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SUMMARY

Trait-based approaches have become an essential field in biodiversity research. In this
dissertation, anatomical and morphological leaf and wood traits were measured with the
objective to investigate, on the one hand, trait-environment relationships of community mean
trait values, and on the other hand, trait variation among species within communities.

Along a succession series it was analysed which traits were correlated with successional stage
and it was asked which traits and which environmental factors were particularly important for
the trait-environment relationship. Furthermore, this dissertation presents a new trait-based
approach to disentangle the effects of species richness, species identity and trait identity on
functional diversity (FD) in communities using null models. Thus, FD assessed by Rao’s Q
(quadratic entropy), was partitioned into trait dissimilarity (TD = mean distance between all
traits in the community) and functional evenness (FE = the ratio of the observed FD value to a
FD value that is obtained by assuming equal distances among all traits). It was also the aim of
this thesis to relate mean responses and plasticity indices to species characteristics such as leaf
habit, ontogenetic stage and local frequency in forest communities.

In a subtropical broadleaved forest in Zhejiang Province (S-E China), a series of plots in a
secondary forest was established, stratified by successional stages. On a total of 27 plots, all
tree and shrub individuals taller than one meter were recorded and 16,120 individuals of 148
species representing 46 families encountered. In total, a dataset of 26 leaf and 29 wood traits
was generated. Additionally, a greenhouse experiment with 36 deciduous and 35 evergreen
tree and shrub species was carried out to test the influence of light and nutrient availability on
trait expression and plasticity of the species. Furthermore, to analyse the impact of
ontogenetic stage and local frequency, the greenhouse responses were compared with adult
individuals of 46 species that also occurred in the field.

A Fourth Corner Analysis revealed that many leaf and wood traits were tightly related to the
successional gradient. Most relationships to leaf traits followed the leaf economics spectrum
with decreasing specific leaf area and leaf nutrient contents with successional time. Compared
to biotic community characteristics (e.g. plant density), abiotic environmental variables (e.g.
inclination of the plots) showed only marginal correlations to leaf and wood traits. In addition,
it was found that the link between the communities and traits was less important in explaining

trait-environment relationships than the link between environment and the species.



Concerning FD, the analyses of this dissertation failed to detect any successional trend.
Instead, trait dissimilarity decreased. The community compensated the loss in TD by
distributing the remaining traits more evenly among the resident species, seen in increasing
FE values. The null models revealed equivalence among species in trait space. Thus, it seems
to be irrelevant which species were present in the different successional stages, which
provides an explanation why the species richness increases in these subtropical forests with
time.

In the greenhouse experiment, mean trait values and plasticity indices showed significant
differences between full shade and full light treatments as well as between low and high
nutrient supply. Moreover, it was encountered that leaf habit had a strong impact on mean
responses and on phenotypic plasticity. These results contribute to the current debate of
distinctions in characteristics of deciduous and evergreen species and to the differentiation
between passive and active adjustment of the phenotype, as active responses to decreasing
light availability were best captured by allocation variables such as node density. Concerning
ontogenetic stage, no significant correlation in growth rates between young individuals in the
greenhouse and adults trees in the field could be detected. In contrast, significant relationships
of species abundance in the field were encountered with mean responses of dry weight of total
biomass as well as with number of nodes per unit shoot length. Furthermore, phenotypic

plasticity of dry weight of total biomass tended to decrease with increasing abundance.

In summary, this dissertation fully confirmed the role of traits associated with the leaf
economics spectrum in subtropical forests as being the most responsive ones to environmental
gradients. Furthermore, the here presented results support the hypothesis that most of the
species in the subtropical forest are functionally equivalent. Although certain trait values are
clearly filtered during succession, environmental filtering is mainly brought about by biotic
interactions rather than by abiotic site conditions. In addition, the weak correlations between
greenhouse and field data imply ontogenetic trait shifts of the woody species in this
subtropical forest, whereas the linkage to abundance suggests that species that are locally

abundant tend to be less “plastic” than locally rare species.



ZUSAMMENFASSUNG

Studien, die auf Pflanzenmerkmalen beruhen, sind zu einem essentiellen Bestandteil der
Biodiversititsforschung geworden. In der vorliegenden Dissertation wurden anatomische und
morphologische Blatt- und Holzeigenschaften gemessen, zum einen mit dem Ziel, die
Beziehungen solcher iiber eine Pflanzengesellschaft gemittelten Merkmale zu Umweltvariabeln
zu ermitteln, und zum anderen, um die Merkmalsvariation zwischen Arten innerhalb einer
Pflanzengesellschaft zu bestimmen.

Entlang einer Sukzessionsreihe wurde analysiert, welche der Merkmale mit dem Sukzessionsgrad
korrelieren und welche der Pflanzen- und Umweltcharakteristika besonders wichtig fiir den
Merkmal-Umwelt-Zusammenhang sind. Dariiber hinaus présentiert diese Dissertation einen
neuen, auf Pflanzenmerkmalen basierenden Ansatz, um den Einfluss von Artenreichtum, Arten-
und Merkmalsidentitét auf funktionelle Diversitat (FD) in Pflanzengemeinschaften zu bestimmen.
FD wurde dabei auf Grundlage von Rao’s Q (quadratische Entropie) berechnet und in
Nullmodellen in Merkmalsunterschiedlichkeit (TD = mittlerer Abstand zwischen allen Arten in
der Pflanzengemeinschaft) und funktionelle GleichmaRigkeit unterteilt (FE = das Verhéltnis von
beobachten FD-Werten mit solchen FD-Werten, die auf gleichen Abstinden zwischen den
Merkmalen beruhen). Ein weiteres Ziel dieser Arbeit war, die durchschnittlichen
Pflanzenreaktionen und Plastizitdtsindizes in Relation zu anderen Charakteristika (z.B. Laubtyp,
ontogenetisches Stadium und Arthiufigkeit) zu setzen.

