence. Doetetogeneity in canopy structure enhance
FDq or vice versa? In our study, the reduction in rmmtal canopy space use (expressed as
CPA) with higher functional diversity of the stand m@gult in more or larger canopy gaps,
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increasing the heterogeneity of the light environmeAccording to the intermediate
disturbance hypothesis, the heterogeneity in teatpamd spatial light conditions promotes
the coexistence of species that are characterigelffbrent resource use strategies, dispersal
power and competitive abilities (Connell 1978; Bersy et al. 2009). One important
characteristic that adds to the spatial and tenhp@t@rogeneity of light availability within a
forest stand are canopy gaps. In a recent modaiopgoach, the coexistence of species was
explained by spatial heterogeneity in light commis that results from canopy gaps (Gravel et
al. 2010). This was explained by complementarityspatial and temporal light acquisition
between different species (Ishii and Asano 2010)hcdigh these studies deal with larger
scale gaps resulting from treefall, the mechanisay bre similar for our local neighbourhood
approach. A reduction in horizontal canopy spaa premotes the heterogeneity in spatial
and temporal light conditions, which allows the xietence of a larger number of functionally
distinct individuals. Different functional groupsamcoexist due to resource partitioning and
niche differentiation.

It is remarkable that already early successiorsaids in our study area were highly structured
(Fig. 1). We may deduce that the high structurahglexity results from a high Rpof fast-
and slow-growing tree species already in youngesgional stands. No successional trend of
FDq was found for the 27 plots (Bohnke et al. unpuialcs data). The negative effect of &D
on horizontal canopy space use could point to a tfpdilution effect: We focused on target
trees and neighbours that were larger than a ndtegshold. This size class should represent
a quantile below 50% of all woody species of owtgl We also assume that size classes
different from the canopy trees contribute moré&fy), since FI has not been corrected for
stem density and, thus, the chance of finding a tneivamong sub-canopy trees and shrubs is
higher than among canopy trees. Hence, the redDPéd of canopy trees will result in more
canopy gaps that may allow the recruitment of niodéviduals. In other words, the observed
groups of canopy trees are diluted by more indiaislwf smaller size classes, contributing to
high FDo, whenCPA is reduced.

Surprisingly, we did not find any effects of stafidg on vertical canopy structure (measured
as crown overlap and CVs of crown positioning). @andepth was found to be closely
related to the attenuation of photosyntheticallfivacradiation in the understory (Brantley
and Young 2010). And canopy depth should increade imcreasing crown overlap. We also
predicted that higher CVs of crown positioning gese the niche gradient with regard to light
intensity and growing space. Hence, both measin@sd promote the coexistence of species
and may thus be related to standgFDhe high variability in slope inclination and aspeay
have obscured these assumptions. Slope inclinatas found to affect crown asymmetry
(Umeki 1995; Getzin and Wiegand 2007; Lang et &1® and thereby impacts crown
overlap. In addition, our measurements may haven lee simple to capture the high
complexity of vertical canopy structure, resultingm the interplay of crown positioning and
slope. Further studies are needed to provide ihgigh the three dimensional structure of the
canopy (Seidel et al. 2011).

Canopy structure and local environment

In contrast to our expectations successional dapaot influence crown overlap. We would
have expected increasing crown overlap with ongsungcession but found that this was not
the case because young stands were already catdidstructured (Fig. 1). One reason was
probably that the functional diversity of the stagid not differ between the successional
stages (Bohnke et al. unpublished data). The iserda height classes with ongoing
succession was reflected in increasing CV of cramgth.

The steep slopes of the study area forced tregithdils to incline their stems in down-hill
direction and together with competing neighbourgpe inclination influenced crown
asymmetry (Lang et al. 2010). Both mechanisms,esloglination and competition, could
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potentially influence horizontal and vertical caggbructure. In particular, crown asymmetry
enhances horizontal canopy space use (Olesen 200guetaud et al2008; Schroter et al.
2011). However, although crown asymmetry of indisdt trees was affected by slope
inclination in the Gutianshan NNR (Lang et al. 20X® influence of inclination o€@PA and
crown overlap was observed in this study. Howethex,CV of crown length was negatively
influenced by slope inclination.

The CV of mean crown height was increased the uthsoompared to north facing slopes.
The increased light availability on south facingpgs may have promoted higher vertical
stratification of crowns resulting in an increas€/ of mean crown height. Crown
asymmetry towards southwest direction and leadingdreased surface area receiving direct
solar radiation was found by Rouvinen and Kuulugaifi1997) in boreal forests.

The strong effect of disturbance severity ORA resulted from a recent and outstanding
snow break event in February 2008, and the formatib upper canopy gaps by falling
branches may have had a strong impact on the deweltt of canopy space use. Muth and
Bazzaz (2002) observed that trees along gap edgegeid for light by occupying both
horizontal and vertical canopy gap space. Besidawiral disturbances, anthropogenic
disturbances such as selective logging lead tddimeation of gaps. We interpreted altitude
of the plots as an indicator of past human impbeidwever, no influence of altitude on
canopy structure was found.

In conclusion, we were able to relate stand bad&gltb horizontal canopy space use of the
observed target tree groups but not to verticaé f@sults for the analyses of vertical canopy
and crown positioning variables reveal our limitedderstanding of the observed highly
complex forest stands. Slope characteristics, @mation and aspect are important predictors
of crown positioning. Hence, variables describing three dimensional canopy structure may
help to elucidate diversity effects. For a deepetaustanding of mechanisms promoting stand
diversity it is important to incorporate complexityto forests diversity research such as a
heterogeneous topography, different successioagéstand a high species number.
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Table 1 List of all target group specieswith family affiliation.

Family Species

Aceraceae Acer cordatum Pax
Alangiaceae Alangium kurzii Craib
Anarcadiaceae Toxicodendron spec.

Toxicodendron succedaneum (Linn.) Kuntze
Aquifoliaceae llex litseifolia Hu et Tan

llex rotunda Thunb.

llex spec.
Araliaceae Dendropanax dentiger (Harms) Merr.
Daphniphyllaceae Daphniphyllum oldhamii Hemsley
Ebenaceae Diospyros japonica Sieb. et Zucc.
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Elaeocarpaceae

Ericaceae

Fabaceae

Fagaceae

Hamamelidaceae

Juglandaceae
Lauraceae

Myricaceae
Oleaceae

Staphyleaceae
Pinaceae

Rosaceae
Sabiaceae

Styracaceae
Symplocaceae

Taxodiaceae
Theaceae

Diospyros kaki Thunb.

Elaeocarpus chinensis (Gard. et Champ.) Hook.
Elaeocarpus decipiens Hemsley
Elaeocarpus japonicus Sieb. et Zucc.
Rhododendron ovatum (Lindl.) Planch.
Vaccinium bracteatum Thunb.

Vaccinium carlesii Dunn

Albizia kalkora (Roxb.) Prain

Dalbergia hupeana Hance

Castanea henryi (Skan) Rehd. et Wils.
Castanopsis carlesii (Hemsl.) Hayata
Castanopsis eyrei (Champ. ex Benth.) Tutch.
Castanopsis fargesii Franchet
Castanopsis sclerophylla (Lindl. et Pax.) Schott.
Castanopsis tibetana Hance
Cyclobalanopsis glauca (Thunb.) Oers.
Cyclobalanopsis myrsinaefolia Oerst.
Lithocarpus glaber (Thunb.) Nakai
Quercus phillyreoides Gray

Quercus serrata Murray var. brevipetiolata
Liguidambar formosana Hance
Loropetalum chinense (R. Br.) Oliv.
Platycarya strobilacea Sieb. et Zucc.
Lindera glauca (Sieb. et Zucc.) BI.

Litsea coreana Léveillé

Machilus thunbergii Sieb. et Zucc.
Neolitsea aurata (Hay.) Koid.

Sassafras tzumu (Hemsl.) Hemsil.

Myrica rubra Sieb. et Zucc.

Fraxinus insularis Hemsley

Osmanthus cooperi Hemsley

Euscaphis japonica (Thunb.) Kanitz

Pinus massoniana Lamb.

Pinus taiwanensis Hayata

Malus leiocalyca Huang

Prunus schneideriana Koehne

Sorbus folgneri (Schneid.) Rehd.
Meliosma oldhamii Miquel

Styrax spec.

Symplocos paniculata (Thunb.) Mig.
Symplocos stellaris Diels

Symplocos sumuntia Buch.-Ham.
Cunninghamia lanceolata (Lamb.) Hook.
Adinandra millettii (Hook. et Arn.) Ben. et Hook.
Schima superba Gardn. et Champ.
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Abstract

Establishing the competitive relationships at tbeal neighbourhood level is essential for
improving our understanding of tree growth dynamigsstructurally heterogeneous and
species-rich forests. We studied the competitiveractions influencing individual-tree five-
year radial growth of the two speci€xastanopsis fargesi(Franch.) andQuercus fabri
(Hance) in a diverse young secondary evergreerddezaved forest (EBLF) in eastern China.
Different spatially explicit individual-based conip®n indices were examined for their
effectiveness at predicting radial growth. Thes#ides were based on one of the three tree
size variables- diameter at breast height (dbh), total height, @ogvn projection area and
were combined with different approaches to idenpibgential competitors. Furthermore, we
tested for competitive equivalence of conspecifid Aeterospecific neighbours and analysed
the effects of local diversity, initial dbh (measdrat the beginning of the five-year growth
period) and abiotic environmental variables on vittial-tree radial growth. Competition
accounted for up to 78 % and 75 % of radial growdhation inC. fargesiiand Q. fabri,
respectively. The best results were provided byp=imon indices using crown projection
area as the variable describing tree size and rigalar height method as the approach to
identify potential competitors (i.e. neighbours ageg than the minimum angular height,
measured from the base of the target trees, aexrtedl as competitors). Competitive
equivalence of conspecific and heterospecific ragins was found irC. fargesij whereas
heterospecifics were stronger competitors than pegics inQ. fabri. We could not detect
diversity effects on radial growth. The addition ioftial dbh or abiotic environmental
variables as further explanatory variables failedmprove the predictive ability of growth
models. Our results indicate that diameter growtkhis EBLF is largely a function of local
neighbourhood competition and suggest that the nafdeompetition is primarily size-
asymmetric. It appears that there may be high cttiyee equivalence among different
species, but this remains to be experimentallgtest
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1. Introduction

In the past, many studies investigating tree coimpethave been restricted to single-species
plantations or even-aged forest stands, i.e. todstacharacterised by a relatively
homogeneous structure (Martin and Ek, 1984; Bigind Dobbertin, 1992, 1995; Pretzsch,
2009). This was of particular interest because rapeafic stands with regularly distributed
trees of similar age and size were the norm in msilwcultural regimes. However, an
increasing focus on sustainable forest managenrantipes and “close to nature forestry” in
Europe has led to the promotion of more structyredimplex and diverse forests managed
with smaller scale interventions and more long-teegeneration regimes (e.g. Bauhus et al.,
2009). As a result, interactions among trees iedty with a higher spatial variability have
come into focus (Dimov et al., 2008). As a furtbensequence, the area covered by mixed-
species forests is growing considerably, at theeege of single-species forests. In plantation
forestry, species mixtures are now also being sstyaconsidered for various objectives, such
as increased stand productivity due to complemgnmsource use or facilitation, reduced
pest damage or market risks (Kelty, 2006). In statitht are complex in structure and
represent a highly heterogeneous mixture of spethese is increasing evidence that tree
competition is a spatially explicit process (D’Amand Puettmann, 2004) and that species
identity may be important (Stoll and Newbery, 20@5ao et al.,, 2006). Thus, when
describing the mode of competition among individueés and the association among species
as well as predicting the development in thesedstaa spatially explicit individual-based
approach is preferable (Zhao et al., 2006).

Individual-tree growth is a function of local nelgurhood interactions, but tree size,
genotype, tree damage, and local abiotic site clenatics are also important (Pretzsch,
2009). This view reflects the transition from stdvabed approaches to individual-tree
approaches to explain and model tree growth (Rrlef2009). One approach to an analysis of
individual-tree growth is to fit the relationshigtween measured growth variables and a
selected set of predictor variables, including agetition variable. In spatially explicit
individual-based competition measures (also knoven déstance-dependent competition
indices (CI)) the competition effects are accourftedby the distance between a target tree
and its neighbours, and their relative sizes. A vasiety of distance-dependent competition
indices has been introduced in studies on tree etitigm (Biging and Dobbertin, 1992, 1995;
Pretzsch, 2009). The mathematical specificationsthef relative size relationship differ
between competition indices, as does the primamnabie that quantifies the size of the trees
(e.g. height, stem diameter, crown area). No singlapetition index has been shown to be
generally superior and the use of multiple indicesecommended (Biging and Dobbertin,
1992; Weigelt and Jolliffe, 2003). Another impottaguestion associated with spatially
explicit individual-based competition measures @ns the identification of potential
competitors and, thus, the relevant scales at whgighbourhood interactions influence tree
growth (“zone of influence”). Different approachbave been used to identify potential
competitors (Biging and Dobbertin, 1992; Corral-&vet al., 2005; Pretzsch, 2009). In
heterogeneous stands in particular, the outcoma gfven competition index may vary
considerably with different neighbour inclusion eggches (Corral-Rivas et al., 2005).
Competitive interactions among trees are eithee-agymmetric (non-equivalent) or size-
symmetric (equivalent) (Weiner, 1990). It is assdrtteat aboveground competition for light
iIs mostly size-asymmetric (larger individuals haaedisproportionate effect on smaller
individuals by shading), whereas competition fololaground resources such as water and
nutrients is size-symmetric (Schwinning and Wein&898). In an experimental tree
plantation in Panama, Potvin and Dutilleul (200&)rfd that size-asymmetric competition by
local neighbours is the overwhelming source ofat&n in individual-tree growth. In mixed-
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species stands non-equivalent neighbour effectmdimidual-tree diameter growth may not
only be generated by size ratios, but also treeispenay differ in their competitive effects. It
has often been found that conspecific neighbowegstionger competitors than heterospecific
neighbours (Stoll and Newbery, 2005; Richards et2008; Pretzsch and Schuitze, 2009).
This may be due to a high competitive equivalenidbimwspecies, but not between different
species. In contrast, Hubbell’'s (2001) neutral nh@dsumes that all individuals, irrespective
of species identity, are functionally equivalentngetitors. It has been shown, however, that
the neutral model performs better in some forestroanities than others (e.g., Uriate et al.,
2004a, 2004b; Stoll and Newbery, 2005; Canham.gP@06; Zhao et al., 2006). Papaik and
Canham (2006) suggest that the existence of cotwegetequivalence is related to the
diversity level of the forest community, as it mayly occur at very high levels of diversity.
Furthermore, in species-rich forests it is condeledhat neighbour effects may vary not only
between con- and heterospecifics but also amorigplar species or species groups (Zhao et
al., 2006; Li et al., 2010).

