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Summary

Biodiversity loss could jeopardize ecosystem functioning. Yet, the evidences that support this
demonstration have been mostly obtained in aquatic and grassland ecosystems. How
biodiversity affects ecosystem functioning still remain largely unanswered in forests,
particularly in subtropical broad-leaved evergreen forests (EBLF). Tree productivity, among a
wealth of forest ecosystem functioning, is of particular interest because it reflects the carbon
sink capacity and wood productivity. Biodiversity-productivity relationships have been
usually investigated at community level. However, tree-tree interactions occur at small scale.
Thus, local neighborhood approach may allow a better understanding of tree-tree interactions
and their contributions to the effects of biodiversity on tree productivity / growth rates. This
thesis aims to analyze the effects of biodiversity and the abiotic environmental factors on the
tree growth rates using both local neighborhood and community-based approaches.
Furthermore, tree growth rates vary among different tree species. Functional traits have been
related to the species-specific growth rates to understand the effects of species identity.
Therefore, I also evaluated the crown- and leaf traits to predict the interspecific difference in
growth rates. For a better understanding of the mechanisms that underline the relationships of
biodiversity and tree growth rates, data of high solution and along time series is required to
scrutinize the tree-tree interactions. Thereupon, I evaluated the applicability of terrestrial laser
scanning (TLS) in assessing the tree dendrometrics.

This thesis was conducted in the Biodiversity Ecosystem Functioning (BEF)–China
experiment, which is located in a mountainous subtropical region in southeast China. A total
of 40 native broad-leaved tree species were planted. In the first study, I used the local
neighborhood approach to analyze how local abiotic conditions (i.e. topographic and edaphic
conditions) and local neighborhood (i.e. species diversity and competition by neighborhood)
affect the annual growth rates of 6723 individual trees. The second study used the community
approach to partition the effects of environmental factors (i.e. topographic and edaphic),
functional diversity according to Rao’s quadratic entropy (FDQ) and community weight mean
(CWM) of 41 functional traits on community tree growth rates. The main question of the third
study was how the species-specific growth rates are related to five crown- and 12 leaf traits.
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In the fourth study, I investigated 438 tree individuals for the congruence between the
conventional direct field measurements and TLS measurements.

It was found that tree growth rates were strongly influenced by the local topographic and
edaphic conditions but not affected by the diversity of local neighborhood. In contrast, results
obtained by using the community-based approach showed that FDQ and CWMs of various
leaf traits rather than abiotic environmental factors had significant impact on the community
means of growth rates. Tree-tree interactions already occur in early life stages of trees, which
were evidenced by the significant effect of competition by local neighborhood. These findings
imply that the effects of abiotic environmental factors may be more evident at local scale and
biodiversity effects may vary at different spatial scales. The species-specific growth rates
were found to be related to specific leaf traits but not to crown traits and were best explained
by both types of traits in combination. This finding supports the niche theory and provides the
evidence for using functional diversity to examine the BEF relationships. The TLS-retrieved
total tree height, stem diameter at 5 cm above ground, and length and height of the longest
branch were highly congruent with those obtained from direct measurements. It indicates that
TLS is a promising tool for high resolution, non-destructive analyses of tree structures in
young tree plantations.

Being one of very few studies to incorporate the individual tree scale in examining the
biodiversity-productivity relationships within the BEF researches, this thesis stresses the
importance of using individual-tree based approach, functional diversity and TLS to find the
evidences of explanatory mechanisms of the observed biodiversity and ecosystem functioning
(e.g. tree growth rates) relationships. Biodiversity effects may evolve along the successional
stages. Therefore, incorporating the interaction between biodiversity and time in analyzing
BEF relationship is also encouraged.
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Zusammenfassung