Betrachtet wurden dafiir Untersuchungsflichen, die in einem subtropischen Laubwald in der
Zhejiang Provinz (S-O China) entlang eines Sukzessionsgradienten eingerichtet wurden. In diesen
27 Fliachen erfolgte eine Inventur aller iiber ein Meter groBen Individuen. Dabei wurden
insgesamt 16.120 Individuen und 148 Arten (aus 46 Pflanzenfamilien) vorgefunden und ein aus
26 Blatt- und 29 Holzmerkmalen bestehender Datensatz erstellt. Zusétzlich dazu wurden in einem
Gewichshausexperiment 36 sommer- und 35 immergriine Baum- und Straucharten benutzt, um
den Einfluss von Licht- und Naihrstoffverfiigbarkeit auf die Merkmalsausbildung und die
Plastizitit der Arten zu ermitteln. Um dariiber hinaus den Einfluss des ontogenetischen Stadiums
und der lokalen Haufigkeit zu analysieren, wurden an 46 Arten, die sowohl im Gewiéchshaus als
auch in den Untersuchungsflichen vorkamen, Merkmale bestimmt und miteinander verglichen.
Eine Fourth Corner-Analyse zeigte, dass viele Blatt- und Holzmerkmale eine enge Verbundenheit
zum Sukzessionsgradienten kennzeichnete. Die meisten Beziehungen innerhalb der
Blattmerkmale folgten dem Okonomischen Spektrum von Bléttern, wobei mit zunehmender
Sukzession die spezifischen Blattfliche und der Nihrstoffgehalt in den Bléttern abnahmen.

Verglichen mit den biotischen Eigenschaften der Pflanzengemeinschaften (z.B. Individuendichte)



zeigten die abiotischen Umweltvariablen (z.B. Neigung der Flachen) nur marginale Korrelationen
mit Blatt- und Holzmerkmalen. Die Verbindung zwischen den Gemeinschaften und den
Artenmerkmalen scheinen zudem weniger wichtig flir die Erkldrung von Merkmal-Umwelt-
Beziehungen zu sein als die Verbindungen zwischen Umwelt und den Arten.

Kein Zusammenhang wurde fiir FD mit der Sukzession gefunden. Die Gemeinschaft kompensiert
jedoch sinkende TD-Werte, indem sie die verbliebenen Merkmale gleichmiBiger innerhalb der
ansédssigen Arten verteilt, was sich wiederum in steigenden FE-Werten zeigte. Die Nullmodelle
offenbarten dariiber hinaus eine Aquivalenz unter den Arten im Merkmalsraum. Daher scheint es
irrelevant, welche Arten in den unterschiedlichen Sukzessionsphasen vertreten sind, was eine
Erklarung dafiir wire, warum der Artenreichtum in den subtropischen Wéldern mit der Zeit steigt.
Im Gewéchshausversuch wiesen die durchschnittlichen Merkmalswerte und Plastizitdtsindizes
signifikante Unterschiede zwischen starker Schattierung und vollem Lichtgenuss sowie geringer
und ausgewogener Néhrstoffversorgung auf. Des Weiteren wurde gefunden, dass die sommer-
bzw. immergrine Lebensform einen starken Einfluss auf die durchschnittliche
Merkmalsausbildung und phénotypische Plastizitdt hatte. Diese Resultate tragen zur aktuellen
Debatte zu Merkmalsunterschieden zwischen sommer- und immergriinen Arten und zur
Differenzierung zwischen passiven und aktiven Anpassungen des Phinotyps bei. Aktive
Reaktionen auf sinkenden Lichtgenuss wurden dabei am besten von Allokationsvariablen, wie
z.B. der Dichte an Sprossknoten erfasst. Hinsichtlich der Ontogenese konnte keine signifikante
Korrelation zwischen den Wachstumsraten von jungen Individuen im Gewéchshaus und adulten
Béumen im Geldnde gefunden werden. Im Gegensatz dazu wurden signifikante Zusammenhénge
zwischen Artenhidufigkeiten im Geldnde und Durchschnittswerten fiir das Trockengewicht der
absoluten Biomasse und der Zahl an Sprossknoten pro Einheit Sprosslédnge entdeckt. Auflerdem
neigt die phinotypische Plastizitit des Trockengewichts der gemessenen absoluten Biomasse

dazu, mit steigender Haufigkeit der Arten im Gelédnde zu sinken.

Zusammenfassend bestdtigt diese Dissertation, dass Pflanzenmerkmale, die das Skonomische
Spektrum des Blatts widerspiegeln, die deutlichste Reaktion auf Umweltgradienten zeigen. Des
Weiteren unterstiitzen die hier priasentierten Resultate die Hypothese, dass die meisten Arten in
subtropischen Laubwildern funktionell dquivalent sind. Obwohl bestimmte Ausprigungen von
Pflanzenmerkmalen wihrend der Sukzession eindeutig gefiltert werden, beruht diese
Filterfunktion mehr auf biotischen Interaktionen als auf abiotischen Umweltbedingungen.
Zusitzlich implizieren die schwachen Korrelationen zwischen Gewéchshaus- und Geldndedaten
ontogenetische Merkmals-Verschiebungen der Gehdlzarten in diesem subtropischen Wald.
Hingegen weist die Verbindung der Gewédchshausdaten zur Haufigkeit der Arten im Geldnde
darauf hin, dass abundante Arten dazu tendieren weniger ,,plastisch® zu sein als selten auftretende

Arten.
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CHAPTER I

FUNCTIONAL DIVERSITY IN A SUBTROPICAL FOREST BASED ON ANATOMICAL

AND MORPHOLOGICAL SPECIES TRAITS — INTRODUCTION AND OVERVIEW

General introduction to the project

This thesis is part of the Chinese-European research project “BEF China'”, which established
a forest Biodiversity and Ecosystem Functioning (BEF) experiment in Xingangshan (Jiangxi
Province, China) with the topic: The role of tree and shrub diversity for production, erosion
control, element cycling and species conservation in Chinese subtropical forest ecosystems.
The aim of the project is to analyse the impact of tree and shrub species diversity on
ecosystem functioning and services. Forest communities in the subtropics provide an ideal
setting for this aim. They are rich in vascular plant species (Mutke & Barthlott 2005; see also
Fig. 1) and linked to highly structured, geodiverse arcas (Legendre et al. 2009).

The first phase of the project has been divided into nine subprojects with the focus on primary
production, plant growth and demography, plant traits and functional diversity, plant genetics,
carbon storage and nitrogen cycling, soil properties and soil erosion, mycorrhiza, soil
macrofauna and invasibilty. Additionally, two central subprojects were established for
coordination and data management. There was not only a close link between all subprojects,
but also a tight intercultural cooperation of Chinese and European institutes representing
different disciplines such as botany, ecology, forestry, genetics, mycology, soil science, and
zoology as well as informatics and statistics. The joint research will help to resolve one of the
most central issues in ecology and global change biology: how plant diversity may be used to
establish forests that stabilize the environment and maintain vital ecosystem services in the

face of multiple stresses.