In the subtropical zone of China, monospecific @gaaf conifers, in particular Masson pine
(Pinus massonianaand Chinese firqQunninghamia lanceolajawhich have been afforested
after clear-cutting, occupy a large proportion loé present forest area. However, the zonal
vegetation type “Chinese evergreen broad-leavesktst (EBLF) is extremely rich in woody
species (Wang et al., 2007), which makes thesestarticularly interesting for diversity
research (Hu and Yu, 2008; Legendre et al., 2009¢lBeide et al., in press). Due to a long
history of intensive land-use in this region, feammnants of old-growth EBLF are left today;
those which remain are preserved as National RarR&tional Nature Reserves (Yu et al.,
2001; Wang et al., 2007). The majority of EBLF ihi&a now exist as younger secondary
forests (Wang et al., 2007). In addition to thehlydheterogeneous mixture of woody species,
even younger secondary forests often exhibit divelst heterogeneous stand structure due to
non-uniform cutting for fire wood and timber. Filyalthe high topographic variation with a
small-scale heterogeneity of slope and aspectduiddds to the overall high complexity in
these forests (Legendre et al., 2009; Zhu et @LOR

In this study we analyse the competitive interaxgionfluencing individual-tree five-year
radial growth of the two speci€zastanopsis farges(Franch.) anduercus fabri(Hance) in

a heterogeneous species-rich EBLF in eastern CRimathe first time the effects of local
neighbourhood competition on radial growth are exach by means of spatially explicit
individual-based competition indices in this im@mt forest type. And for the first time we
specifically test for diversity effects in compgtit relationships. The specific objectives are
to (i) test the performance of different spatiahkplicit individual-based competition indices
and neighbour inclusion approaches to quantifyetifects of competition on five-year radial
growth, (ii) test for competitive equivalence ohspecific and heterospecific neighbours, (iii)
test for diversity effects on individual-tree rddgrowth, and (iv) analyse the relationship
between five-year radial growth and a selected detpredictor variables, including
neighbourhood competition, initial dbh and abiaiie variables.

2. Methods

2.1 Study site

The study was conducted in a forest stand locate®exing County, Jiangxi Province,
eastern China (28° 58" N, 117° 32" E). The stutly sbvers an area of about 90 ha and is
privately owned. It is situated in the subtropicghwa monsoon climate. The mean annual
temperature is 15.3 °C and the mean annual pratigitis about 2000 mm. The rainy season
Is from March to June and also in September. Tiseaemean annual period of 250 frost-free
days (Hu and Yu, 2008). Elevation ranges from 8@2@0 m above sea level. The average
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slope inclination is 32°, ranging from 10 to 45helgeneral slope aspect is towards the south
with small-scale variation caused by several naaalfel north-south ridges.

The study site is representative of a young seagrilBLF (Wang et al., 2007). This forest
type is extremely diverse, particularly in termdsree and shrub species richness (Wang et al.,
2007; Hu and Yu, 2008). For example, Wang et #1072 found 31 and 46 species per 400
m? in the tree and shrub layer of a young secondady @ mature EBLF, respectively. In
EBLF, evergreen species dominate throughout theesson, but in early successional stages
also deciduous species are present with high almeedaand species numbers (Wang et al.,
2007). In the study site the canopy was closed.ofaitree species include the evergreen
broad-leaved tree speci€s fargesij C. sclerophylla Lithocarpus glaberSchima superhba
the deciduous tree speci€3. fabri, Liquidambar formosanaSassafras tzumuStyrax
dasyanthusSapium sebiferunDiospyros kakiand the coniferous speciBs massonianaln
order to obtain details of tree age and periodsapfd growth release, stem cores of 12
dominant overstorey trees (diameter at breast héiiin) > 25 cm) of different tree species
were taken at breast height with an increment b¢&rmunto 400, Vantaa, Finland) in
September 2009. Trees were distributed over thelevaea and were randomly selected.
Tree-ring analyses revealed that the age rangbeskttrees was 30 to 85 years (median 41
years), and that there were no single periods pidrgrowth release, which could be
indicative of large-scale disturbance events. Clbason with land owners and inhabitants of
the region confirmed repeated non-uniform cuttiogffre wood and timber up until the year
2000. However, over the last 10 years no trees bage cut in the study site.

2.2 Study design and measurements

Both study species, the evergre€n fargesii and the deciduou®. fabri, belong to the
Fagaceae family, and are among the most importaatdpecies in EBLF, witl. fargesii
being a co-dominant species in late-successiorthQariabri a co-dominant species in early-
successional forests (Wang et al., 2007). Howevefargesiimay also be abundant in early
successional stages because it effectively regesefiaom seeds and resprouts from stumps
after cutting (Du et al., 2007; Wang et al., 2007).

Data sampling was conducted during October and ibee 2008. Twenty target trees per
species were selected closest to 40 systematioayed gridpoints. Along random bearings
the nearest single-stemmed tree with the crowntipasin the upper canopy layer and a dbh
between 6 and 14 cm was chosen as the targetSeéected trees were located at least 40 m
apart from each other. As growth rates of treey vath the exposure of the crown to light
and with ontogeny, it is important to analyse tregth a similar crown position and over a
similar size range (Filipescu and Comeau, 2007). ddefined the analyses to overstorey
trees with this dbh range for two reasons. Fitst, majority of overstorey trees in the study
site had this dbh. Second, a large forest biodiyeasid ecosystem functioning experiment
(BEF experiment), using a large set of subtropies and shrub species (www.bef-china.de),
was established in 2009 at a distance of aboutmOrkm the study site. Here, artificial
stands of defined species diversity levels werabdished by planting seedlings. During the
first few years these experimental stands will thefect the conditions of young successional
stages. In our analysis we restricted tree seletti@ size range that could be achieved by the
planted trees within 5 to 15 years.

The target trees served as the centre of a cirplitdy in which all trees with a dbh 5 cm
were measured. The plot radius was equal to halheftarget tree’s height (Ammer et al.,
2005), with a minimum radius of 5 m. The relativaspion of the neighbours to the target
tree was determined by recording the azimuth amizdwtal distance from stem base to stem
base. All neighbours were determined to specied.I€or all target trees and neighbours dbh,
total tree height, and crown radii were measuradw@ radii were measured in the eight
subcardinal directions (N, NE, E, etc.) by means afrown mirror. The crown cover was
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visually estimated for all trees to fit within onéfive equal percentage cover classes (1-20%,
21-40%, etc.).

We harvested the 40 target trees and cut 5 cm #tark discs from the base and at breast
height. We used the stem discs obtained from tse b age determination and those from
breast height to measure the annual radial groWtheoprevious five years. In the lab, the
stem discs were sanded with a belt sander usingygssively finer grits from P60 to P400.
Tree-ring widths were measured on the two radiniag the longest axis of the disc and on
the two radii forming the axis perpendicular toNteasurements were taken to the nearest
0.01 mm on a measuring table (Instrumenta Mechaalor (IML), Wiesloch, Germany)
combined with a binocular (Wild, Heerbrugg, Switaed), and were recorded by the IML
software T-Tools pro. Mean annual radial growth watculated as the average five-year
radial growth measured in four directions dividgdile.

For each group of trees, local slope inclinatiord aspect were recorded. Four topsoil
samples (100 cireach, upper 5 cm) were taken in the vicinity afretarget tree and pooled
to form one bulk sample. The soil samples wereddeae 60 °C, sifted and grinded. For
determination of pH(kD)-value, 10 g of dry soil were suspended in 25Mdistilled water
and shaken for 15 minutes. After 45 minutes thewatd measured by means of an electrode
(WTW Mircoprocessor pH Meter pH96). The S-value aation exchange capacity (CEC) as
well as base saturation (BS) were measured usenqidthod of Brown (1943).

2.3 Data analysis

Differences in growth and local environmental clteastics between the two species were
tested with Student’s t-test. In this analysis & @&s in regression analyses (see below) data
were logo(x+1)-transformed prior to meet the requirement nafrmal distribution and
homoscedasticity.

Three different primary variables were used to ¢jiathe tree size when calculating the
competition indices: dbh, total height, and crowajgction area. For all analyses the height
of the neighbours was corrected for the slope wos(z-axis) with trigonometric calculations
(Pretzsch, 2009). The crown projection area (hexeafown area) was calculated from the
eight crown radii using the formula for a polygéior the analyses, the crown area of all trees
was weighted by the crown cover, estimated forgilien tree, by multiplying the crown area
with the following values: 1-20 %: 0.2, 21-40 %4 Oetc. Because the combination of several
primary variables into one competition index maltke statistical qualities of an index
difficult to understand (Weigelt and Jolliffe, 2008e decided to use simple spatially explicit
individual-based competition indices to describe tompetition, experienced by each target
tree, as a function of the relative size and pratyirof the neighbouring trees (Table 1). CI1
to CI3 use the three primary variables dbh, height] crown area, respectively, and are
calculated with the simple size ratio. Cl4 to Cléres designed to reflect the asymmetry of
aboveground competition, with the squared ratioaechng the size differences between
target trees and neighbours (Castagneri et al8)209 all competition indices the influence
of a neighbour decreases linearly with its distdnoe the target tree.

Three approaches to identify potential competitwese compared. The first approach used
height angles from the base of the target treeg{fam height method”, Richards et al., 2008).
Trees were included as potentially competing nedghnd if their height (corrected for the
slope position) was greater than a critical hedgtermined from the horizontal distance (m)
between neighbour and target tree (gliahd the angleaj from the ground at the base of the
focal tree (Biging and Dobbertin, 1992; Richardslet2008; Pretzsch, 2009). This method is
also called “reversed search cone method” (Pretz2@09), and in this study we use the
opening angle of the reversed search cimel¢grees) wherb = 180° — 2, because this is
more intuitive: The largeb is, the larger the search volume, i.e. the lathernumber of
potentially included neighbours. The second appgraeas a fixed radial distance ) from
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the target tree. Any tree within this distance vimduded as a neighbour. In the third
approach those trees were included whose mean cradinos overlapped with the mean
crown radius of the target tree (Corral Rivas gt24105).

For each species, the performance of different @itiqgn indices and neighbour inclusion
approaches to quantify the effects of competitionradial growth was tested using least
squares linear regression analyses (Stoll and NewP@05; Vanclay, 2006). For the first two
neighbour inclusion approaches the adjusted coeftiof determination®?) was calculated
for the relationship between mean annual radialvifraof the last five years (in mm yé&ar
and each competition index at a given opening aogleadial distance. Opening angles
between 35° and 80° and radial distances betwé&earl 6.5 m were tested in steps of 5° and
0.5 m, respectively. The adjustBfl values were then plotted against opening angtadiel
distance. As the third approach uses a single fsebrapetitors, only one linear regression
was calculated per competition index.

Multiple regressions were used to test for competitequivalence of conspecific and
heterospecific neighbours. Mean annual radial gnowas modelled as a function of two
neighbour competition indices, one calculated frammnspecific and the other from
heterospecific neighbours. In the case of competigiquivalence both independent variables
should be significantly related to radial growtmdathe estimated regression parameters
should be similar. Linear regressions were usedx@amine if the competition indices are
related to the number of neighbouring trees.

Local species richness is defined as the numbspedies among all selected neighbours. To
obtain estimates of local species richness thauaadéfected by density, rarefaction analysis
was based on Hurlbert’'s (1971) formula, as impleeein the vegan package in R 2.10. (R
Development Core Team 2009), using a fixed numlibér imdividuals per group. To study
diversity effects in the competition relationshipge related the competition index to local
species richness and to rarefied species richfiestest for diversity effects on growth, we
calculated the competition index per species bydiig the competition index of all species
by the local species richness and rarefied speitlesess, respectively. Both the two species
richness measures as well as the two ratios werertiated to radial growth.

Finally, simple and multiple regression models waggeloped to predict the radial growth as
a function of a selected set of biotic (competitiodex, initial target tree dbh (=dbh in 2003))
and abiotic (slope inclination, slope aspect (véipect transformation according to Beers et
al., 1966), chemical soil conditions) variablestwd target trees and their local environment.
In the stepwise multiple regressions the inputaldes were z-transformed prior to analysis,
resulting in a model with intercept = 0. With theception of the rarefaction analysis, all
analyses were performed using SPSS 17.0 (SPSXmcago, IL).

3. Reaults

For both species, mean dbh was about 10 cm anubdlidiffer significantly between species
(Table 2). However, tree-ring analyses of the siesus taken from the base of the target trees
revealed that the age Gf fargesiivaried from 11 to 26 years, wher&@sfabri was

significantly older, with an age range of 22 toyeérs (Table 2). The target tree<of
fargesiiwere also significantly taller than thoseQffabri (mean height 11.5 m and 8.8 m,
respectively). In both species, crown area was abotf and did not differ significantly. The
mean annual radial growth over the last five y@as significantly higher i€. fargesiithan

in Q. fabri (3.5 and 1.0 mm, respectively; Table 2)Cinfargesiia weak positive relationship
between age and dbh was found (adjufted 0.22,P = 0.02). Neither the dbh @. fabri nor

the other growth variables for both species wegricantly related to age (et > 0.05).
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Table 1 Definitions of competition indices

Competition Formula Source
index
n
Cl1; =Y dbh/ (dbh x (distj + 1)) Hegyi (1974)
2
n
Cl2 =Y h/(hx(dist + 1)) Modified after Hegyi (1974)
j=1
n
Cl3 =Y cpa/ (cpax (dist + 1)) Biging and Dobbertin (1992)
j=1
n
Cl4; =Y (dbh/ dbh)?/ (distj + 1) Modified after Castagneri et al.
j=1 (2008)
n
Cl5; =y (h/ h)? / (distj + 1) Modified after Castagneri et al.
j=1 (2008)
n
Cl6; =Y (cpa/ cpa)®/ (distj + 1) Modified after Castagneri et al.
j=1 (2008)

dbh neighbour tree diameter at breast height (cm); @ibbet tree diameter at breast height (cm); dist
horizontal distance (m) between neighbour (j) arddt tree (t); jneighbour tree height (m); target
tree height (m); cpaneighbour tree crown projection are&(nepatarget tree crown projection area
(m?)