Der Verlust der biologischen Vielfalt kann Ökosystemfunktionen nachhaltig stören. Bisher
haben sich die Beweise, die diese Aussage untermauern, vor allem auf Gewässer- und
Graslandökosysteme bezogen. Wie sich die biologische Vielfalt auf die Ökosystemfunktionen
von Wäldern auswirkt, ist besonders für immergrüne Laubwälder weitgehend unbeantwortet.
Die Baumproduktivität, eine von vielen Waldökosystemfunktionen, ist von besonderem
Interesse, weil sie die Kohlenstoffspeicherkapazität und Holzproduktivität widerspiegelt. Die
Beziehung zwischen Biodiversität und Baumproduktivität werden in der Regel auf
Gemeinschafts- oder Plotebene untersucht. Jedoch treten Baum-Baum Interaktion in kleineren
Maßstäben, unterhalb der Plotebene, auf. Dementsprechend können Untersuchungen der
lokalen Nachbarschaften ein Ansatz zu einem besseren Verständnis von Interaktionen
zwischen Bäumen und den Auswirkungen der Biodiversität auf die Baumproduktivität sein.
Diese Arbeit zielt darauf ab, die Auswirkungen der biologischen Vielfalt und der abiotischen
Umweltfaktoren auf die Baumwachstumsraten sowohl mit lokalen Nachbarschaften als auch
mit gemeinschaftsgetragenen Ansätzen zu analysieren. Außerdem variieren zwischen den
verschiedenen Baumarten die Baumwachstumsraten. Funktionale Merkmale wurden mit
artspezifischen Wachstumsraten verbunden, um die Effekte der Identität der Arten zu
verstehen. Hierbei wurden Kronen- und Blattmerkmale einbezogen, um die interspezifischen
Unterschiede in den Wachstumsraten vorhersagen zu können. Für ein besseres Verständnis
der Mechanismen, die die Beziehung zwischen der biologische Vielfalt und der
Baumwachstumsraten unterstreichen, sind Daten von hoher Auflösung und einer langen
Zeitspanne erforderlich, um die Baum-Baum Interkationen zu untersuchen. Zusätzlich wurde
die Anwendbarkeit von terrestrischem Laserscanning (TLS) bei der Messung der
Baumdendrometrie evaluiert.

Diese Arbeit wurde im Rahmen des DFG Projekts „Biodiversity Ecosystem Functioning
(BEF)–China“ (DFG FOR 891) durchgeführt. Das Untersuchungsgebiet befindet sich in
einem gebirgigen Gebiet im subtropischen Südosten von China. Insgesamt wurden hierzu 40
einheimische Laubbaumarten gepflanzt. In der ersten Studie verwendete ich den lokalen
Nachbarschaftsansatz zur Analyse der Einflüsse der lokalen abiotischen Umweltfaktoren (d.h.
Topographie und Böden) und lokalen Nachbarschaft (d.h. Artenvielfalt, Konkurrenz durch
Nachbarbäume) auf die jährlichen Wachstumsraten von 6723 Baumindividuen. In der zweiten
Studie

verwendete

ich

einen

gemeinschaftsbezogenen
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Ansatz.

Die

Effekte

der

topographischen und edaphischen Umweltfaktoren, die funktionale Diversität nach Rao’s
quadratic entropy (FDQ) und den gewichteten Gemeinschaftsmittel (CWM) von 41
funktionalen Merkmalen auf die Mittel des gemeinschaftlichen Baumwachstums wurden
untersucht. Die Hauptfragestellung der dritten Studie war, wie das Baumwachstum im
Zusammenhang mit fünf Kronen- und 12 Blattmerkmalen steht. In der vierten Studie
untersuchte ich 438 Baumindividuen auf die Übereinstimmung zwischen der konventionellen
(direkten) Feldvermessung und der TLS Vermessung.

Es konnte gezeigt werden, dass das Baumwachstum stark von den lokalen topographischen
und edaphischen Zuständen beeinflusst ist, aber nicht von der Artenvielfalt der lokalen
Nachbarschaft. Gegensätzlich dazu waren die Ergebnisse der zweiten Studie. Der
gemeinschaftsgetragene

Ansatz

zeigt,

dass

FDQ und

CWMs

von

verschiedenen

Blattmerkmalen eine Auswirkung auf die Mittel des gemeinschaftlichen Baumwachstums
haben, wohin gegen abiotische Umweltfaktoren einen geringen Erklärungswert haben. Der
signifikante Effekt von der Konkurrenz der Nachbarschaft auf das Wachstum der
Baumindividuen weist darauf hin, dass bereits während der frühen Altersstufen Interaktionen
zwischen Bäumen vorhanden sind. Diese Befunde implizieren, dass die Effekte der
abiotischen Umweltfaktoren eher in kleinen Maßstäben wirken und die Effekte der
Biodiversität in den verschiedenen räumlichen Maßstäben variieren. Das artspezifische
Baumwachstum