! The “BEF China” is funded by the German Science Foundation (DFG FOR 891/1). For further details see also www.bef-china.de.
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Figure 1: Global phytodiversity. Black dot showing the position of “BEF China”. From Barthlott et al. (2005).

Plant traits and functional diversity

This dissertation is the first one of Subproject 3 (SP3) that has the aim to investigate the
functional diversity based on species traits. Over the last decade, trait-based approaches have
grown exponentially in diversity research. For example, Lavorel & Garnier (2002) as well as
Eviner & Chapin III (2003) presented frameworks using concepts and results from ecosystem
ecology, community ecology and evolutionary biology to predict multiple plant effects,
changes in ecosystem functioning and community composition from plant traits. Furthermore,
Stubbs & Wilson (2004) measured 23 functional characters on plant species of a New Zealand
sand dune community to prove that limiting similarity controls the ability of species to
coexist. Wright et al. (2004) brought together leaf trait data spanning over 2,500 species and
175 sites. At a global scale, they described a universal spectrum of leaf economics consisting
of key structural, physiological and chemical properties. Petchey & Gaston (2006) reviewed
the ability of functional diversity to predict and explain the impact of organisms on
ecosystems and provide a mechanistic linkage between the two. Ackerly & Cornwell (2007)
presented a trait-based approach in woody plant communities of coastal California to show a
decomposition of species’ trait values into alpha and beta components: alpha values are the
difference between the mean of co-occurring species and species’ trait values; beta
components refer to a species’ position along a gradient determined by community-level
mean trait values. 2008, Schamp et al. investigated in an old-field plant community patterns in
the dispersion of species’ characteristics that are frequently associated with competitive

ability. Aside from that, Jung et al. (2010) used trait-based approaches to investigate the effect
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of environmental filters and intraspecific variability on species assembly. A further study
concerning a trait based community assembly analysis was presented by Lebrija-Trejos et al.
(2010) who measured species traits, environmental conditions, and structure of secondary
forests in a species-rich tropical system. Additionally, Webb et al. (2010) presented a
dynamic and structured framework to improve trait-based prediction and theory in ecology.

In the context of this thesis, the term trait is defined as a measurable biological feature that in
total represent the phenotype of an individual. At the onset of the project, very little was
known about the species in the “BEF China” experiment. Furthermore, it was unidentified
which of the traits are functional and impact fitness indirectly via their effects on survival,
growth and reproduction (Violle et al. 2007). Thus, anatomical and morphological leaf and
wood traits were collected with the aim to investigate, on the one hand, the mean trait-
environment relationship and, on the other hand, the trait variation.

Concerning the trait-environment relationship, these traits are used as response and/or
predictor for functioning variables that have been measured in other subprojects. The latter is
especially necessary regarding ‘“complementarity effects”, which describe processes that
increase the performance of a community of different species compared to the performance of
individuals of single species (Loreau & Hector 2001).

Regarding the trait variation, it can be expected that biodiversity-ecosystem functioning
relationships are fundamentally affected by the degree of trait divergence or convergence
(Hector et al. 2002). Thus, trait matrices were prepared to estimate Functional Diversity (FD),
which is defined as the range of functional differences among the species in a community
(Tilman 2001). To ensure that my calculated FD is unaffected by the measurement units and
or the by the number of species, the index provided by Rao (1982) termed quadratic entropy
(Q) was chosen (for further details see Chapter IV). In addition to species richness, FD is an
alternative explanatory variable for effects of biodiversity on ecosystem functions. Tilman et
al. (1997) varied plant species diversity and FD in a grassland experiment and showed already
that FD was the principal factor explaining plant productivity. Also for grassland community,
Hector et al. (1999) additionally demonstrated that communities with more functional groups
were more productive.

A further aim was the linkage of trait-environment relationships and trait variation to analyse
trade-offs and inter-relationships between traits. For example, it is well known that specific
leaf area (SLA, leaf area per dry mass) is positively correlated with leaf nitrogen content
(LNC, leaf nitrogen per dry mass), leaf stomatal conductance and net photosynthetic capacity

(Amax), but negatively correlated with leaf lifespan (e.g. Reich et al. 1999, Wright et al. 2001).
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Regarding leaf lifespan and the obvious linkage to leaf habit, Reich et al. (1998) also
determine that deciduous species tend to have a different Ap.-LNC-relationship than
evergreen species. Nevertheless, it can be expected that differences between evergreen and
deciduous species are smaller than variation among families (Villar et al. 2006). However, for
many other traits there are no clear ideas which types of relationship are to be expected.
Concerning the linkage of trait-environment relationships and trait variation, it was also of
peculiar interest how an individual plant with a given genotype is able to react to a changing
environment by adjusting its phenotype. The magnitude of this adjustment is defined as
plasticity (e.g. Bradshaw 1965). The plasticity is governed by key traits like the species' leaf
habit. For example, Lusk et al. (2008) showed that plasticity in leaf mass per area differed
between deciduous and evergreen species. However, a major challange is the disconnection of
passive reduction in growth because of low resource supply and active responses to different
environmental settings (e.g. van Kleunen et al. 2000). Nevertheless, any knowledge about
species-specific responses to different resource conditions will help to understand a
community's functional composition. For example, communities composed of species
representing low plasticity might perform as well in different environments compared to those
composed of mixtures of different species.

A further objective of this work was to analyse ontogenetic trait shifts from juveniles to
adults. For long-lived tree and shrub species, which also attain large size, trait measurements
indicate the problem of ontogeny-dependent shifts because of allometric limits (Cornelissen et
al. 2003). In the example of SLA the values of seedlings were found to differ from those of
adults by a factor of four (Cornelissen et al. 2003). In total, knowledge about ontogenetic
influences on traits will allow to analyse to which degree FD measures delivered by juveniles
can be assigned to mature plants and vice versa. This knowledge will play an essential role for

the whole project because the complementarity of the saplings planted may change with time.