The profiles of the adjuste values showed considerable variation among thespezies,
the three different competition indices, the digfetr neighbour inclusion approaches, and the
opening angles / radii (Figs 1 and 2). Generallg, tompetition indices using crown area as
the size variable and opening angles as the neighipclusion approach had the highest
adjusted?? in both specie<C. fargesiihad maximum adjuste® of 0.74 and 0.78 at opening
angles of 50 to 60° with CI3 and CI6, respecti@ligs 1 and 3)Q. fabri reached maximal
adjusted?? of 0.62 and 0.71 at an opening angle of 50° with &d CI6, respectively. I6.
fargesiithe peak for the competition index using the sengidh ratio (CI1) was at an opening
angle of 55° (adjustel = 0.56). A different pattern occurred when theasgd dbh ratio was
used (Cl4): for a wide range of opening anglest(580°) high adjuste®® values of about
0.7 were found. IrQ. fabri the R? values of CI1 and Cl4 were well below those of @ifi
Cl6 at any opening angle. In both species the ctitigre indices using height as the size
variable (CI2 and CI5) performed very poorly (Fif)). Compared to the search cone
neighbour inclusion approach, the fixed radialatise approach exhibited a different pattern
in the profiles of the adjuste® values (Fig. 2). In the former, & values were highest at
intermediate opening angles, whereas in the latter?? values generally increased with
radial distance and peaked at the largest distac8s5 m). InC. fargesiithe maximunmR?
values were 0.65 and 0.74 at a radius of 6.5 nCi8rand CI6, respectivelyQ. fabri had
maximal R? values of 0.53 for CI3 at a radius of 5.5 m an@®.62 for CI6 at a radius of 6 m
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(Fig. 2). When only those neighbour trees wereuithetl whose mean crown radii overlapped
with those of the target trees (third neighbourtsion approach), the adjustéd values
were generally low(. fargesii CI3: R*= 0.29,P = 0.009; CI4R?= 0.26,P = 0.01; CI6:R* =
0.45,P = 0.001:Q fabri: CI6: R*= 0.17,P = 0.04; all others not significant).

Table 2 Characteristics (mean and standard deviation (809D destructively sampled trees of
Castanopsis fargesandQuercus fabrirespectively, and of local biophysical environta¢wariables

Castanopsis fargesii Quercus fabri
Variable Mean SD Mean SD P
Age 16.3 5.0 39.1 8.8 <0.001
dbh (cm) 9.5 2.0 9.6 1.7 ns
Height (m) 11.5 1.3 8.8 1.6 <0.001
Crown area (m?) 7.2 3.4 6.9 35 ns
Annual radial growth (mm) 3.5 15 1.0 0.5 <0.001
Local species richness 5.5 15 4.6 1.7 ns
Rarefied species richness 3.7 0.7 3.8 0.5 ns
Slope inclination (9 33 7 31 7 ns
Slope aspect (9 183 91 215 83 ns
pH (H,0) 4.2 0.1 4.1 0.1 ns
S-value (mval/g dry soil) 3.2 1.3 29 1.4 ns
CEC (mval/g dry soil) 5.6 1.3 5.3 15 ns
BS (%) 54 10 50 15 ns

Based on these results, ClI6 was selected for thibefuanalyses for both species, with an
opening angle of 55° irC. fargesiiand 50° inQ. fabri. The relative proportion of the
conspecifics’ competition index in the total compeh index ranged from 0 (i.e. no
conspecific neighbour) to 85 % (i.e. almost all patition came from conspecifics) @.
fargesii whereas it was 0 to 38 % @ fabri. When radial growth was modelled as a function
of conspecific and heterospecific competition, bioitependent variables were significant in
C. fargesii(Table 3), but the adjustd®f was somewhat lower than in the simple regression
model (Table 4). IrQ. fabri, however, conspecific competition was not sigaifitty related

to radial growth, and the adjust& was somewhat higher than in the simple regression
model & = 0.75). With one exception, the competition indeas not significantly related to
the number of neighbouring trees (exception: Cléwated from conspecific neighbours of
C. fargesii R = 0.25,P = 0.014).

Local species richness and rarefied species rishwese not significantly different between
the two species (Table 2). The competition indes wat significantly related to both species
richness measures (&> 0.05). Radial growth was either only weakly ot significantly
related to both species richness measures (Tablds#t)g the competition index divided by
local or rarefied species richness had only a matgnfluence on model outcomes (data not
shown).
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None of the abiotic variables differed significgritetween the two species (Table 2). Simple
regression analyses showed that radial growth whsrenot significantly or only weakly
related to the independent variables initial diokcal slope inclination and aspect, pHQj,
S-value, CEC, and BS (Table 4). In the final migtipegression models of both species only
one variable, the competition index, was includedduse the initial dbh of the target trees, as
well as all other environmental variables, had aalgnarginal influence on five-year radial

growth.
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4. Discussion

Using relatively simple spatially explicit individitbased competition indices, we were able
to explain up to 78 % and 75 % of the variatioth@ mean annual radial growth over the last
five years inC. fargesiiandQ. fabri, respectively. For the first time we are, thudedb show
that these indices are highly feasible to quarkig/effect of local neighbourhood competition
on diameter growth in a heterogeneous speciessacbndary EBLF. Although the majority
of overstorey trees in this forest had a dbh withirelatively small range of 5 to 15 cm, tree-
ring analyses of the 40 target trees as well deeofl2 large dominant overstorey trees (dbh >
25 cm) revealed that individuals of a wide age ea(ljl to > 80 years) were present in this
forest stand. A long-term non-uniform forest mamaget, thus, created a heterogeneous age
structure in this managed forest. In addition,rtheture of woody species at the local scale is
highly heterogeneous. Over all 40 tree groups teammumber of tree individuals per species
was 1.9, i.e. every tree species was representteeigroups by fewer than two individuals.
After eliminating density effects by rarefactionafysis the mean number of species per five
individuals was 3.7 (Table 2). In a nearby 24-harament EBLF plot located in the National
Nature Reserve Gutianshan 159 species from 49iémmilere recorded with a dibhl cm
(Lai et al.,, 2009). In the same reserve, Bruelh@tal. (in press) found 25 to 69 woody
species > 1 m in height in 27 plots of 30 m x 3@awh from different successional stages. In
EBLF of south-eastern China, thus, a high regi@pedcies richness corresponds to a high
local species richness. Finally, EBLF are oftenrabi@rised by a high variability in the
topographic variables elevation, slope, aspect,cangexity (Lai et al., 2009; Legendre et al.,
2009). In such a complex situation it is conceieatblat simple competition indices could be
inappropriate to explain a high proportion of tregiation in individual-tree growth, and that,
in addition to competition, various biophysical #ommental factors could affect tree growth.
Nevertheless, despite these potentially importactofs the impact of competition in our
study was obvious.

Table 3 Results of multiple linear regressions of mearuahnadial growth (mm ¥ on conspecific
and heterospecific competition indices for the tspeciesCastanopsis fargesind Quercus fabri
AdjustedR? and F is for the whole modé?,gives the probability values for the parameteinestes (t
statistic).

Independent variable Adjusted F Parameter P
R? estimates
C. fargesii  CI6 conspecifics 0.72 25.34 -0.49 0.003
CI6 neterospecifics -0.52 0.002
Q. fabri CI6 conspecifics 0.75 29.31 0.19 ns
CI6 neterospecifics -0.86 <0.001

4.1 Performance of spatially explicit individuald®d competition indices

We obtained adjuste® values which are well above those typically fouiod models
describing tree growth in response to competitioeteen 0.4 and 0.7, Corral-Rivas et al.,
2005; Filipescu and Comeau, 2007; Castagneri e2@D8; Dimov et al., 2008). Several
mathematical and ecological reasons might helxpéaen this finding.

From our analyses it becomes obvious that the tsaheaf the primary variable that quantifies
the size of the trees highly relevant for the quality of the models.eWnveiled a clear
ranking with the variable crown area performingtpbetem diameter holding an intermediate
position and height being completely inapproprigd@egown dimensions turned out to be
appropriate to approximate the scale of the photbgfic apparatus, which in turn
determines the capacity of trees to produce drytemgBmith, 1994). Crown dimensions
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strongly determine the individual’'s ability to intept light and to shade other trees, and
crown responses are more rapid and more plastic $tem increment or height growth
responses following changes in resource availgbilitown area is, therefore, known to be a
very sensitive growth response variable to compaeti(Biging and Dobbertin, 1992; Simard
and Zimonick, 2005; Getzin et al., 2008). Howewerproperly determine the crown area is
more difficult and more time consuming than measpudbh or height. Therefore, crown data
are often not available in tree competition studiasaddition, on steep slopes the shape of
tree crowns is often irregular, with an asymmegpansion towards the downhill direction
(Umeki, 1995), which makes the estimation of croarea by means of allometric
relationships with stem dimensions difficult. Inrostudy, two methodological operations
considerably improved the suitability of crown datacording eight crown radii (instead of
only four) and calculating the crown area using fbemula for a polygon instead of
approximating it as an ellipse or using the mealusato calculate the area of a circle (data
not shown). It has to be considered, however,tttat plant light interception and plant light
harvesting efficiency is not only determined by reltéeristics at the crown level, but also at
the shoot and leaf level (Niinemets, 2010). Due the difficulties to investigate
simultaneously the suites of traits at differerdgrarchical levels, the few existing studies are
yet confined to tree seedlings and saplings (Nietsn2010).

Stem dimensions (dbh or basal area) are used ifothaulation of many tree competition
indices (Biging and Dobbertin, 1992, 1995; Corrald® et al., 2005; Pretzsch, 2009). In our
study, the model outcomes were sensitive to thdenadtical specifications of the size ratio
(see below) and to species identity when dbh wasd as the size variable. Generally, radial
growth and dbh are closely correlated (PretzscB9R0n our study, this was not the case,
primarily because of the small dbh range of thgdatrees. However, in both species, but
particularly inQ. fabri, it becomes obvious that the current dbh is styoaffected by the
past competition history of the trees. The dbh waly weakly C. fargesi) or not at all Q.
fabri) related to age, because the older trees expedenne or more periods of severe
growth suppression. Competition is generally knawnaffect height growth of trees only
when it is extremely low or high (Ammer et al., B0Gimard and Zimonick, 2005; Inoue et
al., 2008). The lack of a relationship between lhieand radial growth supports the view that
height growth is less sensitive to competition tlidameter growth because it is a higher
priority for carbon allocation (Simard and Zimonid005; Pretzsch, 2009), and suggests that
the intensity of local neighbourhood competitiorcisrently at a level that closely regulates
radial growth, but does not suppress height growth.

In comparison to the selection of the primary valgao quantify tree size, the mathematical
specification of the relative size relationship Wess important for the model outcome. Using
squared size ratios always increased the adjiRte@lues, but the differences were usually
relatively small. An exception was the performantéhe competition index using dbh as the
size variable irC. fargesii(CI1 and CI4). With opening angles50° Cl4 performed almost as
well as CI6 (using crown area). These results sstgt@t the mode of competition in this
forest is primarily size-asymmetric, i.e. competitifor light. This is best shown by using the
crown dimensions to quantify the effect of compatiton growth. InC. fargesij dbh is a
suitable size variable as long as the dispropaatmreffect of larger individuals on smaller
individuals is accounted for by means of the mat&al specification of the relative size
relationship. FoQ. fabri, the clear differences between the size variatiesn area and dbh
remained, probably because of the stronger impattieopast competitive status on current
dbh in this species. Grams & Andersen (2007) sugdebat morphological adjustments are
more important than physiological adjustments intawiing limited resources when
competition is size-asymmetric. In general, tre@aers respond with stronger lateral crown
expansion towards space with high light availapi{fhototropic growth), resulting in crown
asymmetry. Furthermore, the development of asymeenowns may be intensified by
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correlative inhibition (Takenaka, 2000). In a CliedeBLF Lang et al. (2010) found that the
crowns of four broad-leaved tree species were glyattisplaced due to local neighbourhood
competition.

In slope forests with a predominance of size-asytnmeompetition the approach used to
select competitors is of great importance. Forea tn a slope, the crowns of neighbouring
trees in an uphill direction are situated at a @rgposition than those of the same-sized
neighbours in a downhill direction and, thus, impasstronger influence on individual-tree
growth at a given height (Umeki, 1995). In contri@sthe fixed radial distance approach, the
search cone method takes this into account by giviare weight to tree height than distance.
As a result, more neighbours are included in anllughlan in a downhill direction at a given
opening angle, and larger neighbours are includea at larger distances. For both species,
opening angles of 50 to 60° performed best. Thisesponds to height angles of 60 to 65°,
values which are often reported in the literatBigifg and Dobbertin, 1992, 1995; Pretzsch,
2009). Larger angles of inclusion of neighbourimges, as suggested by Richards et al.
(2008), either had no impact or decreased adjiRtedlues.

In many studies it has been found that the optmadial distances strongly depended on tree
size dimensions (D’Amato and Puettmann, 2004). Foamstudy, we can conclude that in
younger EBLF radial distances of at least 5 m ghbel used; this corresponds roughly to half
of the average canopy height (Ammer et al., 2008tzBch, 2009). However, this conclusion
has to be corroborated by studies on larger ptotdlow for a further extension of the radial
distances analysed. The third inclusion approadfichwuses overlapping crown radii, and,
thus, includes only the very local neighbours, Wwasd to be unsuitable. This is confirmed
by the performance of the two other approachedatldwest opening angles or smallest
radial distances.

Finally, individual-tree growth rates vary with d@gjee (Filipescu and Comeau, 2007). For the
reasons given in section 2.2 we confined the asalys overstorey trees with a relatively
small dbh range, which might contribute to the hagliusted?® values obtained.
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Fig. 3. Relationship between mean annual radial growth @)and CI6 with an opening angle of
55°inC. fargesiiand 50° inQ. fabri (n = 20 each).

4.2 Competitive equivalence and diversity effects

In C. fargesiiwe found competitive equivalence of conspecifid Aeterospecific neighbours,
which is in general accordance with Hubbell’'s (200@kutral model. In contrast, non-
equivalent effects of con- and heterospecific nNedgits were observed @. fabri. However,
the differential effect of con- vs. heterospecii@ighbours was contrary to the pattern which
is often found, i.e. that conspecific neighbours sironger competitors than heterospecific
neighbours. 1. fabri, the heterospecific neighbours had a strong nematifect on radial
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growth, whereas conspecifics did not significamfuence growth. One possible explanation
for the difference between the two species mighhhéthe gradient of competition effects of
conspecifics was smaller @. fabri than inC. fargesii We, thus, lack local neighbourhoods
with very strong conspecific competition in tle fabri data. In tropical forests, decreased
performance of trees surrounded by conspecificoofias been explained by species-specific
herbivores and pathogens (Janzen, 1970; Connelll)1However, Schuldt et al. (2010)
document a positive relationship between the degréesect herbivory and plant diversity in
a highly diverse EBLF, indicating a higher impadt generalist herbivores and, as a
consequence, potentially less negative conspedéitsity-dependent effects. On the other
hand, Zhu et al. (2010) found density-dependenc@9irout of 47 tree species in the same
EBLF site. Thus, the mechanisms underlying the meske competition relationships still
remain unclear.