steht

im

Zusammenhang

mit

Blattmerkmalen

aber

nicht

mit

Kronenmerkmalen und wurde am Besten durch die Kombination der beiden Merkmalstypen
erklärt. Das Ergebnis unterstützt die Nischentheorie und weist darauf hin, dass die Benutzung
der funktionale Diversität zur Untersuchung der BEF Beziehungen angemessen ist. Die
mittels TLS erfassten Baumhöhen, Baumstammdurchmesser sowie Länge und Höhe der
längsten Ästen sind kongruent mit den Werten aus der konventionellen Feldmessung. Es
konnte gezeigt werden, dass TLS ein vielversprechendes Instrument zu einer hochauflösenden
und zerstörungsfreien Analyse der Baumstrukturen in jungen Baumbeständen ist.

Die Arbeit ist eine von wenigen BEF-Studien, die die Beziehung zwischen Biodiversität und
Produktivität auf der Ebene von Baumindividuen untersucht. Die Arbeit unterstreicht die
Bedeutung der Nutzung von individuen-basierten Ansätzen, funktionaler Diversität und TLS,
um die Nachweise der Mechanismen der beobachteten BEF Beziehungen sichtbar zu machen.
Biodiversitätseffekte könnten sich aber erst mit zunehmendem Alter stärker ausprägen. Daher
wird der Ansatz der Interaktion zwischen Biodiversität und Zeit in der Untersuchung von
BEF Beziehungen empfohlen.
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Chapter 1

Biodiversity effects on growth rates of native tree species
in subtropical plantations

1.1

General introduction

1.1.1 Background

The contemporarily extensive anthropogenic activities have been causing a large range of
habitat modification, fragmentation and destruction, overexploitation of resources and
increased rates of invasions. These are deemed as the main causes of the ongoing biodiversity
loss at an alarming rate (Isbell 2010). Biodiversity loss does not only refer to the increased
rates of species extinction, but also to the eliminations in functional and genetic diversity
(Naeem et al. 1999). The dramatic biodiversity loss raises one central question that is “Does
biodiversity matter for the ecosystem functioning?” Ecosystem functioning refers to the
magnitudes and dynamics of ecosystem processes, for example, primary production, nutrient
cycling and decomposition (e.g. Cardinale et al. 2012, Naeem et al. 1999). Ecosystems
provide a wealth of ecosystem services that are essential for humans such as food, fresh
water, regulating local climate and air quality, erosion prevention and pollination. For now, it
is widely agreed that biodiversity loss could jeopardize ecosystem functioning and
consequently cease the provision of ecosystem services (Cardinale et al. 2012, Loreau et al.
2002, MEA 2005, Schmid et al. 2009).

Among different types of ecosystems, forests harbor 80% of the terrestrial biodiversity, are
essential for life on earth and supply a wide set of goods and services for human well-being
(FAO 2014). However, forests, and in particular natural forests are severely threatened by the
increasing demands for forest and agricultural products. In order to meet these demands,
natural forest area was / is converted into forest plantation (Bauhus et al. 2010) or into
agricultural land. Yet, how biodiversity affects functioning of forest ecosystem still remains
largely unanswered due to the difficulty of conducting experiments in ecosystems with slow
dynamics (Caspersen and Pacala 2001). However, the role of species diversity for the forest
ecosystem functioning has been received more attentions and is increasingly recognized in
recent years (Scherer-Lorenzen et al. 2005). It has been found that tree diversity promotes tree
productivity, improves the nutrient cycling and enhances the stability and resistance of forest
communities in the face of environmental change (Thompson et al. 2009). Among the major
forest biomes of the world, tropical and subtropical forests are well known for their high
biodiversity and provision of significant local, regional and global human benefits (Gardner et
al. 2009). However, they have a high rate of deforestation and degradation, which may be
attributed to over-harvesting, land use change, invasive species and global environmental
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change (Bradshaw et al. 2009, FAO 2010, Lindquist et al. 2012). The future of tropical and
subtropical forests species and ecosystems becomes more uncertain in the face of global
change (Gardner et al. 2009). Nevertheless, in the last years, several studies that seek to
understand how biodiversity affects the ecosystem functioning have emerged and devoted to
tropical forests (Bruelheide et al. 2014). Subtropical forests, however, are less intensively
studied with respect to the role of biodiversity for the ecosystem functioning. It is particularly
true for subtropical evergreen broad-leaved forests (EBLF) in China (cf. Wang et al. 2007),
which are the most widely distributed and representative forest type in the subtropical
climatic zone of China (Dai et al. 2011). The forests are highly diverse and accommodate a
high number of Chinese and East Asian endemic species (Wang et al. 2007). However, most
of them were degraded and deforested during the Cultural Revolution (1966−1976), where no
harvesting limits were in place (Dai et al. 2011). The majority of subtropical forests
particularly EBLF in China exists as secondary degraded forests and are still under the high
land-use pressure (Wang et al. 2007). Consequently, the EBLF with less anthropogenic
disturbances are now restricted to sloping terrain (López-Pujol et al. 2006, Wang et al. 2007).