In summary, the trait-based approaches presented here will lay the foundation for further
studies to predict niche complementarity between species in the “BEF China” experiment.
Furthermore, the results also allow first interpretations of complementarity effects. For
example, a found ontogenetic trait shift would raise the question if all species are equally
affected. If that is the case, ontogenetic trait shifts should have no impact on the chronological
differences in complementarity. Also it could be the case, that trait shift is higher for a
specific group of species, e.g. evergreen compared to deciduous species. Following this, these
species would be differently adapted to young or late successional stages, thus a sampling

along a successional gradient (see below) would be particularly advantageous.
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Study area

In the first phase of “BEF China”, a central issue has been the integration of observations in
natural established vegetation into an experimental approach to test for mean trait-
environment relationships and trait convergence and to provide a database that allows an
eventual linkage of variables measured under experimental and natural conditions. Such
existing forests were found in the Gutianshan National Nature Reserve (GNNR) in the
western part of Kaihua County, Zhejiang Province, China (29°8°18"-29°17°29" N, 118°2°14"-
118°11°12" E; see Fig. 2). The forest reserve is located close to the county capital Kaihua
(about 30 km) and near to the border triangle of the three provinces Zhejiang, Jiangxi and
Anhui. The two experimental sites of the main project of “BEF China”, where the
corresponding artificial stands of defined tree species diversity levels have been planted, are
located nearby (see Fig. 2C). On a total area of about 70 ha, experimental forest stands were
planted there, representing a species pool of about 100 native tree and shrub species and
varying in both tree and shrub species richness. A range of ecosystem and biodiversity
variables will be investigated to assess community dynamics and its relationship to nutrient
cycling, primary productivity, nitrogen and carbon storage, and prevention of soil erosion.

As part of the subtropics, the study area is characterized by an annual average precipitation of
1963 mm and a mean annual temperature of 15.1 °C (Fig. 3). Maximum temperature is 38.1
°C in July and minimal temperature is -6.8 °C in January (Bruelheide et al. 2011). The
prevailing soil type is Cambisol with a generally sandy-loamy texture. At some locations, the
stone content can exceed 90 %-Vol. Soil depth varies between shallow soils less than 50 cm
and deeply developed soils of more than 120 cm thickness. The soil parent rock is mainly
granite or deeply weathered granite (saprolite) (GeiBler et al. 2010).

The reserve of Gutianshan was initially established as a National Forest Reserve in 1975 and
became a National Nature Reserve in 2001 (Bruelheide et al. 2011). It has a size of about
8000 ha and involves elevations between 250 m and 1200 m above sea level (Krober et al.
2011). Maximum tree ages of only about 180 years (Hu & Yu 2008), relicts of agricultural
terraces and the presence of charcoal in the soil (Geil3ler et al. 2010) indicate that the stands
of the Gutianshan NNR are mainly secondary forests (Bruelheide et al. 2011). As a result of
the very high pressure of land use in China (Wang et al. 2007), deforestation within the
reserve and the surrounding areas has occurred during the Great Leap Forward in the 1950s.
Anyhow, mostly because of the steep slopes (many of them exceeding 30°), the area in the
Gutianshan mountains was only hardly usable for agriculture, and in consequence, an

extraordinary intact forest has been preserved that can be considered representative of the
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formerly widespread Chinese mixed broad-leaved vegetation type* (Wu 1980, Hu & Yu 2008,
Legendre et al. 2009). In total, 1426 seed-plant species of 648 genera and 149 families occur
in the reserve, making this region a global hot spot of phytodiversity (Mutke & Barthlott
2005, see also Fig. 1). Dominant species are the evergreen tree species Schima superba
Gardn. et Champ. (Theaceae) and Castanopsis eyrei (Champ. ex Benth.) Tutch. (Fagaceae)
(Yu et al. 2001). Nevertheless, in terms of species number the proportions of evergreen and

deciduous species are almost balanced (Lou & Jin 2000).

gepe

_ Comparative s_tudy plots

4

Figure 2: A Location of the two provinces Jiangxi (green) and Zhejiang (red) in China. B Location of Kaihua
county in Zhejiang Province (red = area of the 27 Comparative Study Plots) and Dexing county in Jiangxi
Province (green = area where the associated forest biodiversity—ecosystem functioning experiment (“BEF-
China”) has been set up). C Landsat image of the study site. The red line represents the border of the Gutianshan
National Nature Reserve. Red dots show all 27 Comparative Study Plots. From Bruelheide et al. 2011.

% However, younger successional stages occur as well, primarily plantations of the economically important timber species Pinus massoniana

Lamb., Cunninghamia lanceolata (Lamb.) Hook and, characteristically for elevated sites, Pinus taiwanensis Hayata (Bruelheide et al. 2011).
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Study design

Site selection

A set of 27 so called Comparative Study Plots (CSPs) was established in the Gutianshan
National Nature Reserve between May and July 2008. Each CSP measures 30 m x 30 m on
the ground. All plots were placed randomly, orientated north and stratified by successional
age. However, due to extremely steep slopes (> 50°), inaccessibility and the highly variable
relief (even at a small scale), many parts of the reserve had to be excluded from sampling. The
result is a patchy spatial distribution of some of the CSPs (see Fig. 2C). Regarding the age of
plots, five successional stages were distinguished, determined by the age of the oldest tree
individuals and supported by additional local knowledge of the last logging and status as feng
shui forest (1: < 20 yrs, 2: <40 yrs, 3: < 60 yrs, 4: < 80 yrs, 5: > 80 yrs). This classification
was confirmed by measurements of diameter at breast height (dbh) of all trees with > 10 cm
dbh in the plots and by age determination of stem cores taken from 159 individuals of 64
different tree species across all CSPs. Diameter at breast height was well related to tree age
(Fig. 4A). The problem occurred that few old trees were encountered in all age classes,
irrespective of the age of the majority of trees because these trees were remnants of the forest
before the logging event. Therefore, Bruelheide et al. (2011) introduced the idea of choosing
the fifth largest tree in a CSP as being representative for the plot age. As shown in Fig. 4B,
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the age of the fifth largest tree is closely correlated to the defined successional stage®. The

numbers of plots per successional stage were 5, 4, 5, 6 and 7, respectively.