Species richness per se was only weakly or ndt eglated to radial growth. Using the mean
competitive effects per species by dividing theralleeompetition index by (rarefied) species
richness only marginally affected model outcomeisTheans that the number of species in
the local neighbourhood does not strongly influetive effect of competition on radial
growth. An overall neutral effect of species ricksi@n radial growth may be the result of
very complex competition relationships in specieb-mixed forests with neighbourhood
effects on growth that extend from significantlygagve over too weak to be detectable to
significantly positive (Zhao et al., 2006; Li et.,al2010). Alternatively, competitive
equivalence of the different species (Hubbell, 30@iay explain these results. Future
research in the newly established experimental gtaetations of BEF-China is designed to
systematically analyse these relationships undetraied conditions in a broad range of
EBLF tree and shrub species.

4.3 Impact of other biophysical environmental fasto

Local neighbourhood competition is by far the miosportant single factor affecting radial
growth among the factors considered in our studijial tree size has often been found to be
an explanatory variable as good as or even béiser competition indices. For example, in a
naturally established population #finus sylvestristhe variables initial size (i.e., cross-
sectional area of the stem base at the beginninigeofrowth interval), age, and competition
index accounted for 62 % of the variation in fiveay basal area growth (Stoll et al., 1994).
However, initial size had by far the greatest dffec growth Rpama|2 = 0.56). Stoll et al.
(1994) attributed the relatively low competitiorfeet to the low population density, due to
which only initial competitive interactions werevgn. Inoue et al. (2008) demonstrate that
the dominant factor affecting stem volume growittftsiduring stand development in younger
plantations: initial tree size was the dominanttdadefore canopy closure, whereas local
neighbourhood competition had the greatest impiéet @anopy closure. This is confirmed by
our analysis from a naturally regenerated foreangstwhere canopy closure had been
achieved several years earlier. In addition, timgean initial dbh was relatively small in the
40 target trees, which makes it more difficult tusserve an effect. Slope inclination has been
shown to significantly affect the stature of a tieeerms of crown displacement and stem
inclination (Umeki, 1995; Lang et al., 2010). Inraiudy, we only observed a weak negative
relationship between slope inclination and radiedwgh in Q. fabri. High morphological
plasticity of EBLF tree species might be the reakonthe low sensitivity of radial growth
towards the topographic conditions in these highlyable environments (Lang et al., 2010).
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4.4 Management implications

The results of our study suggest that relativelppse spatially explicit individual-based
competition indices are a useful tool for assessmgpetition in younger secondary mixed-
species EBLF, provided that the appropriate primeyable that quantifies the size of the
trees is selected. As individual-tree diameter ghoappears to be strongly influenced by
local neighbourhood conditions, tree growth can diesely regulated by thinning and
harvesting operations. However, to meet the variobgctives of sustainable forest
management such as reducing pest damage or fi®g ksodiversity conservation, carbon
sequestration, or soil erosion control, selectiarvést systems should be applied.

In recent years, great efforts have been made inaGb maintain younger secondary EBLF,
to convert single-species conifer stands into migeekcies stands or to use species mixtures
in reforestation (Wang et al., 2007; Lei et al.020Li et al., 2010). However, up to now only
few studies dealt with mixture effects in ChinedLE. In a three-year pot experiment with
eight EBLF tree species Li et al. (2010) found tthat relationships between tree growth and
competition varied with species identity and tir@eir results indicate that there may be high
competitive equivalence among different speciesafly, more research is needed to
elucidate the effects of species mixtures in tHiesssts.
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Abstract

Questions: The maintainence of a diverse sapling pool is afigular importance for the
regeneration and persistance of species-rich fe@stystems. However, the mechanisms of
coexistence of saplings have rarely been studipdrerentally. We thus ask:

Do species richness, species composition, spedesdity and stand density have effects on
the coexistence, growth patterns and crown ardhiteof tree saplings?

L ocation: Jiangxi Province, Southeast China

Methods: In a field experiment, we manipulated the locaghbourhood of saplings of the
four early-successional subtropical spectsh{ma superh&laeocarpus decipienfuercus
serrata and Castanea henryiwith regard to species richness (1, 2 and 4 spgcspecies
composition (monocultures, six two-species comlppmat and one four-species combination)
and stand density (low, intermediate and high).tég¢ged for treatment effects and the impact
of species identity on growth variables, biomadecation, crown architectural traits and
branch demography.

Results: Species richness was a poor predictor of all nespovariables, but enhanced
pruning and branch turnover. In contrast, speciesposition proved to be of great
importance for growth, biomass allocation, crowechéecture and branch demography. Local
neighbourhood interactions of saplings were charesetd by complementary or facilitative as
well as by competitive mechanisms. Intraspecifimpetition was higher than interspecific
competition for two speciesC( henryj Q. serratg depending on the respective species
combination. To a high degree the competitive Bbdf species can be explained by species
identity. Competition for light likely played a noajrole in our experiment, as evidenced by
the strong response of crown architecture and hratemography to the manipulated
predictor variables.

Conclusions: Effects of species composition and species identitgrowth rates and crown
architectural variables of tree saplings point ttchea separation as a mechanism of species
coexistence, while effects of species richness wetget prominent at the sapling life stage.
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1 Introduction

The question as to which mechanisms maintain aming@ie species coexistence has
increasingly raised interest in the light of biaglisity loss and species extinction (Barot 2004;
Hillebrand & Matthiessen 2009). Two theories plakey role in the current discussion on
plant species coexistence: neutral theory and ntbeery. According to neutral theory,
functional equivalence (i.e. co-occurring speciesidt have to be different in rates of growth,
dispersal or speciation), together with stochastents, is a sufficient explanation for species
coexistence (Hubbell 2005; Rosindell et al. 20Niche theory, by contrast, implies that
coexistence is explained by the interspecific défgiation in response to exploitative
competition for environmentally limiting resourc@i3eClerck et al. 2005; Kraft et al. 2008)
or in response to species-specific pathogens (Rater et al. 2008; more general: Loreau &
Hector 2001; Silvertown 2004; Levine & HilleRisLasns 2009). Niche partitioning may
occur in space, in time or with regard to the dualif resources. As a result, in species
combinations resources may be used in a complenyeatal more efficient way than in
monocultures, and interspecific competition is blicompared to intraspecific competition
(Kahmen et al. 2006).

For trees, the most important above-ground resoisréight (Denslow 1987; Canham et al.
1994). Since light harvesting efficiency is sigedfintly affected by biomass allocation to
leaves, foliage distribution and branching freqyefMiinemets 2010), the separation in niche
space with regard to light harvest should be eviddrby species-specific growth patterns,
biomass allocation or plant architecture. In additio abiotic factors competitive interactions
strongly influence individual tree growth. In pattiar, crown dimensions and architecture are
known to respond sensitively to local neighbourhoddractions (Biging & Dobbertin 1992;
Getzin et al. 2008; Schroter et al. 2011). Howeverexplain the spatial development of
crowns in detail, information on single branchesimdividual trees is needed, since the
process of crown expansion depends on the spatalabment of branches and branch
demography, which in turn is affected by local higurhood interactions (Franco 1986;
Stoll & Schmid 1998; Sumida et al. 2002).

In this study, we experimentally analyse mechanisimspecies coexistence of individual
trees at the sapling stage, making use of the loeighbourhood approach (Pretzsch 2009).
The maintainence of a diverse sapling pool is ingmirto ensure the regeneration and
persistence of species-rich forests (Bruelheidd.2011). We refer to tree saplings as young
tree individuals that have survived the criticaédleng phase and whose local neigbourhood
is characterised by strong competition caused high density of similar-aged individuals.
Important factors of this local neighbourhood whiolght affect the individual performance
of tree saplings are species richness and speamepasition, species identity, stand density
and the size of the tree saplings. The focus oivichehl tree growth patterns, biomass
allocation and architectural traits is particulapigomising in woody species, because these
species have easily identifiable, large individuaith biomass accumulation in long-lasting
structures.

We planted saplings of four early-successionalrepiital species in monoculture as well as
in two- and four-species combinations. In ordedéermine whether niche separation is the
mechanism that enables the coexistence of thesgesp@ an early stage of their life, we
tested for species richness, species compositidrsaecies identity, as well as for density and
initial diameter size effects. Specifically, wettgbthe following hypotheses:

(H1) Species richness of the local neighbourhoddcts the growth and morphology of
saplings.
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(H2) The species composition of the local neighboad affects growth and morphology of
saplings.

(H3) The species identity of the target saplingmsimportant predictor of its growth and
morphology.

(H4) Density affects growth and morphology of sag4.

2 Materials and M ethods

2.1 Study area and experimental design

Our experiment was set up near Xingangshan, Jigmgwiince, South-east China (29° 06’
33" N/ 117° 55’ 24” E). The study area is chamtsed by a subtropical monsoon climate
with an average annual precipitation of approxinya26000 mm and a mean temperature of
15.1 °C. The natural vegetation is a subtropicalatifleaved forest with a dominance in
abundance of evergreen species (Bruelheide et (dl1)2 Nevertheless, the number of
occuring deciduous and evergreen species is alialsinced (Lou & Jin 2000). The
subtropical broad-leaved forest ecosystems of Seash China represent a global hotspot of
phytodiversity (Barthlott et al. 2005).

The experimental area was a former agriculturdd fizzhich was ploughed, harrowed and
divided into four blocks prior to setting up thepeximent in March 2009. Four highly
abundant, early-successional species were chosénef@xperimentSchima superb&ardn.

et Champ., Elaeocarpus decipiendHemsley (evergreen)Quercus serrataMurray and
Castanea henry(Skan) Rehd. et Wils. (deciduous) (Yu et al. 200¥¢ manipulated species
richness and species composition of tree saplimgplots of 1 m?2 size. Three plot-related
species richness levels were established: monees|tiwo-species combinations and four-
species combinations. The four monocultures of esprties, all six possible two-species
combinations, and one four-species combination naai¢al of eleven species compositions.
In addition to enabling the analysis of speciebné@ss effects, the comparison of all possible
species combinations also makes it possible totifgiethe effects of intraspecific versus
interspecific competition (Massey et al. 2006) adlvas competitive dominance of specific
species. Species identity was treated as anotkdrcpor variable in the experiment. Finally,
the species richness and species composition teeédnwere fully crossed with a density
treatment. The low density treatment comprised amg individual per plot, whereas the
experimental plots with high and intermediate dignsach contained 16 individuals, planted
in an array of four by four. Planting distancesn®sn saplings in the high and intermediate
density treatment were 15 and 25 cm, respectividlg. high, intermediate and low densities
in this experiment refer to 44,000, 25,000 and QQ,6aplings per ha, respectively. In the
nearby Gutianshan Nature Reserve, densities oDQGriividuals per ha were found in an
early successional secondary forest stand (< 2G)yBauelheide et al. 2011). In the species
combinations, each species was represented byathe aumber of individuals in both the
peripheral rows (i.e. 12 individuals) as well aghe center (i.e. four individuals). To avoid
edge effects, all analyses were performed usingfdbe central individuals. All treatment
combinations were replicated four times, once itheaf the four blocks. The total number of
plots was 132 (11 species compositions x two dess{high, intermediate) x four blocks +
11 low density x 4 species in 4 blocks = 88 + 4dtg)l All treatment combinations were
randomly assigned to plots within blockBhe experiment was run until September 2010
when destructive harvest took place. Individualshef intermediate density treatment of one
block were harvested in July 2010.

121



2.2 Field measurements

Sapling mortality

Over the course of the experiment, 223 out of 1g&dings died (15.4 %; number of dead
saplings per specie€. henryi92,S. superb®5, Q. serratal8, E. decipiendl8). Since 96 %
of these dead individuals died during the firstwgrag season (March to October 2009), post-
planting stress was assumed to be the main reas@apling mortality. Consequently, only
data of saplings that survived this phase of estaient were incorporated in the analyses.

Sapling growth

Total height of saplings (i.e. length from groura dpical meristem) was measured in
November 2009 and September 2010. Stem diamebasatheight was measured 5 cm above
ground in N-S and E-W direction with a caliper, dhd mean value was used in the analyses.
The position of the diameter measurements was rdagemanently with white paint.
Measurements were taken in March 2009 (initial steiameter), November 2009 and
September 2010. Growth rates of absolute heightchawheter were calculated as: (value
(September 2010) - value (November 2009))/ 11.

Above-ground biomass

To analyse biomass allocation patterns with regaurstratification (i.e. height layers) and to
different constitutents (stem, branches and leatke)four central individuals per plot were
harvested in September 2010 in 50 cm strata gjaidm ground. Saplings were divided into
stem, branches and leaves for each stratum. Biowesslried at 70° C for 48 h and weighed
to 0.01 g precision. Biomass data were logarithhyi¢eansformed prior to analyses.

To analyse the vertical above-ground biomass digion, we calculated the cumulative
biomass fractiorC, i.e. the proportion of cumulative above-groundnbiass, summed up from
the ground to the height strata (50, 100, 150, 200, 250 cm). For each individualfiited
the coefficient of vertical biomass distributiontag linear regression coefficiefitof C over
hs (see Jackson et al. 1996; Vonlanthen et al. 2018¢. coefficient of vertical biomass
distribution indicates the steepness of declinihgvith increasinghs Higher coefficient
values, in turn, indicate biomass more evenly itisted over the total height of the tree.

Crown architecture

All crown architectural parameters were determimedune and September 2010. A branch
was defined as a primary furcation longer than 1 €ime height of the first branch was
measured, and crown length was calculated as tfezatice between total sapling height and
height of the first branch. The length of the fiasid the longest branch was measured as the
distance from the stem to the longest tip of tlspeetive branch.

Branch demography

Branches were counted bi-monthly during winter 2009November, January, March) and

monthly from April to June 2010 and in Septembet@®0Branch turnover and pruning are

interpreted as a measure of adaption ability tongha in neighbourhood conditions over

time. Branch turnover was calculated as the sumllathanges in branch number (no matter
whether positive or negative) from November 2009une 2010. Pruning was defined as the
sum of all negative changes in branch number (Nd®&2009 to June 2010) and describes
the dieoff of branches over time.