1.1.2 Biodiversity and tree productivity

Definition and measure of biodiversity
The term “biodiversity” is firstly coined by Walter G. Rosen in 1985. The recognition and the
use of “biological diversity” however could be dated back to 1955 (Magurran 2004).
According to Convention on Biological Diversity (CBD), “biodiversity” is defined and
mostly cited as: “the variability among living organisms from all sources including, inter alia,
terrestrial, marine and other aquatic systems and the ecological complexes of which they are
part; this includes diversity within species, between species and of ecosystems”. This
definition explicitly dissects biodiversity into three organizational levels: genetic diversity,
species (organismal) diversity and ecosystem diversity (Harper and Hawksworth, 1994).
How to measure diversity is an essential step for a sophisticated and comprehensive
examination of diversity effects. Great efforts have been hitherto devoted to devising diversity
measures (see Magurran 2004). There are a plethora of measures of diversity and an effective
selection need to be oriented by the objective and purpose of studies. Diversity can be
measured at different scales and levels of biological organization (Spellerberg and Fedor
2003). Counting the number of species usually termed as species richness is intuitively used
as the simplest method to measure the diversity. However, this measure set the same weight
to different species regardless of their abundances. Furthermore, species richness is highly
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dependent on sampling effort / sampling area (Gaston 1996). The Shannon index is another
commonly used diversity measure but takes both species richness and species evenness into
account (Margalef 1972). Functional diversity was defined by Rosenfeld (2002) as the
distribution of species in a functional space whose axes represent functional features. It is of
ecological importance because it is the functional component of biodiversity that influences
ecosystem functioning (Tilman 2001). There are also increasing recognitions of the
attribution of the large number of functional groups to the positive relationships between
species richness and ecosystem functioning (Díaz and Cabido 1997, Hector et al. 1999,
Loreau et al. 2001, Tilman et al. 2001). Two assemblages with the same species richness may
be dissimilar in functional diversity. Meanwhile, the more species included in an assemblage,
the more likely the functional diversity of this assemblage increased (Hillebrand and
Matthiessen 2009, Mouillot et al. 2005).

Biodiversity-tree productivity relationship
Among different forest ecosystem functions, productivity has been received particular
interests because it reflects the carbon sink capacity and wood productivity (Bauhus and
Schmerbeck 2010).

Biodiversity has been found to be positively, negatively, or not related to tree productivity in
both experimental and observational studies (Huston et al. 2000). In Table 1 I summarized
several studies to show the varied relationships between biodiversity and tree productivity /
growth rates. The predominant direction of diversity-productivity relationships in forests was
reportedly positive in a review by Forrester and Bauhus (2016). These ambiguous results may
be due to different scales of the conducted studies, as suggested by Mittelbach et al. (2001)
and Waide et al. (1999). They both found that the probability of a positive (hump-shaped)
relationship increased with larger spatial scale. Chisholm et al. (2013) and Dimitrakopoulos
and Schmid (2004) also strengthened the assumption of scale-dependent biodiversity effects.
Furthermore, the biodiversity-productivity relationships were found varying with different
site conditions (e.g. successional stage and environmental factors) (Healy et al. 2008, Vilà et
al. 2003). Disentangling the effects of the site conditions from the biodiversity-productivity
relationships can be very difficult in observational studies (Vilà et al. 2005). In the study from
Vilà et al. (2003), the relationship between biodiversity and productivity became no longer
significant when the environmental conditions were included in the analysis. In order to keep
environmental conditions as constant as possible, the experimental approaches that randomly
allocate diversity treatments were initiated during the early 1990s (Scherer-Lorenzen et al.
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2005). The impact of biodiversity on tree productivity can also be species-specific (Grant et
al. 2006). Redondo-Brenes and Montagnini (2006) found that productivity of some tree
species responded positively in mixtures as compared to monoculture, while one species was
suppressed when growing with other tree species and therefore less productive than in
monocultures. The number of species studied can also influence the outcome of diversity
effects (Firn et al. 2007).