60 80 100

Diameter at breast height [cm]

40

Tree age of the fifth largest individual [years]

20
|

= - 00

Tree age [yrs] Successional stage

Figure 4: Definition of successional stages: A Diameter at breast height (dbh) as a function of tree age, across
all Comparative Study Plots (CSPs) and species. The line shows the significant linear regression: dbh = 4.25 +
0.37 * age, r = 0.753, p < 0.001. B Age of the fifth largest tree in the plot as a function of successional stage*.
The line shows the significant linear regression: age = 17.39 — 15.52 * successional stage, r = 0.880, p < 0.001.
Mean ages (+ standard deviation) per successional stage: 1 =34.7 (= 11.9),2=43.2 (+x 6.3),3 =66.3 (= 10.9), 4
=79.4 (£ 16.2) and 5 = 94.8 (+ 15.0) years. From Bruelheide et al. 2011.

Plot characteristics

Species recording of all tree and shrub individuals taller than one meter was performed
between July and October 2008 with up to seven visits per plot. Individuals were identified to
the species level by the invaluable support of the botanist Teng Fang and the help of local
forestry workers and already correctly identified herbarium samples. In total, 16,120
individuals of 148 species representing 46 families were encountered. Only 87 of these
individuals (0.53 %) could not be identified explicitly to species level. Consequently, these
individuals were not included in any data analysis of this thesis. The number of individuals
ranged from only 207 (CSP 12, successional stage 4) to 1233 (CSP 19, successional stage 1)
and, regarding the number of species, from 25 (again CSP 12) to 69 (CSP 2, successional
stage 5) (see Fig. 5). For a total of 21 species only one individual was found in all CSPs and
further 14 species were found only in one plot. Additionally, the only species that occurred in

all 27 CSPS were the Theaceaes Schima superba and Eurya muricata Dunn.

* This dissertation has essentially contributed to this found relationship. However, the study of Bruelheide et al. (2011) was not included in
this thesis.

* The fact that in some plots five or more old trees survived harvesting (e.g. CSP 16 with eleven trees > 20 cm dbh) results in the comparably
high age of successional stage 1.
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Figure 5: Location of all 27 Comparative Study Plots in the Gutianshan National Nature Reserve. Width of the
circles representing species richness encountered in the plots (see inlet in the corner) and colours indicating the

successional stages: red: < 20 yrs, orange: < 40 yrs, yellow: < 60 yrs, green: < 80 yrs, blue: > 80 yrs.

Fidelity analysis of Bruelheide et al. (2011) showed that rare species were not concentrated in
older successional stages. Only one species (Photinia glabra Maxim.) was significantly
concentrated in the oldest CSPs and only two species (Glochidion puberum (Linn.) Hutch.
and Platycarya strobilacea Sieb. et Zucc.) in the youngest plots. Furthermore, the proportion
of rare tree and shrub species was neither related to successional stage nor to the age of the
fifth largest tree (see Bruelheide et al. 2011).

Additionally, data sets of abiotic environmental variables (e.g. aspect, elevation, slope, soil
moisture and pH) as well as sets of biotic structural variables (estimations of cover and height
of layers) were collected for each CSP. These data sets were key components for the trait-
environment relationships used in the different parts of this dissertation. Aspect was
expressed as eastness and northness, using sine and cosine of aspect, respectively. For soil
characteristics’, in each CSP soil samples were taken from the topsoil (depth increment 0-5
cm) for soil C and soil N analysis in June/July 2008, November 2008 and March 2009. Soil
moisture ranged between 0.21 to 0.55 uwater Zdry son'l.

* Soil characteristics were determined by Christian GeiBler, Peter Kiihn and Thomas Scholten of the Institute of Geography, Physical
Geography and Soil Science, Eberhard Karls University Tiibingen.
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The first paper on the CSPs (Bruelheide et al. 2011) had the objective to relate species
composition and species richness to successional age. The results showed that none of the
measured abiotic variables were significantly correlated with species richness. Nevertheless,
they found evidence for a significant turnover of species, and thus (after Jongman et al. 1995)
a comparably high B-diversity among all plots. Furthermore, Bruelheide et al. (2011) showed
that structural characteristics (such as height of shrub and tree layers) changed in the course of
the succession. Beyond that, they also present significant correlations with successional stage,
e.g. the number of individuals per plot as well as the proportion of deciduous species

decreased significantly with increasing successional stage.

Structure of the thesis

This dissertation is divided in chapters, representing independent papers®, arranged in a non-
chronological order, only with regards to the topics. Thus, Chapters II and III focus on the
trait-environment relationship, Chapter I'V on trait variations and Chapter V on both. The aims

and objectives of the chapters in detail are presented in the following.

CHAPTERS II & 11T

These two chapters deal with the mean trait-environment relationship. Accordingly, they both
provide the methods of the collection of leaf and wood traits in the CSPs, respectively. These
traits were used to investigate trade-offs and trait-environment correlations along successional
gradients in a subtropical broadleaved forest. I asked which traits were most responsive to the
environment and which environmental characteristics had dominant influence on mean trait
values in the community. Furthermore, I tested which of the trait-environment links were
stronger: those between communities and traits or those between communities and
environment. On the basis of the hypothesis that the trait composition is linked to species
identities, which should be differ in moderately diverging communities, I expected that leaf as
well as wood traits of shrub and tree species are tightly correlated with successional stage.
Successional stage itself was expected to be less strongly linked to the abiotic environment
because it was assumed that the community composition was mainly shaped by biotic
interactions. Consequently, the linkage between traits and species composition should be
more important for explaining the encountered trait-environment relationships than the link

between species composition and the environment.

® The journals to which the papers have been submitted are mentioned on the title page of each chapter. The style of the manuscripts has been

edited to follow the format of this thesis. For headlines, short titles are used.
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CHAPTER IV

This chapter aims at the second main topic: trait variation. On that account, a selection of 26
traits for 120 species introduced in previous chapters was used to estimate functional diversity
expressed as FDq, based on Rao’s Q, with the aim to quantify the species' distribution in
niche space. An important advantage of FDg is that the range of traits and the abundance of
the species with those characters in the community are represented. Furthermore, to
investigate the impact of species and traits on FDq and to capture different aspects of niche
complementarity, I used null models and separated FDgq into functional evenness FEq and
trait dissimilarity TDq. FEq can be expressed as the ratio of the observed value of FDgto a
value of FD that is obtained by assuming equal distances among all traits, whereas TDgq is
defined as the mean distance of all traits in the community. I hypothesised that FDg and TDq
increase with increasing successional stage whereas FEq remains constant. Furthermore, I
expected that any relationship of FDq with successional stage disappears if a subset of traits is
randomly selected out of the total number of analysed traits, if species in the community are
randomly assigned a trait set from the species pool or if a certain number of species in the

community is randomly chosen from all species in the community.