2.3 Statistical analyses

The overall aim of this study was to disentanglgmeourhood effects on growth, biomass
allocation, crown architecture and branch demograph saplings. Firstly, the complete
dataset was used to test for (H1) by fitting mied#i@écts models (Model 1) including species
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richness and density as factorial variables andrtiti@l diameter as fixed effect. The initial
diameter was used to account for differences ie sizthe beginning of the experiment.
Secondly, all two species combinations were andlyse species composition (H2). Mixed
effects models (Model 2a) were fitted using spec@m®sposition, density and initial diameter
as fixed effect. The analyses with Model 2b werdgemed for the high density treatment
data divided by species to exclude density effaots$ to test for composition effects on the
individual-level of each species. Model 2b contdispecies composition and initial diameter
as fixed effects. Thirdly, mixed effects models @¢b3) for all monocultures were calculated
to test (H3). They were fitted by the predictoriahles species identity, density and initial
diameter as fixed effects.

Random effects for all models were plot nestedach Model simplification was performed
by stepwise backward selection of fixed factoreyaeing the least significant variables until
only significant predictory variables remained (095). Since all density treatments were
included in the analyses of Models 1, 2a and 3, aeplete data from the June 2010
measurements was used to ensure a balanced ddWodet residuals did not show violation
of modelling assumptions (normality and homogeneify variances). The significant
categorical variables were further examined by keypost-hoc test. For the sake of clarity
and more comprehensive analyses, the models peeskate did not account for the presence
and absence of species (for these models see singpmformation S1). Since a test for a
phylogenetic signal (K statistics) in the obserngedwth and crown architectural traits was
not significant, we did not consider phylogeny e tstatistical analyses (see supporting
information S2).

In addition, we calculated Pearson correlation fimehts between height and diameter
growth rates and crown architectural variablesolf indicated otherwise, values are given as
mean with standard deviation.

All statistical analyses were performed using R22.(R Development Core Team, 2010)
using the packages “nlme” for the analyses of migf#dcts models (Pinheiro et al. 2010),
“multcomp” for post-hoc Tukey tests (Hothorn et 2008) and “picante” for the K statistics
(Kembel et al. 2010).

3 Resaults

3.1 Height and diameter increment

The mean sapling height at the time of planting 8ascm+ 13 cm, compared to a mean
height of 124 cmt 39 cm at the end of the experime®it.superbd6.74+ 2.17 cm montt)
had the highest mean absolute height growth ratlewled byE. decipieng6.31+ 2.27 cm
month?), Q. serrata(5.57 + 2.34 cm mont) and C. henryi (3.63 + 2.67 cm montH).
Species richness had no significant impact on theolate growth rate of sapling height.
However, species composition significantly affecéadolute growth rates (p = 0.03). Model
2b revealed that the height growth rateCofhenryi(p = 0.019) and). serrata(p = 0.046)
individuals was affected by species compositiondivilWuals of both species were
significantly higher in combination witle. decipienscompared to monocultures. The
absolute height growth rate was also influencedspgcies identity (p < 0.001). Neither
density nor the initial stem diameter of saplinfjeaed height growth.

The mean absolute growth rates of diameter perimweate:E. decipieng0.7 mmz 0.5) >S.
superba(0.6 mmz= 0.3) >Q. serrata(0.5 mmz= 0.3) >C. henryi(0.3 mmz+ 0.3). Absolute
diameter growth rates were neither affected byispetchness nor by species composition.
However, species identity was a highly significargdictor of diameter growth (p = 0.008).
The diameter growth rate &. henryiwas significantly lower than that &. superbandE.
decipiens(p < 0.05). In addition, density had a significaniuence on absolute diameter
growth rate (p < 0.001). The diameter growth oflisgg was significantly enhanced in the
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low density treatment compared to both the inteiatedand high density treatment (p <
0.001). In contrast, the initial stem diameter hadsignificant effect on diameter growth.

Both absolute height and diameter growth rates \pesgtively correlated with crown length
(Pearson correlation coefficient, r = 0.84 / Of&&pectively), the length of the longest branch
(r=0.40/0.51) and the number of branches (149 00.45).

3.2 Above-ground biomass

Model 1 revealed no significant effect of speciebnmess on above-ground biomass or on the
coefficient of vertical biomass distribution. Spesicomposition, in contrast, significantly
influenced biomass increment (p = 0.009) and afionao different constituents (p < 0.01).
Results of Model 2b showed that C. henryiindividuals accumulated significantly more
biomass in combination witle. decipiensthan in the monoculture (p < 0.001) and in
combination withS. superba(p = 0.023, Fig. 1A). The biomass of leaves@f henryi
individuals was significantly lower in monoculturégn in combination witle. decipiengp

= 0.005) or in the four species combination (p 826, Fig. 1B). Similar tcC. henryj the
stem and total biomass @ serrataindividuals was higher in combination wilh decipiens
than in monoculture (p < 0.01) and in combinatioithwC. henryi(p < 0.05, Fig. 1C/D).
Species identity was a significant predictor oftatimass-related variables (all p < 0.001). In
general, results of post-hoc Tukey tests revediatl the biomass of all constituents ©f
henyriwas significantly lower than that of the other@ps (Table 1).

Stratum-related biomass allocation patterns okdkffit constituents proved to be quite stable
over density treatments for each species (FigSggcies identity effects were evident for the
coefficient of vertical biomass distribution (p €001). Increasing density had negative effects
on all biomass constituents (p < 0.05), whereaslewsity effects on the vertical biomass
distribution were found. Regarding the total abgvednd productivity within the low density
treatment, the four species ranked as follo®/ssuperbg157.2 + 134.7 g) E. decipiens
(135.2 + 145.99 g) ®. serrata(97.0 £ 92.3 g) X. henryi(42.0 £ 43.4 g).
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Fig. 1. Boxplots of theindividual total biomass (A) and leaf biomass (B) of C. henryi, and of total
biomass (C) and stem biomass (D) of Q. serrata in the different species compositions.
Significances of post-hoc Tukey tests of the exmiary variable “species composition” tested by
Models 2b are indicated by different letters. Speaodes: ChC. henryj Ed: E. decipiensQs: Q.
serratg Ss:S. superba

Table 1. Mean values of above-ground biomass allocation to different constituents (dry weight
per plant [g] and standard deviations) for the fepecies. Different letters show significant
post-hoc Tukey results.

Constituents C. henryi E. decipiens Q. serrata S. superba
Total 13.9+10.82 345+336° 37.8+256°" 56.7 +33.7°
Stem 20.2+228°% 69.9+68.6° 47.9+458° 57.3+42.8"
Branches 13.6+14.6°2 447 +62.2° 185+22.2° 325+36.3°"
Leaves 82+11.0° 20.6 +30.3 % 30.1+28.0° 67.4+61.9°
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Fig. 2. Allocation patterns of the biomass constituents (stem, branches, leaves) per individual
over different strata. Mean biomass values per strata are shown for epetithe different density
treatments (barplots). Each stratum comprises 50ncheight. The black line represents the mean
coefficient of vertical biomass distribution foretihespective species and density treatment.

3.3 Crown architecture

Species richness had no effect on crown architectuinereas species composition proved to
be a significant predictor for all crown architeetuwariables (p < 0.05 for all variabels).
Model 2b results show that species compositionahsignificant effect on crown length Gf
henryiandQ. serrataand on the length of the longest brancls ofuperbaThe crown length
of C. henryiwas significantly enhanced when growing withdecipiensgompared to both the
monoculture and the combinatio@s henryi — S. superbandC. henryi — Q. serrat§p <

0.05). Moreover, the crown length Gf henryiwas higher in the four-species combination
compared to the monoculture (p < 0.05). The creamgth ofQ. serratawas significantly
higher when grown witlk. decipiencompared to the monoculture (p = 0.008) andhe
serrata — C. henrycombination (p = 0.020). In addition, the crowndéh ofQ. serratawas
enhanced in the four-species combination compardtelQ. serratamonoculture (p = 0.028)
and combination witlC. henryi(p = 0.042). The length of the longest brancs ofuperba
was significantly enhanced when grown in combimatigth C. henryicompared to the
monocultures, the combinatioBs superba — E. decipieasdS. superba — Q. serratand

the four-species combination (all p < 0.05).

3.4 Branch demography

Species richness had no effect on the number oiches (developed at the end of the
experiment) but influenced branch turnover (p =48)0and pruning (p < 0.001; Fig. 3).
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Branch turnover was significantly enhanced in tr fspecies combination compared to the
two species combination (p = 0.047). Pruning wahdu in the four species combinations
than in the two species combinations and monoastip < 0.001). Species composition
significantly affected the number of branches, bhaturnover and pruning. Species identity
significantly affected branch demography (all vales; Table 2).

Table 2. Crown architecture and branch demography. Values are means for species and density
treatments. Different letters show significant elifnces of post-hoc Tukey tests.

Crown characteristic Species means Density means

C. henryi E.decipiens Q. serrata S.superba Low Middle Dense
Height of first branch [cm] 8.94 6.17 13.36 13.15 4522 985% 10.91°
Crown length [cm] 72.89 106.15 76.02 80.97 9476 89.78 82.08
Length of first branch 26.05
[cm] 38.91° 21.64° 24.42° 36.242 ®  36.16° 24.12°
Length of longest branch
[cm] 52.65 62.14 43.85 52.82 65.05° 58.01° 48.132
Number of branches # 6.89 ° 21.32°¢ 16.54 " 956°% 17.64° 13.64% 12.82°
Branch turnover * 15.48 30.72°¢ 2231° 14147 27.12° 22.85° 19.05°2
Pruning ° 6.23 2 6.85" 4.99° 416° 677 601 509

# All branches exceeding 1 cm in length, countedline 2010.
* Sum of all changes in branch number (positive aegative) from November 2009 to June 2010.
° Sum of all negative changes in branch number @ddyer 2009 to June 2010).
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Fig. 3. Boxplots of branch turnover and pruning for speciesrichnesslevels. Branch turnover is the
sum of all positive and negative changes in bramamber, whereas pruning is the sum of branch
losses over the duration of the experiment. Sigaifces of post-hoc Tukey tests of species richness
tested by Model 1 are indicated by different letter
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4. Discussion

4.1 Effects of species richness

Our study analysed for the first time species redweffects on the branch demography of
tree saplings. The increase in pruning and brametover with higher species number proved
the high dynamics in the four species combinatid®epling individuals may adapt their
crown architecture to changes in their local neathood by modifying their branching
arrangement (Sumida et al. 2002). These changeshmagaused by the species-specific
crown architecture of neighbouring saplings anded#inces in leaf occurence. We interpret
the observed highly dynamic branch demography asefiect of proceeding niche
differentiation with regard to light harvestingtims relatively complex neighbourhood of the
four species combination.

Contrary to our expectations, we found no signiftcaffect of species richness on the other
growth and crown architectural parameters. Thidifig may be attributable to two factors.
Firstly, it is well conceivable that diversity efts may evolve at a later stage of sapling
development. Lang et al. (2010) analysed older ingkviduals (20 — 100 years) of an
overlapping species poo&( superbaCastanopsis eyreChamp. ex BenthQ. serrata C.
henry) in the same study region. The authors found thratvn area was affected by
functional diversity. They concluded that this whge to niche separation in terms of height
stratification, timing of leaf occurrence and crowensity (Lang et al. 2010). Secondly,
species richness effects on tree growth responf®s ekample attributable to niche
complementarity) might only become apparent at drglevels of diversity (Papaik &
Canham 2006). The occupied niche space shouldasereith higher species humber and
thereby make niche complementarity more likely¢ou.

4.2 Effects of species composition

The effects of species composition on growth, biggnallocation, crown architectural and
branch demographic variables indicated that theispadentity of neighbouring saplings is
an important determinant of sapling growth (H2)aar experiment. This finding is in
accordance with studies that demonstrate the impoetof neighbour tree identity for growth
(e.g. Massey et al. 2006; von Oheimb et al. 20ht) @own formation (Frech et al. 2003;
Massey et al. 2006; Lintunen & Kaitaniemi 2010)rafividual trees.

We hypothesise that several mechanisms - deperafintpe species involved - determine
effects caused by species composition. These adereed by differences in the growth
performance of less productive species (h&e:henryj Q. serrata deciduous) in the
monocultures compared to combinations containingh bleighly productive (herekE.
decipiensS. superbaevergreen) and less productive species.

When growing together witle. decipiensthe two specie€. serrataand C. henryigrew
taller and produced more biomassan when growing in monoculture or with other spgec
These results indicate that intraspecific competitof C. henryiand Q. serrataindividuals
was higher than the species’ interspecific comipetivith E. decipiensMassey et al. (2006)
also demonstrated that height growth of saplingy nm&rease in heterospecific plots.
However, due to a higher branching of the saplimigisin homospecific plots, the authors did
not detect any effect of species composition onvalgyound biomass. In our study, the
reduced competition experienced @y henryiand Q. serratawas caused to a greater extent
by the species identity of the competitor, i.e. Baydecipiensthan by the fact that it was
growing with any heterospecific neighbour. Basedtlom observed high productivity &.
decipiendn the low density treatment, we would have expee reduced performance of less
competitive species in combinations with decipiens In addition, the biomass dE.
decipiensindividuals was not affected by species compasitithus, the increased growth of
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C. henryi and Q. serrata in combination withE. decipiensindicate the existence of
complementary or facilitative mechanisms.

The enhanced crown length Gf henryiand Q. serratain combinations withE. decipiens
points to complementarity of crown architecturen@ementary effects and, thus, reduced
interspecific competition for light within the fospecies plots compared to high intraspecific
competition in monocultures also resulted in longewns in both species. In contraSt,
henryi had shorter crowns in combination wigh superbathan in combination wittE.
decipiens This indicates - together with the enhanced lengtthe longest branch @&.
superbain combination withC. henryi- negative competitive effects &. superbaThe
effects of species composition on crown architedtuariables highlight the importance of
competition for light as a structuring factor oigtgbourhood interactions.
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4.3 Effects of species identity

Species identity was a strong predictor throughbatwhole experiment. We found all the
response variables analysed to be affected byesp@bentity, which confirms our H3. Our
findings approve the results of other studies thedcribed species-specific relative growth
rates (Dekker et al. 2008; Suter et al. 2010) apnd/ie architecture (Takyu 1998). Branching
frequency, foliage distribution, and biomass altmra to leaves significantly affect light
harvesting (Niinemets 2010). Energy gain by inceda$ight harvesting is likely to be
converted to growth, and thus, sapling growth andsigal was found to be related to
architectural traits (Takyu 1998; Sterck et al. Z0Dekker et al. 2008). In our study, height
and diameter growth were also found to be relatedhé vertical and horizontal crown
dimensions.