Researchers have been seeking the mechanisms that underline the positive effect of
biodiversity on tree productivity. There are three postulated mechanisms: niche
complementarity, facilitation and selection effects (also usually referred as sampling effects)
(Fridley 2001). Niche complementarity and facilitation reflect the positive interactions
between species, which generate the positive relationship between biodiversity and ecosystem
processes. Niche complementarity proposes that a combination of species different in
requirements for different resources could lead to a higher and more efficient exploitation of
resources (Hooper 1998, Tilman 1999). The interspecific niche differentiations allow the
species to exploit resources in their own niche and thus reduce conspecific competition
(Cardinale et al. 2007). This niche complementarity can occur in space or in time (Tilman
1999). With respect to space, when tree species with markedly divergent crown or root
architectures grow together, the space of aboveground or belowground could be more
thoroughly occupied. With respect to time, when combining the evergreens with deciduous
species, evergreens could receive more light during the leafless period of deciduous species
than they are grown with conspecific species. Facilitation refers to the beneficial effects of
neighbors through improvement of the abiotic and biotic environment (Callaway 1995). The
effect of facilitation has been shown more pronounced under stressful or unfavorable
environmental conditions (Lin et al. 2012, Maestre et al. 2009). A classical case of facilitation
is that the inclusion of species that are able to symbiotically fix atmospheric nitrogen (e.g.
legumes) enhances the availability of nitrogen. Facilitative interactions can be asymmetric
where the plant receives all the benefits but the benefactor does not profit, and symmetric
analogous to mutualism where all plants benefit from each other (Vellend 2008). Selection
effects recognize that positive biodiversity effects arise from the increased probability of
having species with particular important traits (e.g. fast-growing) with increasing species
richness (Huston 1997, van der Heijden et al. 1999). Loreau and Hector (2001) introduced a
method to partition the selection effects and positive interactions (i.e. complementarity and
facilitation) between species in biodiversity experiments.
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Table 1 Summary of some findings of the effects of biodiversity on tree productivity or tree
growth rates; (+) refers to positive diversity effect, () no diversity effect, (-) negative
diversity effect.
Diversity
effects

Forest type and location

Diversity indices used

Reference

(+)

Experimental plantation in
submontano in northern Portugal

Two species mixture
(replacement series)

Nunes et al.
(2014)

(+)

Tropical evergreen broadleaf and dry
deciduous dipterocarp forests in
Vietnam

(+)

Mixed stands of European beech and
Norway spruce in pre-alpine South
Bavaria, Germany
Experimental tropical plantations in
Sardinilla, Panama

Species richness
Con et al.
Shannon diversity index (2013)
Shannon evenness
Biomass-species
diversity
Abundance-biomassspecies diversity
Pure vs. mixed stands
Pretzsch
and Schütze
(2009)
Species richness
Potvin and
Gotelli
(2008)
Shannon diversity index Liang et al.
(2007)

(+)

(+)

()
(+)

Douglas-fir / western hemlock and the
mixed-conifer forest in western coast
of USA
Plantations in humid tropical lowlands
of Costa Rica

(+)

Plantation of mostly native rainforest
and eucalypt species in the humid
tropics of north-eastern Australia

(+)

Plantation of Acacia mearnsii and
Eucalyptus globulus ssp.
pseudoglobulus in East Gippsland
Austrilia
Temperate broad-leaved forest,
Thuringia, Germany
Mediterranean forests, Iberian
Peninsula
Experimental plantation on a heavily
degrade site in the moist semideciduous forest zone, Ghana
Old-growth deciduous forest stands in
Thuringia, Germany

()
()
()
(-)
()
(-)

	
  

Old plantation and natural secondary
forest in the wet tropics region of
Queensland, Australia
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Monoculture vs. mixed
plantations