CHAPTER V

This chapter addresses environmental and ontogenetic influences on traits. In addition, it also
focusing on the within-species variation and therefore I investigated the ability of an
individual plant to react plastic to a changing environment by adjusting its phenotype. Thus, I
established a greenhouse experiment with 71 tree and shrub species, naturally occurring in the
study area, and tested the influence of light and nutrient availability on trait expression.
Additionally, I tried to differentiate between passive and active plasticity. Further, I related
mean values and estimated plasticity indices to the species' characteristics such as abundance,
ontogenetic stage and leaf habit. To this approach, a set of field data for 46 species that
occurred in the CSPs was added. I expected that the traits of the species are differently
affected by varying light and nutrient conditions. With regard to leaf habit, I hypothesized that
evergreen species are less plastic than deciduous species. With respect to ontogeny, I further
hypothesized that plasticity of juveniles are related to plasticity of adults. Finally, I expected
that species which showing a higher plasticity in the greenhouse are also more abundant in the

field.

CHAPTER VI
The dissertation ends up with a comprehensive conclusion that briefly outlines the findings of
chapters II, III, IV and V.
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CHAPTER 11

LEAF TRAIT-ENVIRONMENT RELATIONSHIPS IN A SUBTROPICAL BROADLEAVED

FOREST IN SOUTH-EAST CHINA

Submitted to Journal of Ecology

Abstract

Although trait analyses have become more important in community ecology, trait-
environment correlations have rarely been studied along successional gradients. We asked
which environmental variables had the strongest impact on mean trait values in the
community and which traits were most responsive to the environment. A further aim was to
analyse the different components of the trait-environment relationship to gain insight into
community assembly rules.

We established a series of plots in a secondary forest in the Chinese subtropics, stratified by
successional stages that were defined by the time elapsed since the last logging activities. On
a total of 27 plots all woody plants were recorded and a set of individuals of every species
was analysed for leaf traits, resulting in a trait matrix of 26 leaf traits for 122 species.

A Fourth Corner Analysis revealed that many leaf traits were tightly related to the
successional gradient. Most shifts in traits followed the leaf economics spectrum with
decreasing specific leaf area and leaf nutrient contents with successional time. Besides
succession, few additional environmental variables resulted in significant trait relationships,
such as soil moisture and soil C and N content as well as topographical variables. Not all traits
were related to the leaf economics spectrum, and thus, to the successional gradient, such as
stomata size and density as well as leaf area. In addition, stomata density showed a trade-off
with stomata size.

By comparing different permutation models in the Fourth Corner Analysis, we found that the
trait-environment link was more based on the association of species with the environment
than of the communities with species traits, brought about a clear gradient in species
composition along the succession series, while communities were not well differentiated in

trait composition.
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Synthesis: The study confirmed the role of environmental trait filtering in subtropical forests,
with traits associated with the leaf economics spectrum as being the most responsive ones.
The finding of a weak link between communities and species traits can be either explained by
having missed important traits or by a general low importance of trait differences for

community assembly in this subtropical forest.

Key words
BEF-China | Determinants of plant community diversity and structure | Environmental
filtering | Fourth Corner Analysis | Functional traits | Leaf economics spectrum | Plant

community assembly rules | Secondary succession | Specific leaf area | Stomata density
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CHAPTER 11l

WOOD TRAIT-ENVIRONMENT RELATIONSHIPS IN A SECONDARY FOREST

SUCCESSION IN SOUTH-EAST CHINA

Submitted to Trees — Structure and Function

Abstract

Concerning forest communities, not much is known about the relationship between wood
traits and environmental conditions. Using a succession series, we analysed which wood
anatomical traits were correlated with successional stage and asked which traits and which
environmental factors were particularly important for the trait-environment relationship.

An extensive dataset of 29 wood traits was generated for 93 woody species that occurred in
27 permanent plots in a secondary subtropical secondary broadleaved forest in Zhejiang
Province (SE-China) and subjected to Fourth Corner Analyses, using different permutation
models.

We encountered a strong relationship of wood porosity, visibility of growth rings and vessel
arrangement to the successional gradient. Compared to biotic community characteristics such
as density of plants, abiotic environmental variables such as soil characteristics, aspect and
inclination of the plots showed only marginal correlations to wood anatomical traits.
Furthermore, the link between environment and the forest communities was found to be more
important in explaining trait-environment relationships than between the communities and
species wood traits.

In addition, our results supporting the idea that most of the species in the subtropical forest

might be functionally equivalent.

Key words
BEF-China | Comparative Study Plots (CSP) | dendroecology | Fourth Corner Analysis |
Gutianshan National Nature Reserve (GNNR) | qualitative and quantitative wood traits |

paratracheal parenchyma | wood vessel arrangement
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CHAPTER IV

MAINTENANCE OF CONSTANT FUNCTIONAL DIVERSITY DURING SECONDARY

SUCCESSION OF A SUBTROPICAL FOREST IN CHINA

Submitted to Ecology

Abstract

We present a new trait-based approach to disentangle the effects of trait identity, species
identity and species richness on functional diversity in natural communities using null models.
Functional diversity was partitioned into trait dissimilarity and functional evenness. The
approach was applied to secondary succession in a subtropical forest, using a matrix of 26
traits for 120 species. Against expectation, we failed to detect any successional trend in
functional diversity. Instead, the mean distance of all traits in the community (i.e. trait
dissimilarity) decreased. The community compensated for a loss in trait dissimilarity by
distributing the remaining traits more evenly among the resident species, thus increasing
functional evenness. The null models revealed an equivalence among species in trait space,
i.e. similar differences among traits, thus making it irrelevant which species were present in
the different successional stages and providing an explanation why these subtropical forests

become more species-rich with time.