When ranking the observed species according ta gmeductivity, the two evergreens
performed better than the two deciduous speciesoitrast to our results, seedlings (< 0.5
years) of evergreen species in the same studyndwmwe been found to accumulate less
biomass and to show a reduced phenotypic plastditly regard to shade than deciduous
species in a greenhouse experiment (Bohnke & Beickh2011). However, the saplings in
our experiment were older, and, thus, effects eirthrowth performance during the seedling
stage were of minor importance. The advantages \wdrgecen leaves, i.e. longer
photosynthetic season, lower costs of replacinfria&rients and tougher laminae to endure
frost, drought and herbivory (Givnish 2002), mighiso have contributed to the better
performance of the evergreen species in our exgetim

Our results indicated a close relationship betwsgecies identity and branch demography.
Species identity effects on branch demography vpeomounced, since each of the four
species had a different branch development stralégy number of branches was low @r
henryiand S. superbaWhereasS. superbahad the lowest degree of pruning and thus was
able to invest more in stem biomass, henryidisplayed high branch mortality, combined
with long branches and smaller height incrememt€ohtrastQ. serratahad an intermediate
number of branches and degree of pruning. Highowwenrates and branch numbersEof
decipienscombined with large height and diameter growthgesg that this species may be
able to adapt quickly to changes in the local lighvironment and, thus, to optimize its
foraging for light by means of a highly flexible dohass allocation to branches. The
differences between species in branch demography beaseen as niche separation with
regard to light harvesting.

4.4 Effects of density

We found a negative effect of density on diametewgh rates but no density effects on
height growth, thus partly confirming H4. Our finds are in agreement with competition
studies, according to which diameter growth wagrofiound to be influenced by the local
neighbourhood (Biging & Dobbertin 1992; Canhamle2@04; von Oheimb et al. 2011). The
significant reduction of biomass in all constitwerdf saplings of the high density plots
indicated that competition increased with incregstand density.

In addition, density significantly affected crownclitecture. A positive effect of reduced
stand density on crown area was found for mat@westby Yu et al. (2003) and Hein et al.
(2008). However, while the number and length ofnbrees of loblolly pine increased with
decreased density (Yu et al. 2003) this was notctdse in Douglas fir (Hein et al. 2008).
Thus, effects of density on crown architecture g species-specific and generally depend
on the distances to the neighbours which a trewvithdhl may encounter in a respective
stand.
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Conclusion

In general, our results support the model of nedy@aration in terms of light harvesting of the
species analysed. The species identity of neiglsbaarwell as that of a target tree itself
largely determines the outcome of neighbourhoockraations. Our study proved the
complexity of local neighbourhood interactions amexistence mechanisms in an early life
stage of tree individuals.
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Electronic Appendix S1:

An alternative analysis of our results.

The explanatory variable species richness may péual as a factorial variable (Sf), as a linearasra loglinear variable. It may also be
represented by a contrast of monocultures versmesgpcombinations (mono). We tested for all tltk8erent species richness variables in Models
A. In Models B, we tested for the effect of spegeessence (used as contrast of presence versuscapsnd all two-way interactions, and in
Models C for the species composition (comp, faatorariable). Due to the experimental design it wwas possible to test for all these effects
within one model. In addition, full models containie fixed effects: species identity (ID), densitd the initial diameter of the saplings (init)dia
Random effects were plot nested in blagkadel simplification was performed by stepwise haakd selection of fixed factors, removing the least
significant variables until only significant prethicy variables remained (p < 0.05). The table shmssilts of the most parsimonious models. AIC
values are given to compare the goodness of tih@Models A-C for each response variable. Spewases are given a€astanea henry(CH),
Elaeocarpus decipien&D), Quercus serratdQS),Schima superbéssS).

Absolute growth rate Biomass
Height Diameter Total
Model A B C A B C A B C
AlC 1214.09 1213.69 1209.23 213.13 217.16 253.01 735.67 735.21 745.30
F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p
Sf 3.08 - - - - - - - -
Comp - - 7.71 Fhk - 2.92 . - 8.72 ek
CH - 27.36 R - 14.78 dhk L - 37.00 L
ED - 8.29 . - - - - 5.56 * -
QS - - - - - - - 0.05 -
SS - 10.71 . - - - - 11.83 rhk
ID 34.46 *x 22,12 % 16.68 *x o 17.68 ko 12.68 ¥ 10.21 o 31.78 ko 17.46 *x 11,79 ek
Density - - - 19.33 - 20.69 *x 20.62 ko 12.57 ko 17.31 ¥ 17.59 ek
init dia 7.50 *» 875 ** 533 * - - - 32.90 % 33.36 *x o 31.16 ek
ED:QS - - - - - - - - -
ED:SS - 8.43 oo - - - - 16.84 rhk



Model
AIC

Sf
Comp
CH

ED

QS

SS

ID
Density
ini dia
ED:QS
ED:SS

Model
AIC

Sf
Comp
CH

ED

QS

SS

ID
Density
init dia
ED:QS
ED:SS

Biomass

Stem Branches Leaves
A B C A B C A B C

2951.39 2908.83 2883.17 773.20 777.27 786.46 786.58 785.59 790.99
F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p
- - 4.48 R - 6.32 Fhk - 16.66 ek
- 13.41 rhko - 16.74 R - 71.60 L

- 9.95 o - 14.61 Rk - 4.06 * -

- 0.16 - - 6.58 * - - - -

- 0.08 - - 1.53 - - 39.34 rhk

15.58 ¥* 979 ** 856 e 21.43 *x o 10.45 w772 ** o 68.07 % 35.58 *x o 2531 ek
4,76 *» 575 ¥ 6.24 i 22.78 *x o 26.74 w2503 *x o 16.54 ko 20.15 *x o 21.45 ek
43.34 k44,62 *x o 41.50 *Rk27.22 Wk 27.44 ko 25.28 *xk12.02 ko 11.54 *x o 11.60 kk
- 5.70 * - - - - - - -

- 8.38 o - 12.41 Rk - 9.30 oL

Biomass

Coefficient of vertical biomass distribution

A B C

418.10 426.11 438.77

F-value p F-value p F-value p

i i . 3ea

- 4.56 * -

- 3.26 -

- 8.12 o

8.74 *k 554 ** 433 *

- 6.61 * -



Model
AIC

mono
Sf
Comp
CH

ED

QS

SS

ID
Density
init dia
ED:SS
ED:CH
CH:ED
CH:SS

Model
AIC

mono
Sf
Comp
CH

ED

QS

SS

ID
Density
init dia
ED:SS
ED:CH
CH:ED
CH:SS

Crown architecture

Height of first branch Crown length Length of first branch

A B C A B C A B C

1321.58 1321.97 1328.21 3095.30 3066.12 3040.28 2939.80 2922.8 2898.29
F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p
4.99 * - - - - - - - -

- - 2.35 * - - 7.40 R - 3.70 ok
- - - - 3.99 * - - 14.18 R

- - - - 44.40 wRE - 5.56 * -

- - - - 6.65 * - - 6.72 * -

- 10.91 * - - 5.03 * - - - -

7.28 *x 3.91 * 4.23 ** 26.46 % 9.92 ** 10.26 % 15.94 *x o 7.54 % 6.88 ok
6.55 *» 821 ko 6.41 > 4.69 * 5.41 ** 513 ¥ 3.64 * 3.80 * 3.71 *

- - - 32.59 ko 32.02 *x - 30.69 R - -

- - - - 10.43 - - - -

- - - - - - - 7.18 o

Crown architecture Branch demography

Length of longest branch Number of branches Branch turnover

A B C A B C A B C

2977.40 2972.59 2937.85 2239.14 2235.40 2221.45 1106.78 1103.30 1108.04
F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p F-value p
- - - - - - 5.76 i - -

- - 3.08 - - 14.73 R - 14.26 ok
- - - - 37.53 R - 20.70 R -

- 10.4701 ** - - 59.54 wRE - 87.86 R -

- 11.6678 *** - - 16.22 wRE - 6.48 * - -

- - - 20.36 R - 7.01 e -
11.72 *k 4,42 **  3.83 * 72.01 % 28.65 *x o 2548 % 56.28 *x o 23.00 %k 20.92 ok
5.67 *» 559 ¥ 6.09 ¥ 6.81 ¥ 7.58 e 7.26 ¥ 6.85 ¥ 1042 ko 7.07 *
20.78 *x - 20.50 ko 19.87 w2457 ko 24.04 e 23.36 ko 11.28 ¥ 10.49 ¥ 11.23 o
- - - - - - - 5.91 * - -

- - - - - - 6.92 o -



Model
AIC

mono
Sf
Comp
CH

ED

Qs

SS

ID
Density
init dia
ED:SS
ED:CH
CH:ED
CH:SS

Branch demography

Pruning

A B C

836.34 844.87 851.45
F-value p F-value p F-value p
9.53 R 4.41 i
- - 0.00 -

- - 17.81 E

- - 4.23 * -

- - 1.67 -

- - 5.62 oo

9.67 R 11.22 w544 *
7.13 ¥  3.54 6.90 *
- - - 4.21 *
- - 7.48 0o -



Electronic Appendix S2

Test of phylogenetic signal in thetraits

To confirm that the analysed trait data of our fohserved species are statistically
independent and not influenced by the phylogemetatedness of the species, we run a test
of phylogenetic signal in the species traits. Kistas were calculated, which describe the
strength of phylogenetic signal compared with goeexation based only on the phylogenetic
tree topology and branch lengths and assuming Beswmnotion character evolution
(Blomberg et al. 2003). A K value less than onedatks that the phylogentic signal is less
than expected under Brownian motion evolution, whera K value greater than one implies
a strong phylogenetic signal. The significancehef phylogentic signal can be tested by
comparing the observed patterns of the varianaedefpendent contrasts of the trait to a null
model of shuffling taxa labels across the tipshef phylogeny (Kembel 2010). The analyses
were done by means of the R-package picante (Keetlal 2010).

For the construction of the phylogenetic tree, segas of rbcL and matK where downloaded
from NCBI Genbank Http://www.ncbi.nlm.nih.goy/Tab 1) for the species of interest or of
closest available relatives (for C. henryi) angjraéid with ClustalW in Bioedit. Based on the
combined alignment consisting of 1094bp a phylogen®ypothesis was generated using
Maximum likelihood (Fig. 1) in MEGAS5 (Tamura et €&011) applying the Tamura-Nei
model of base substitution, uniform mutation ratesmplete deletion of gaps and tree
inference by nearest-neighbour-interchange. Brdedgths in the ML tree are a direct
measure of the number of base substitutions.

Table 1. Accession numbers of sequences used.

rbcL matK
Castanea henryi M94936 Castanea satija EF057123
Elaeocarpus decipiens HQ427154 HQ415261
Quercus serrata HQ427171 HQ427319
Schima superba HQ427230 HQ427375

Fig. 1 Maximum Likelihood tree based on combinecL.rand matK sequences.

0.01 FCastanea henryi

Quercus serrata

Elaeocarpus decipiens

Schima superba
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As indicated in Table 2 we could not detect a gigamt signal of phylogeny in the analysed
traits of the present study. Although the K valdes crown length and the biomass of
branches were close to one, the comparison touthenodel revealed no significant effect of
phylogeny. Thus, we assumed that our data points statistically independent and we did
not consider phylogenetic structure in the furtstatistical analyses. However, we are aware
that the power to detect phylogenetic signals wasd to be low for trees including fewer
than 20 taxa (Blomberg et al. 2003).

Table 2. Results of the test of phylogenetic sigmaihe observed traits.

Observed variance  Mean variance of PICs p-value of

Trait K of PICs of null modell PIC variance
Height of first branch 0.11 2299.40 2788.25 0.63
Crown length 1.13 4387.18 50984.34 0.11
Length of first branch 0.08 23106.70 16224.61 0.52
Length of longest branch 0.12 9314.27 12637.06 0.40
Number of branches 0.10 10359.05 9853.72 0.53
Branch turnover 0.23 5817.04 12610.89 0.24
Pruning 0.16 187.85 332.94 0.44
Total biomass 0.11 62621.75 68832.84 0.69
Biomass of stem 0.13 83436.53 97420.59 0.59
Biomass of branches 0.93 4705.89 45150.05 0.07
Biomass of leaves 0.24 58293.25 149750.79 0.36
References

Blomberg, S.P., Garland, T.J. & Ives, A.R. 2003stirg for phylogenetic signal in
comparative data: behavioral traits are more laBN®lution57: 717-745.

Kembel, S.W. 2010. An introduction to the picandéekagepicante.r-forge.r-
project.orgpicante-intro.pdf

Kembel, S.W., Cowan, P.D., Helmus, M.R., CornwallK., Morlon, H., Ackerly, D.D.,

Blomberg, S.P. & Webb, C.O. 2010. Picante: R témisntegrating phylogenies and
ecology.Bioinformatics 261463-1464.

Paradis, E. 2006. Analysis of Phylogenetics anduvm with R. New York, Springer.

Sanderson, M.J. 2002. Estimating absolute ratesotécular evolution and eivergence times:
a penalized likelihood approadfiolecular Biology and Evolutiod9: 101-109.

Tamura, K., Peterson, D., Peterson, N., StecheN&, M. &Kumar, S. 2011 MEGAS5:

Molecular evolutionary genetics analysis using maxn likelihood, evolutionary distance,
and maximum parsimony methodéolecular Biology and Evolutio88: 2731-2739

139






Impact of tree saplings on the kinetic energy offedl —
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subtropical forests in China
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Keywords: BEF-China, soil erosion experiment, tiytofall kinetic energy, splash cups, soil
erosion, splash erosion
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Abstract

In order to estimate the influence of plant arattiteal traits on the erosivity of throughfall

we studied throughfall kinetic energy (KE) undeetsaplings in a plantation-like experiment
in the humid subtropics. Our analyses of rainfatid athroughfall KE are based on

measurements using calibrated splash cups. Twaiexg@s were carried out, one focusing
on density effects and the other testing for spespecific effects and effects of species
mixtures. The major architectural traits were meaduo characterize sapling morphology.
Mixed effects models were used for statistical gsial In both models, rainfall KE was

identified as the most important effect on throad)hiKE. Overall, rainfall KE per area was

reduced by 59% below the canopy of the studiedirsggl We found a significant effect of

sapling density on throughfall KE. This is primgritlue to the relation between free
throughfall and released throughfall. As free tlytofall possesses a far higher KE than
released throughfall originating from saplings, éovsapling density results in higher total
throughfall KE. We also showed that the influenéedensity on throughfall KE decreases
with increasing sapling height due to lateral cangqowth of the saplings.