RedondoBrenes and
Montagnini
(2006)
Species richness
Erskine et
Shannon diversity index al. (2006)

Tree species mixture
(replacement series)

Bauhus et
al. (2004)

Species richness

Seidel et al.
(2013)
Species richness
Vilà et al.
(2003)
Two species mixture
Addo(replacement series)
Danso et al.
(2012)
Shannon diversity index Jacob et al.
(2010)
Species richness
Simpson’s diversity
index

Firn et al.
(2007)

Biodiversity effects could all be ascribed to the differentiation of functional traits (SchererLorenzen 2005), and were evidenced to be driven by the complementarity between species
(Morin et al. 2011). Differences in functional traits can be associated with various growth
rates, distinct crown or root architectures, and different physiological and ontogenetic
strategies, to name just a few of the manifold possibilities. These are the cornerstones for
niche differentiations and divergent performances. Biodiversity effects observed from a
mixture of a number of species within a functional group could be less pronounced than a
mixture of species from different functional groups (Díaz and Cabido 1997). Intercropping
shade tolerant species and light demanding species induces canopy stratification and efficient
use of light (Pretzsch and Schütze 2009). Increased soil exploitation and resources capture can
be achieved by mixing tree species with different root depths / architectures (Bolte and
Villanueva 2006, Lei et al. 2012). Likewise, tree species with contrasting crown architecture
can explore the space in different niche and thus, reduce the interspecific competition for light
compared to the intraspecific competition. It is therefore suggested that diversity of functional
traits and species interactions determine the outcome of the biodiversity effects and
consequently ecosystem processes (Walker et al. 1999).

1.1.3 Methods to study the effects of biodiversity on tree productivity

Community level versus individual level
Ecosystem processes have been usually investigated at community levels, or following the
approach by relating the averaged value of individuals to the “mean” environment of the same
community (Pacala 1997). However, plants (e.g. trees) owing to their immobility are more
strongly influenced by the immediate local environmental conditions (Stoll and Weiner
2000). Tree-tree interactions, thus, occur at small scale (Stoll and Weiner 2000, von Oheimb
et al. 2011). Given the fact of intraspecific and interspecific variation of tree species, as well
as different environmental conditions at mosaic scale, no individual would perform and
interact with local environment identically (Grimm and Railsback 2005). Local neighborhood
approach linking the performance of an individual plant to the properties of its immediate
neighbors allows to understanding the tree-tree interactions (Coomes et al. 2002, Potvin and
Dutilleul 2009, Srivastava and Vellend 2005). It is of particular implication for discovering
and evidencing the mechanisms responsible for the effects of biodiversity on tree performance
(e.g. growth rate).
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Conventional measurements versus terrestrial laser scanning
Conventionally, tree status and aboveground structures are determined with common
instruments: hypsometer for the height parameters, measuring tape for length determination,
caliper for diameters, compass for the azimuths as well as angle finder for the angles. These
tools are easily accessible and operated and usually provide satisfying measuring results,
which make them still widely used. On the other hand, the measurements using conventional
method vary with different operators and are therefore susceptible to man-made errors. For a
huge survey area, applying the conventional measurements to collect the data is very timeconsuming, expensive, and sometimes not feasible. The conventional method also meets its
threshold in collecting data of high resolution, e.g. the arrangement of branches. Airborne
laser scanning (ALS) techniques have been successfully applied in measuring forest structures
at both community and individual-plant levels, particularly for large survey areas (Jung et al.
2011, Vehmas et al. 2011). However, ALS usually fails to capture the elements at fine-scale
spatial resolution (in the order of millimeters or a few centimeters). In the last few years,
terrestrial laser scanning (TLS) has been deployed as an alternative approach to obtain threedimensional (3D) structural elements of trees (Fleck et al. 2011, Jung et al. 2011, Schilling et
al. 2012). The detailed quantification of crown structures of individual trees in a 3D
environment by TLS provides an opportunity to understand how tree individuals interact with
neighboring trees (Seidel et al. 2011, Seidel et al. 2015). Hence, TLS may be an innovative
approach for understanding the mechanisms of the relationships between biodiversity and tree
productivity. However, the applicability of TLS has never been evaluated either in
biodiversity and ecosystem functioning experiments or in very young forest stands.