Key words
BEF-China | chronosequence | functional evenness | Gutianshan National Nature Reserve
(GNNR) | partitioning of functional diversity | null models | random assembly | secondary

forest succession | trait dissimilarity
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CHAPTER V

How DO EVERGREEN AND DECIDUOUS SPECIES RESPOND TO SHADE ?
TOLERANCE AND PLASTICITY OF SUBTROPICAL TREE AND SHRUB SPECIES OF
S-E CHINA

Submitted to Ecological Research

Abstract

A key strategy of long-lived plants to overcome heterogeneity of essential resources is
plasticity. Thus, the main objective of this study was to relate mean responses and plasticity
indices, to species characteristics such as leaf habit, ontogenetic stage and local frequency in
forest communities. A greenhouse experiment with 36 deciduous and 35 evergreen
subtropical tree and shrub species was carried out to test the influence of light and nutrient
availability on trait expression and plasticity of the species. The ontogenetic impact was
analysed by comparing the greenhouse responses with adult individuals in the field, based on
a set of 46 species that occurred also in the 27 permanent plots in a secondary subtropical,
broadleaved forest in Zhejiang Province (SE-China). In the greenhouse experiment, most
variables showed significant differences between full light (250 pE m™ s™) and full shade (10
nE m™ s7) treatments as well as between high and low nutrient supply. Moreover, we found
that leaf habit had a strong impact on mean responses and mean phenotypic plasticity.
Concerning ontogenetic stage, no significant correlations were detected. In contrast,
relationships with mean responses and plasticity were encountered for abundance.

In summary, our results contribute to the debates concerning characteristics of deciduous and
evergreen species and the differentiation between passive and active adjustment of the
phenotype. In addition, the presented data implies ontogenetic shifts for species of large size,
whereas the linkage to abundance suggests that species that are locally abundant tend to be

less “plastic” than locally rare species.

Key words
BEF China | greenhouse experiment | Gutianshan National Nature Reserve (GNNR) |
phenotypic plasticity | shade tolerance
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CHAPTER VI

COMPREHENSIVE CONCLUSIONS

This thesis provides a huge amount of fundamental knowledge on traits of shrub and tree
species of subtropical forests in S-E China that were not well known to science yet. In detail,
the here presented data set of anatomical and morphological leaf and wood traits was used to

investigate the mean trait-environment relationship and the trait variation.

Main results
The four different studies of this thesis were either directly carried out in the 27 Comparative
Study Plots in the Gutianshan Nature Reserve or refer to the patterns observed in these plots.

They revealed the following five main results:

1. As expected, leaf and wood traits were tightly related to the successional gradient.

2. Contrary to what was expected, the link between species composition and the
environment was more important than the link between leaf and wood traits and species

composition for explaining mean trait-environment relationships.

The first two here presented studies (Chapters II & III) on trait-environment relationships
fully confirmed the existence of environmental filters. This linkage of leaf and wood traits to
environmental conditions is the consequence of the filtering effect of biotic and abiotic
conditions that determine which species of a given pool are assembled into local communities
(Diaz et al. 1998). In addition, the results also supply fundamental knowledge of the co-
variation of environmental variables and of the leaves' economics spectrum (Table 1 A & B).
Finally, it also provides a more substantial understanding of the role of traits in community
assembly, irrespective of the species involved (Keddy 1992). The two studies were able to
assess the importance of the different components in the trait-environment relationships,
showing that the link between species composition and leaf and wood traits was less

important than the link between environment and species composition.
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3. Against expectation, no successional trend in functional diversity could be detected.

Instead, trait dissimilarity decreased and functional evenness increased with time.

4. Null models of functional diversity revealed equivalence among species in trait space,
i.e. similar differences among traits, thus making it irrelevant which species were

present in the different successional stages.

The third study presented in Chapter IV has pointed out the usefulness of partitioning
functional diversity (FD) expressed as FDg, based on Rao's (1982) quadratic entropy (Q), into
trait divergence (TDg) and functional evenness (FEq) and combining these FD measures with
null models. For example, Mason et al. (2005) also deliver a definition of functional diversity
based on species richness, evenness and divergence and Villéger et al. (2008) equally
proposed three indices to quantify functional diversity: functional richness, functional
evenness, and functional divergence. Compared with these similar procedures, the here
presented approach relies on parsimony, only using a single, but powerful index. Furthermore,
it allows new insight into identity and complementarity effects in observational studies in
other communities. However, it was shown that the patterns in FD did not differ by randomly
reshuffling traits or species (Table 1 C). The encountered increase in species richness with
time might be caused by this finding, and thus, the maintenance of a constant FD in this forest

community has important ecological consequences.

5. Weak correlations between greenhouse and field data implies ontogenetic shifts,
whereas the linkage to abundance suggests that species that are locally abundant tend

to be less “plastic” than locally rare species.

Regarding to this unexpected result of the fourth study (Chapter V), a constant immigration of
new species during succession, as suggested by Bruelheide et al. (2011), seems to be only
possible if the colonizing potential for plastic species is limited and if there are equalizing
mechanisms, as suggested by Chesson (2000), for a stable coexistence of species. These
mechanisms would allow diversity maintenance and prevent abundancy of plastic species. In
detail, this chapter also demonstrated that the phenotypic plasticity of the species in this forest
community is greatly affected by leaf habit (Table 1 D).
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Table 1: Objectives and main results of this dissertation.

Objectives

Results

A Leaf trait-environment relationships (CHAPTER 1I)

Analysis of the relationship between environmental variables and

leaf traits of shrub and tree species.

Co-variation of environmental variables with the successional

gradient, elevation, aspect and slope.

Investigation of traits reflecting the leaves' economics spectrum.

Relevance of the link between leaf traits and species composition
and species composition and the environment for explaining the

encountered trait-environment relationships.

Fourth Corner Analysis revealed that many leaf traits were tightly
related to the successional gradient. Additionally, further significant
trait relationships for soil moisture and soil C and N content as well
as topographical variables were found.

Successional stage was positively related to rarefied species
richness. An inverse relationship was encountered to number of
individuals and the proportions of deciduous individuals in a plot.
Soil moisture, N and C content as well as pH formed a second
gradient that was quite unrelated to successional time. Additionally,
increasing elevation was found to be associated with decreasing
proportion of evergreen species. Aspect and slope displayed only
weak relationships to other environmental variables.

Most shifts in traits followed the leaf economics spectrum with
decreasing SLA and LNC with successional time. No relationships
were found for stomata size and density as well as leaf area. In
addition, stomata density showed a trade-off to stomata size.

Three different permutation models in the Fourth Corner Analysis
showed that the environment community link was more important,

while traits were rather homogeneously distributed among species.

B Wood trait-environment relationships (CHAPTER I1I)

Analysis of the relationship between wood anatomical traits of
shrub and tree species and successional stage.
Analysis of the relationship between successional stage and abiotic

and biotic plot characteristics.