Throughfall KE was significantly different amongespes. We attribute this to species-
specific differences in crown architectural traiidiese traits have opposite influence on
throughfall KE and interact with each other. Depegdn its magnitude, one crown trait can
possibly superimpose contrary effects of others.



1. Introduction

Soil erosion is an important issue from both anlagioal and a financial point of view. In
subtropical China, where high rainfall intensityusas severe and continuous soil losses, soill
degradation caused by erosion and means of cangatlhave for a long time been viewed
and discussed as a major environmental problemh@\ld, 1993; Biggelaar et al., 2003; Cai
et al., 2005; Huang, 1987; Kolb, 2003; Shi et2004; Thorp, 1936; Wang et al., 2005). The
environmental impacts of soil erosion are numerédsng with enormous economic costs
(Lal, 1998; Montgomery, 2007; Pimentel et al., 1986e to reduced land productivity, off-
site effects from runoff sediments and pollutantef eroded sites affect human safety, food
security, and social and economic development (Eart al., 2009; Lin et al., 2002; Shi,
1998, 2000; Yu et al., 2006).

It is commonly accepted that vegetation is a keyrab mechanism for the type and intensity
of erosion (Morgan, 2005; Thornes, 1990), and afftation is widely used as a measure of
soil protection against soil erosion (Song and gh&010; Zhang et al., 2000). The key
mechanisms of plant cover in reducing or enhanenegion have been known since 1948 to
be the modification of drop-size distribution, mien of raindrop impact (splash), and
changes in spatial distribution of rainfall at theund surface (Chapman, 1948). Rainfall
characteristics are modified when raindrops hit filant canopy. Some will shatter,
producing smaller drops, while others will coalesceleaves before falling to the ground as
large drops. The kinetic energy (KE) of throughifallsubtropical forests can be up to 2.7
times higher than under open field conditions (Btad988; Geildler et al., 2010b; Nanko et
al., 2004; Nanko et al., 2008a; Vis, 1986). Spldstachment caused by raindrop impact is
the initial process of soil erosion. The KE detackeil particles that impact (Erpul et al.,
2005) and initiate overland flow indirectly by deasing the infiltration rate as soil pores at
the soil surface become clogged (Le BissonnaisSinder, 1992; Salles and Poesen, 2000;
Singer and Shainberg, 2004).

Brandt (1989) has shown that large drops from leaway be significant sources of splash
detachment in forests, indicating that drop size/ fd@ more important than drop velocity
(see also Massman, 1983; Salles and Poesen, 20@e and Hggh-Schmidt, 1988).
Throughfall under vegetation can generally be s#pdrinto free throughfall and released
throughfall, as throughfall has a bimodal drop siz&tribution (Hall, 2003; Nanko et al.,
2006; Nanko et al., 2008a). Free throughfall pagbes canopy without striking plant
surfaces, while released throughfall has beendeped and drops are released from leaves
and branches (Nanko et al., 2006; Dunkerley, 2016 properties of free throughfall can
therefore be equated de facto with properties @noifeeld rainfall (e.g. intensity, amount,
kinetic energy). In turn, the properties of relehi@oughfall strongly depend on vegetation
features, stand characteristics (see below) angngameteorological factors (Nanko et al.,
2006).

It can be assumed that mechanisms that control esodion under forest canopies are
dynamic in space and time, and soil loss may everease with height growth of trees due to
changes of the KE of rain. This has been demosestr&br acacia forest in Indonesia
(Wiersum, 1985), beech forest in New Zealand (MgslE982), tropical rain forest in
Colombia (Vis, 1986) or a forest plantation in Jaghanko et al., 2006; Wakiyama et al.,
2010).

One of the central issues regarding throughfall iKEorests is its relation to forest stand
variables, to specific species and to canopy achite. Forest stand variables such as tree
density (Bochet et al., 2002; Pressland, 1976; ssliiget al., 1989) and tree morphological
factors such as tree height (Geil3ler et al., 20¥@ainwright et al., 1999; Wakiyama et al.,
2010), height of the first branch (Nanko et al.0&0), canopy thickness (Levia and Frost,
2006; Nanko et al., 2010), leaf area index (LAl;n@&z et al., 2001; Park and Cameron,
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2008), branch and leaf traits (Herwitz, 1985, 198f Elewijk, 1989), and ultimately species
identity (Hall and Calder, 1993; Nanko et al., 20P@rk and Cameron, 2008; Williamson,
1981; Xu et al., 2009) are all thought to influertbeoughfall KE in some way, although
some studies neglect these dependencies (Brar&f); E®ot and Morgan, 2005; Vis, 1986).
Yet, the contribution of the above mentioned faxtorthe generation of throughfall remains
largely unclear. The role of young trees in redgdaime risk of soil erosion is of major interest
(e.g. Zheng et al., 2008). Questions include &g.influence of certain species on different
aspects of soil amendment and -protection (Wislketial., 2007), and of sapling density
(Hartanto et al., 2003) on soil erosion processbsoughfall KE is one major component of
this process as it influences splash erosion,mitialiprocess of soil erosion (Morgan, 2005).
It is important to improve our knowledge of the map and extent of these factors on
throughfall KE, as this relationship is one of thejor aspects of the atmosphere-plant-soll
relationship in soil erosion science and ecologyrtier, design and management of soail
erosion control in forests depends largely on keolgé of the role of stand density, tree
architecture and species identity.
Therefore, the aim of this study was to analyzettiveughfall KE under tree saplings in
relation to planting density and to tree speciesiitly, using four tree species that are typical
of subtropical forests in China. Two experimentsrevearried out in an experimentally
established tree plantation, and throughfall KE wessured using calibrated T Splash cups
(Scholten et al., 2011).
The objectives of this study are

(1) to quantify the amount of KE of rainfall abserbby tree saplings,

(i)  to study the effect of different planting déiess on throughfall KE,
(i)  to test for species identity effects on thgbdiall KE,

(iv)  to test for species-specific differences iown architecture and relate them to
throughfall KE.

2. Material and Methods

2.1. Study area

The study was conducted in the eastern part ofdiddrovince, P.R. China (N29° 06.293
E117° 55.286). The study area is characterized kuhkdropical monsoon climate with a
mean annual precipitation of 1963 mm and a meapéeaure of 15.1 °C. The rainy season
with high intensity monsoon rainfall events (> 1@én h-1, project-owned climate station) is
from May until mid-August. The soils of the regiane mainly Cambisols and in the lower
parts of the landscape Acrisols and Ferralsols. Mdtaral vegetation is a subtropical broad
leaved forest with a dominance of evergreen spéBieslheide et al., 2011).

2.2 Experimental Design

The experiment was established in March 2009, éorraer agricultural field with a total
area of 5400 f The field was divided into four blocks. Withinakablock, 1 m? plots were
positioned randomly and planted with 16 tree saglid4 x 4) each. The saplings were
planted at two densities: the planting distancevben saplings was 25 cm (low density) and
15 cm (high density). The low and high densitiethis experiment correspond to 25,000 and
44,000 saplings per ha, respectively. In the ne@bijanshan Nature Reserve, densities of
16,000 individuals per ha were found in an earlgcessional secondary forest stand (< 20
years; Bruelheide et al. 2011). We chose four ggethiat are very abundant in the study
region and represent early-successional speciedifigient functional groups: evergreen
(Schima superbasardn. et Champ. anBlaeocarpus decipienslemsley) vs. deciduous
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(Quercus serrataar. brevipetiolataandCastanea henryiSkan) Rehd. et Wils). The saplings
were planted in either monoculture or a four-specrexture. In the four-species mixture,
each species was represented by the same numbetivafluals in both the peripheral rows
(i.e. 12 individuals) as well as in the center. (fcur individuals). The assignment of species
to the planting positions for the central and thexigheral individuals was random. All
treatments were replicated four times, once in a#Hcthe four blocks. At the time of the
measurements (spring and summer 2010) the treéengaplvere 2 yrs old and had a
maximum height of 1.2 m. The experiment was, tldesigned to simulate an early stage of
succession in a humid subtropical forest ecosyste@hina.

Generally, five splash cups were placed per plgaositions 1B, 2A, 2B, 2C and 3B (see Fig.
1). If any of the four tree saplings surroundingmash cup was dead, splash cups were
placed in the remaining positions (1A, 1C, 3A, 3B).cases where the number of dead
individuals meant that no more than 3 splash copédcbe positioned per plot, the plot was
abandoned. Splash cups were positioned at equaindes in the grid to ensure constant
distances between splash cups and tree stems,dsstarces affect quantities and throughfall
KE measured below the canopy (Nanko et al., 208@inko et al., 2011).

Experimental design (A): Tree density effects oouphfall KE

In the density experiment we focused on the tworgreen species. superbaand E.
decipiens We used plots with monocultures of both speciastpd at the two densities. Each
treatment combination (species x density) was cafgd four timesS. superb low density
only two times).

Experimental design (B): Tree species effects mutihfall KE

The species identity experiment was conductedsiofte species-specific differences of tree
saplings on throughfall generation. We used mortoces of the four speci€3. superbaE.
decipiens Q. serrataand C. henryi.We also tested the effect of the four-species umext
Again, every treatment (four monocultures and the-Epecies mixture) was replicated four
times (i.e. once per block — monoculturessosuperbandC. henryionly two times).

An overview of all replicates is given in Table 1.
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Fig. 1 Schematic design of an experimental plot (1 nf in size). Saplings are represented by circles,
splash cups by grey boxes. The optimal positiowingplash cups is shown. Filled circles symbolize
the four individuals in the centre of the plot ferhich additional measurements of crown

architecturewere carried out.
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The density experiment (henceforth experiment Ap wanducted before leaves of the
deciduous species were fully developed N2&ch — 10April 2010) and thus includes only
the two evergreen species. Hypothesizing that setbahroughfall (which has a greater
proportion compared to free throughfall in the adepsantings) is more related to specific
species than free throughfall, we concentrated amyhigh density plots in the species
identity experiment (henceforth experiment B). Thias conducted after the leaves of the
deciduous species had fully developed (15 May Ju2ie 2010) and included both evergreen
and deciduous species.

For comparison and reference, an open field maaggtation was placed between block two
and block three in the center of the experimest,less than 80 m away from the furthest
throughfall KE measuring site. During every raihfatent three splash cups and one rainfall
collecting bottle measured rainfall KE and rainfathount. Values obtained from the splash
cups were averaged thereafter. The standard damviagtween measurements with splash
cups in the open field is generally very low (Vi®86; Geildler et al., 2010b).

2.3 Measurement of throughfall KE

The methods applied for measuring the erosive paiénroughfall under vegetation were
originally designed for studying the properties agden field rainfall, and especially for
measuring rainfall KE. These include the papenstaethod (Wiesner, 1895), the flour pellet
technique (Bentley, 1904) and disdrometers (Hatl @alder, 1993; Joss and Waldvogel,
1967; Nanko et al., 2004; Nanko et al., 2008a).hWite exception of disdrometers, these
techniques were not able to determine specieserkletanges in throughfall characteristics.
Most of the methods lack temporal continuity ag/tbely represent a very short time span of
a rainfall event (Nanko et al., 2008a). The adwgmtaf disdrometers is that they measure
rainfall events without interruption. Usage is, lemer, costly and technically demanding so
that only a limited number of replications can nalijmbe obtained. Mosley (1982) in New
Zealand and Vis (1986) in Colombia successfullydusglash cups to estimate throughfall
erosivity. The major advantage of splash cupsas tirey are easy to handle and that a large
number of replications can be obtained at a reddeneost. Moreover, they are able to
measure the whole event rather than a short tirme. sp

To measure throughfall KE we used “T Splash cupiictv have a diameter of 4.6 cm and a
surface of 16.62 cm2. The loss of sand from thesdgsgonverted into KE per area using a
calibration function (Scholten et al., 2011).
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Tab. 1. Experimental design. Overview of treatments ampdigates in experiment A and B.
Experiment A

of No of

. . i No measured Total  no
Density Species composition replicated rainfall of .
plots replicates
events
low E. decipiens 4 5 20
low S. superba 4 5 20
high E. decipiens 4 5 20
high S. superba 2 5 10
Experiment B
No of No of Total no
Density Species composition replicated mgasured of
plots rainfall replicates
events
high C. henryi 2 6 12
high E. decipiens 4 6 24
high mix 4 6 24
high Q. serrata 4 6 24
high S. superba 2 6 12

2.4 Measurements of co-variables

A set of co-variables characterizing the tree saggli morphology was measured in March
and June 2010. Total sapling height was measurdtieadistance from the ground to the
apical meristem. Crown length was calculated aglitfierence of total height and the height
of the first living first-order branch (i.e. branahising from a trunk).

For experiment B, specific branch-related pararsetesre sampled to specify sapling crown
architecture and to check for species-specifiedfices. For the four central individuals (see
Fig. 1) the total number of branches (only firstter branches with a length > 1 cm were
considered) and the length and angle of the firahdh were determined. The first branch is
very important for sapling architecture since ifinkes where and how the first prolonged
lateral growth is possible. The angle of the fbi)snch was estimated in three classes (class
1: 0-30° from horizontal, class 2: 30-60°, clas§@:90°).

2.5 Statistical analysis

All statistical analyses were performed using R22.(R Development Core Team, 2010)
using the packages “nlme” for the analyses of mig#dcts models (Pinheiro et al., 2010)
and “multcomp” for post-hoc Tukey tests (Hothornakt 2008). For the analysis of the

splash cup measurements mean values of througtghler plot and area were used.

We tested the effect of density and species ideotit mean throughfall KE using mixed

effects models with block as random effect. To dvoverparametrization we tested for
collinearity of all predictor variables (correlat® between variables was not allowed to
exceed R = 0.8). The full models contained a nunabenain effects: besides the effect of
density (only experiment A) both models containegamrainfall KE as a characteristic of
the rainfall event and a set of variables that dieed the saplings (species identity, mean
height of saplings). We were also interested in tine-way and three-way interactions.

Model simplification was done by stepwise backwsetection of fixed factors, removing the

least significant variables until only significgmedictor variables were left (p < 0.05). Model
residuals did not show violation of modeling asstions (normality and homogeneity of

variances).
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We constructed additional mixed effects modelsdifferent growth parameters with species
as fixed, and block as random factor to analyze rttegphological differences between

species (total height, crown length, height oftfiosanch, number of branches, length and
angle of first branch). If species identity wasngigant, differences between species were
further examined by a Tukey post-hoc test.

3. Results

3.1 Effectiveness of young trees in reducing Kiaiofall

Overall tree saplings reduced KE of rainfall pezaaby 59 %. The average ratio of rainfall
KE to throughfall KE for five rainfall events was4@ (n = 70) for experiment (A). For six
rainfall events in experiment (B) the average rafioainfall KE to throughfall KE was 0.40
(n = 96). For the high-density planting, the ratias 0.33 (n=40), whereas the low-density
planting showed a ratio of 0.51 (n=30) between falirKE and throughfall KE. In the
experiment B, the ratios were 0.50 (species mixt(me24), 0.35 . decipiens(n=24), 0.27
(S. superbp(n=12), 0.42C. henry) (n=12) and 0.41Q. serratg (n=24).

3.2 Effect of tree density on throughfall KE

In the experiment A rainfall KE together with thecfor density and the interaction between
both were the most important effects on througtf&l(p < 0.0001, Tab. 2). The higher the
rainfall KE, the higher the throughfall KE (effesize: 0.31+ 0.02, obtained from R
summary). Throughfall KE was significantly higher ithe low-density than in the high-
density plots. However, this was also affected @y thagnitude of the rainfall event, since
differences between the two density treatmentsrbeaaore pronounced with higher rainfall
KE (Fig. 2). The effect of sapling height was sfgm@int (p = 0.0266), as was the interaction
between planting density and mean sapling height (@0006). The influence of sapling
height varied between the two density treatmentsight was negatively related to
throughfall KE in the low density plots, but washer not significantly or only weakly
related to throughfall KE in the high density plotis differentiated reaction became more
pronounced with higher rainfall KE (Fig. 3), as simby the significant threefold interaction
(p = 0.0055). Species identity of the two evergrsgecies did not enter the final model, as it
showed no significant effect on throughfall KE.
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Fig. 2. Effect of tree density on throughfall KE in fivéfférent rainfall events. Rainfall events are
classified by their rainfall KE. White open circl@xdicate outliers, black solid lines indicate the
median of the values. The grey area is delimitethbylower and upper quartile.

Tab. 2 Effects influencing throughfall KE. Results of glfied mixed effects models, including
block as random intercept for experiment A.

Fixed effects F-value p-value

KE of rainfall event 499.35 <.0001 ok
Density 50.28 <.0001 i
Mean sapling height 5.17 0.0266 *
Density* Mean sapling height 13.10 0.0006 o
KE of rainfall event* Density 33.24 <.0001 i
KE of rainfall event * Mean

sapling height 2.15 0.1475

KE of rainfall event * Density*

Mean sapling height 8.32 0.0055 **

Significances are given as asterisks: p < 0.05<;0001 **; p < 0.001 ***,

3.3 Effect of species identity on throughfall KE

In the species identity experiment B, rainfall KEcahad a significant effect on throughfall
KE (Tab. 3). Additionally, a significant increage mean throughfall KE with sapling height
was observed (p = 0.0001, effect size: 0+79.44). Furthermore, we found a significant
effect of species identity on throughfall KE (p <0001). In general, throughfall KE was
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lowest below the evergreen spectessuperbaand highest below the two deciduous species
C. henryiand Q. serrata(Fig. 4). Both mean sapling height and speciestityemteracted
with the rainfall KE. The effect of the four-spesienixture on throughfall KE took an
intermediate position between the overall effeétditberent functional groups. Similar to the
results of the density experiment, the variabitifythroughfall KE seemed to increase with
rainfall KE.

Tab. 3 Effects influencing throughfall KE. Results of gilified mixed effects models, including
block as random intercept for experiment B.

Fixed effects F-value p-value

KE of rainfall event 326.54 <.0001 ok
Mean sapling height 14.59 0.0001 il
Species identity 9.84 <.0001 i
KE of rainfall event * Mean

sapling height 6.20 0.0246 *
KE of rainfall event * Species

composition of plot 4.16 0.0048 **

Significances are given as asterisks: p < 0.05<;0001 **; p < 0.001 ***,
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Fig. 3 Effect of sapling height on throughfall KE in fivdifferent rainfall events. Open circles

represent the low density plots (dashed regredama), black dots the high density plots (solid
regression line).

149



3.4 Architecture of species in the experiment

The total height o). serratasaplings (mean: 54.9 cin13.5) was significantly lower than
the total heights of the other species (Tab. 4)jghteof the first branch, crown length and
length of the first branch did not differ signifitity between species. However, considerable
differences were found between species in the numberanches and in the angle of the
first branch. The mean number of branches ranged & per sapling i€. henryito 19 inE.
decipiens While S. superbdad a mean angle of the first branch from thezoottal of 45°, a
mean angle of 72° was observedGn henryi Fig. 5 depicts schematic drawings of the
observed species based on the measured mean VEhgesorphological characteristics of
the four-species mixture were generally charaatdriby mean values which lay in the
middle of the single species values’ range (Tab. PBarson correlations between all
architectural variables revealed high correlatibesveen sapling height and the length of the
longest branch (r = 0.67) and crown length (r =80.Trown length and the length of the
longest branch were also highly correlated (r 5.8
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Fig. 4: Effect of species identity on throughfalt Kor six different rainfall events.
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4. Discussion

4.1 Tree saplings reduce rainfall erosivity

Our experiment demonstrated that tree saplings ceedrainfall KE effectively and
substantially, irrespective of treatments and sgecihroughfall KE is generally less than
half of rainfall KE. There are two main reasons fiois. On the one hand, the amount of
water reaching the splash cups is reduced becausetevception by, and subsequent
evaporation from, the saplings (Levia and Fros@&)0on the other hand, the KE is reduced
a result of the low height of the saplings. Dropsler tree saplings of up to 1.2 m in height
are far from reaching terminal velocity, which isrmally achieved at about 8 m above
ground (Morgan, 2005). The height of the saplirggbalow an imaginary “threshold”, where
rainfall KE and throughfall KE would be balancedhig'is consistent with the results of other
studies which deal with throughfall KE (Bochet &t 4998; McGregor and Mutchler, 1978;
Noble and Morgan, 1983; Quinn and Laflen, 1981;c&yn and Hggh-Schmidt, 1988;
Wainwright et al., 1999). As we measured neitheoughfall amount nor evaporation from
the saplings, the relative contribution of saplimgight and reduced throughfall amount to
reducing throughfall KE remains unclear.

Nevertheless, a substantial difference was obsetuddg field work in the amount of sand
which was splashed out of the different splash cupsme splash cups were clearly
influenced by open field rainfall which has morarhtwice the erosive power of average
throughfall. The ratios between open field raintat and throughfall KE for experiment A
(dense=0.33; wide=0.51) show clearly that the chifiees between these KE values must
have been caused by the two main components otighfall, i.e. free throughfall and
released throughfall (Dunkerley, 2010; Nanko et a006). Therefore, we infer that the
differences measured in both experiments are moatlged by shifts in the proportion of the
two main components of throughfall and that thékas have a strong influence on the
average values.

4.2 Planting distance between tree saplings afféetsughfall KE

In experiment A we showed the effect of sapling sitgn The higher sapling density
significantly reduced throughfall KE. Similar tohetr effects, the influence of planting
density on throughfall KE becomes increasingly prorced for higher rainfall KE. The
threefold interaction between rainfall KE, heiginidadensity might be due to a shift in the
proportion of throughfall components.

For the high density planting, the main componehttatal throughfall was released
throughfall, and free throughfall played a minoler¢@Stogsdill et al., 1989; Levia and Frost,
2006). Consequently, the increase in sapling heightilted only in a slight increase of
throughfall KE, which was mainly caused by dripnfrdeaves and branches. For the low
density planting, the effect of height was moreiobs. It was, however, contrary to the
pattern which is often found, i.e. that throughtdlt increases with increasing tree height.
This might be caused by a shift in the relativepprtion of the throughfall components as a
result of sapling growth. In the low density pletgh smaller saplings the canopy was not yet
closed. In canopy gaps a higher throughfall KE amdount (free throughfall) can be
observed (Bochet et al., 2002; Pressland, 197@&s8ilb et al., 1989). During growth, these
gaps between individual saplings are closed ddetéwal crown expansion, and less highly
erosive free throughfall reaches the ground, thersddlucing the density effect. The
heterogeneity of the canopy also affects the vaityalof throughfall KE. Generally, the
variability of throughfall KE is higher for low deity planting than for high density planting
(cf. Raat et al., 2002).
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Species identity was identified as an effect ofanimpact and did not enter the model. This
might be due to the magnitude of other effects sagchainfall KE, density and sapling height
masking species-specific effects.

Our results show that any effects revealed in éRigeriment may be caused by shifts in the
proportion of throughfall components. This shiftisas differences in throughfall amount and
therefore also throughfall KE.

4.3 Species identity and crown architecture infesnthroughfall KE

In the species identity experiment we found spegpeific effects on throughfall KE. From
generalisable patterns of relative species effectthroughfall KE across rainfall events, we
can deduce influential species-specific crown gralthese traits have opposite influence on
throughfall KE and interact with each other. Depegdn its magnitude, one crown trait can
possibly superimpose contrary effects of others.

S. superba generally had the lowest throughfall KE among ¢bserved species and events.
However, the morphological characteristics of gpgcies in terms of total height, height of
the first branch and number of branches suggedt $hasuperbamay have a higher
throughfall KE than the other three species (Hewii985; Nanko et al., 2008b). On the
other hand, the first branch 8f superbdad the narrowest angle from the horizontal ansl wa
the second longest. These two branch parametensopedateral extension and result in an
increased crown width. Wider crowns 8f superban turn yield a higher canopy cover than
compared to the other species. This may lead softes throughfall reaching the soil surface
or, in other words, substantially reduced totabtighfall KE.

E. decipiens, the second evergreen species, also showed aebldbw throughfall KE.
Individuals ofE. decipiensvere taller than those of other species and hadively short first
branches. These first branches had a higher itidmahan e.gS. superbawhich should
result in a reduced canopy closure. In strong estte. decipienshad the lowest height of
the first branch (and, thus, the longest crownyl #re highest number of branches. A long
and dense crown results in a high canopy storggacids (Herwitz, 1987). Moreover, due to
the dense crown, released throughfall was venhlit@ be re-intercepted by lower parts of
the crown (Nanko et al., 2008b). Higher canopy ager and a high probability of re-
interception of released throughfall underdecipienghus lead to reduced throughfall KE.
The effects which tend to reduce throughfall KE evareaker than effects which tend to
increase throughfall KE in this case.

For most rainfall events the deciduous tree speQieserrata had higher throughfall KE
compared to the above mentioned evergreen speirekitectural traits that support a
reduction of rainfall KE were the low total heightmedium to high number of branches and
a relatively low inclination of the first branchokbever, the length of the crown and the first
branch tended to be low Q. serrata.Both parameters resulted in a fairly open canopy
where a high amount of erosive free throughfall afale to reach the ground.

The second deciduous speci€s, henryi, also generated a relatively high KE below its
crown. This species had the lightest crown, in@iddty the very low number of branches and
the wide angle of the first branch from the horiabnboth of which lead to a low canopy
storage capacity(Herwitz, 1985). In addition, stgepclined branches lead to a higher
amount of stemflow (van Elewijck, 1989), stronghducing the amount of water able to fall
from leaves and branches as drops.

A number of studies have shown that the crown secture of individual trees is influenced
by the species identity of their neighbours (Lirdgarand Kaitaniemi, 2010; Massey et al.,
2006; Thorpe et al., 2010), and, therefore, trezcigg may develop architectural traits in
mixed-species stands that are rarely or never wedem monocultures (Pretzsch and
Schitze, 2009). In our study, however, the meanegbf crown parameters of the mixed-
species plots were within the range of the valueeoved in the monocultures. This was true
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for the throughfall KE for most of the rainfall ews. We were, thus, unable to identify any
specific mixture effects on throughfall KE.

5. Summary and Conclusions

In summary, we can say that planting density amttifip species have a substantial effect on
throughfall KE. The former may be deduced from piheportion of throughfall components
to each other and the latter by taking the detabgaling architecture into account.

We found that only two years after planting, thelisgs developed a substantial canopy
which considerably reduced throughfall KE. The dapstablishment of a canopy is assumed
to be a crucial factor in reducing soil erosiongooial below tree saplings.

We also showed that the effect of density on thikdalgKE decreases as sapling height (and
therefore crown width) increases. This proves theadrtance of canopy closure on the extent
of throughfall KE below tree saplings.

The effect of specific species on throughfall KEowbkd that detailed measurement of
architectural traits leads to a better understanodinprocesses of throughfall generation. In
our opinion, all canopy characteristics of a giteme species should be taken into account
when focussing on the soil erosion potential balmwiduals of these species.

Besides canopy closure, which prevents highly eeosindrops from hitting the soil, canopy
storage also appears to be important as it contnel@mount of water (and therefore has a
direct influence on KE) able to fall from the leawss drips.

Finally, the T splash cups proved to be a valualé reliable method for the detection of
differences in throughfall KE, even at this spasicdle.

—

10 cm

E. decipiens S. superba C. henryi Q. serrata

Fig. 5 Schematic drawing of species-specific saplingitecture. Mean values of total height, height
of the first branch, number of branches, length amgle of the first branch are derived from theadat
(Tab. 2). Branching pattern was adapted accordiriighd observations.
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Tab. 4: Morphological characteristics of saplings of fange species planted in monocultures and in agpacies mixture. Results for mixed effects models,
including block as random intercept. Significarftefiences in post-hoc Tukey test are indicatedifigrént letters. Branch angles are given in de¢oebe
horizontal, calculated from mean values of thressts (see text).

Fixed effect: Species Mean values
response variable F-value p-value E. decipiens S.superba C.henryi Q.serrata 4-species mix
Height [cm] 13.18 0.0015 ** 825+17.5° 786+9.4° 743+18"° 54941352 77.7+11.2°
Crown length [cm] 3.70 0.0546 76.0+16.8 61.0+5.0 65.1+12.6 455+6.1 585+19.4
Height of 1st branch [cm] 1.70 0.2421 65+25 17.6+44 91+55 95+93 19.3+13.7
Number of branches 8.34 0.0059 ** 188+49% 66+37° 53+14° 11.8+1.0™ 138+27°
Length of 1st branch [cm] 1.14 0.4041 22.0+199 36.4+65 424+11.2 23.7+6.8 25.7+11.8
Length of longest branch [cm] 1.50 0.2904 489+6.7 379+44 5501269 357%6.1 47.6 £11.8
Angle of 1st branch [{ 5.65 0.0185  * 56 +10%  45+0"  71+5% 47+15% 53 +11 *°

Significances are given as asterisks: p < 0.05<;0001 **; p < 0.001 ***,
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