Relevance of the link between wood traits and species composition
and species composition and environmental characteristics for

explaining the encountered trait-environment relationships.

A strong relationship was encountered of wood porosity, vessel
arrangement and visibility of growth rings to successional stage.
Compared to biotic community characteristics such as density of
plants, abiotic environmental variables of the plots were less related
to successional stage.

The link between species composition and the environment was
more important than the link between wood traits and community

for explaining the encountered trait-environment relationships.

C Maintenance of constant functional diversity (CHAPTER IV)

Analysis of the relationship of successional stage and functional

diversity, trait dissimilarity and functional evenness.

Investigation of the equivalence of traits for the relationships

encountered.

Investigation of the impact of particular species contributing

specific trait sets for the relationships encountered.

Investigation of the impact of species richness for the relationships

encountered, irrespective of the traits involved.

Against expectation, no successional trend in functional diversity
could be detected. Instead, trait dissimilarity decreased and
functional evenness increased with successional time.

Choosing eight traits randomly out of the 26 measured traits gave
principally the same results for FD, TD and FE as for the full trait
set, and thus, certain traits seem not to be responsible for the
observed patterns.

Assigning random trait sets to the species within the community
resulted in the same relationships to successional age for FD and FE
as the original sets. No species identity effects were observed.
Randomization of trait sets across the whole pool of trait sets only
within a particular successional stage resulted in dissolving the

observed trend in trait space and in the increase of FD and FE.
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D Plasticity of evergreen and deciduous species (CHAPTER V)

Assessment of the effect of varying light and nutrient conditions on

different traits of shrub and tree species.

Detection of the impact of leaf habit on mean responses and

phenotypic plasticity.

Analysis of the relationship of trait values measured on seedlings in
the greenhouse to values measured on individuals of the same
species growing in the field.

Analysis of the relationship of abundance and mean responses and

phenotypic plasticity of species.

In a greenhouse experiment, most variables showed significant
differences between full light and full shade treatments as well as
between high and low nutrient supply. In addition, effects of
different shade treatments on phenotypic plasticity were large for
most species and observed traits.

Leaf habit had a strong impact on mean responses. For example,
mean biomass accumulation of deciduous species was 20% higher
than that of evergreen species. Furthermore, leaf habit had a
significant influence on mean phenotypic plasticity, which was
higher for deciduous species than for evergreen species.

Concerning ontogenetic stage, no significant correlations were

detected.

Significant relationships with species’ abundance in the field were

found for mean responses of dry weight of total biomass and from

number of nodes per unit shoot length. Additionally, phenotypic
plasticity of dry weight of total biomass tended to decrease with

increasing abundance.

Prospects

This thesis laid the important groundwork for the other subprojects of “BEF China” and for
analysing processes that increase the performance of a community of different species
compared to the performance of individuals of single species (Loreau & Hector 2001), so
called “complementarity effects”. However, I have conceived traits only in their response
function to the environment but not their role as effect traits (sensu Suding et al. 2008).
Regarding the main objective of the whole project, the investigation of the impact of
biodiversity on ecosystem functioning, the next steps will have to be the analysis of the effect
of traits on ecosystem processes (Hillebrand & Matthiessen 2009), combining the results of
the subprojects dealing with productivity, invasion resistance erosion control or herbivory
susceptibility. The latter, for example, can be assumed to be one of the dominant interactions
in species-rich forests and to have crucial impact on plant diversity and thus ecosystem
functions via effects on plant recruitment, growth and mortality (Coley and Barone 1996;
Eichhorn et al. 2006). In the scope of “BEF China”, Schuldt et al. (2010) already analysed
insect herbivory on saplings of ten understorey shrub and tree species and demonstrated that
plant traits are a potentially confounding factor. For instance, they included leaf habit in their
analysis and showed that herbivory increased with plant species richness irrespective the ratio
of evergreen and deciduous species. Nevertheless, they suggested a comparison of their

findings to coming results of “BEF China”. In addition, GeiBler et al. (2010) investigated
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(also in the framework of “BEF China”) the importance of selecting specific species for
reforestation projects considering the prevention of soil erosion. They used sand-filled splash
cups to study the erosive power of rainfall and found that the erosion potential and the spatial
heterogeneity of throughfall are species-specific. However, for future approaches considering
the prevention of soil erosion it would be interesting to test also the impact of specific leaf
traits (e.g. leaf area, leaf pinnation or leaf margin) to modify drop size distribution.

In the two studies of this thesis that concern trait-environment relationships, important
response traits are at the same time important effect traits, for example specific leaf area
(SLA) as a driver of nutrient cycles (Kurokawa & Nakashizuka 2008). Thus, the subproject of
“BEF China” concerning the topic carbon storage and nutrient cycling (SP5) already used
measured SLA-values to test for correlations between leaf traits and decomposition rates. For
instance, Stefan Trogisch (PhD student of SP5) placed litter bags on the ground of the
permanent plots to determine in Situ decomposition rates of single-species leaf litter for a
subset of 20 species found in the plots. The species of the subset were preselected to represent
the entire range of species according their SLA-values and first results imply that increasing
SLA values led to higher decomposition rates (unpublished data). However, further
experimental approaches that deliberately manipulate trait compositions of communities (such
as in the main experiment of “BEF China”, where the corresponding artificial stands of
defined tree species diversity levels have been planted in two experimental sites near to the
Gutianshan National Nature Reserve) have to be developed.

In summary, this work could demonstrate that constant FD and the equalizing mechanisms
(sensu Chesson 2000) might be some of the requirements that allow this forest community to
become richer with time based on constant immigration. However, immigration of non-
resident species can be considered a type of invasion into the community, although they might
belong to the same regional species pool. The hypothesis that species-rich communities are
less susceptible to invasions is a popular assumption in studying diversity—invasibility
relationships (e.g. Levine 2000; Fargione & Tilman 2005), explained by a decreasing level of
unused resources in communities of low levels of diversity. However, the mechanism behind
is not caused by diversity per se but by FD (Pokorny et al. 2005; Hooper & Dukes 2010), and
thus, a constant FD over succession means that the communities remain equally invasible by
new colonizing of species. On the one hand, this means that the accumulation of species
described by Bruelheide et al. (2011) does not slow down with ongoing succession. On the
other hand, this represents a further possible starting point for the subproject of “BEF China”

concerning the topic invasion (SP11).
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