1.1.4 Biodiversity Ecosystem Functioning (BEF)-China experiment

Experimental studies allow the manipulation of different levels of tree species richness. They
enable the determination of the direction of the causal relationship between biodiversity and
ecosystem functioning, as well as the control over the stand age and density which are
deemed as common co-varying factors in observational studies (Bruelheide et al. 2014,
Naeem et al. 1999). Most of BEF experiments have employed fast-growing and short-lived
primary producers (e.g., bacteria, algae, herbaceous plants) (Cardinale et al. 2011, Hooper et
al. 2005). The largest and longest-lived plants in territorial ecosystems, trees, have not been
intensively studied as regards to how they benefit from biodiversity and how the biodiversity
of plants provide benefits to the ecosystem functioning. The first forest BEF experiment
worldwide is the Satakunta experiment established in Finland in 1999. According to
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TreeDivNet, a platform for ecosystem researches in tree diversity experiments, there are 17
forest BEF experiments worldwide (Fig. 1). Most of them are located in the temperate biome.
Four were established in tropical regions and only one in subtropical regions.

Fig. 1 Distribution of the tree diversity experiments for researches on the relationships
between tree species diversity and ecosystem functioning worldwide. Source: TreeDivNet.

The BEF-China experiment is the first forest BEF experiment established in highly speciesrich subtropical regions, and currently the largest-scale forest BEF experiment in the world.
BEF-China provides a perfect platform to ascertain the effects of biodiversity on a variety of
ecosystem functioning in subtropical forests. It is located in a mountainous subtropical region
near to Xingangshan Township, Jiangxi Province, China (N29°08´-11´, E117°90´-93´). The
mean annual temperature is 16.7°C and the mean annual precipitation 1821mm (Yang et al.
2013). The wet season lasts mainly from April to August. The natural vegetation of this
region is characterized by subtropical broad-leaved forests with evergreen species dominating
in abundance (Bruelheide et al. 2011).
BEF-China comprises two experimental sites (A and B), each covering about 26.6 ha.
Site A and Site B were planted in 2009 and 2010, respectively. Prior to the experiment, the
sites were covered with a plantation of two economically important timber species Pinus
massoniana and Cunninghamia lanceolata. At both experimental sites, the soils are
Cambisols and Cambisol derivatives, interspersed with Regosols on ridges and crests, and
Anthrosols from Colluvial deposits on foot slopes and valley floors. The relief is highly
variable, with slopes ranging from 0 to 45° (Bruelheide et al. 2014, Yang et al. 2013).
A total of 271 plots and 295 plots are included in Site A and Site B, respectively. Each
plot has the size of 25.82 m ×	
 25.82 m (horizontally projected area), which is corresponding
to the traditionally used Chinese area unit 1 mu. With a planting distance of 1.29 m, a total of
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400 trees were planted in each plot, resulting in a planting density of 0.6 trees m-2. Three
different random extinction scenarios, one replicate of one of these scenarios and two nonrandom extinction scenarios (rarity and specific leaf area (SLA)) were used to create a
gradient of tree species richness treatments. In total, seven richness levels of 0, 1, 2, 4, 8, 16
and 24 tree species were assigned to 15, 88, 68, 40, 26, 19 and 5 plots at each site,
respectively (Fig. 2). The species pool used in the tree species richness treatments is
composed of 24 native broad-leaved tree species at each site. In addition, two commercially
important species Pinus massoniana and Cunninghamia lanceolata were also included but
were planted only as monoculture, because it is a common practice to cultivate these species
in monocultures. Different species richness levels were randomly assigned to plots, as were
the positions of individual trees within plots. For detailed explanation on the design and
establishment of BEF-China see Bruelheide et al. (2014) and Yang et al. (2013).

Fig. 2 Richness treatments and spatial arrangement of plots at Site A and Site B, respectively.
Different color represents different richness treatments (0, 1, 2, 4, 8, 16, 24). Source:
www.bef-china.de.
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1.1.5 Main approaches and hypotheses

Tree growth rates are usually used to indicate the tree productivity and growth performance,
and are often determined by using tree height, stem diameter and wood volume. Since tree
crowns determine the proportion of light captured (Sterck et al. 2001), they are also used to
indicate tree productivity. Furthermore, tree crowns are highly sensitive to local neighborhood
and have the ability to shade neighboring trees (Lang et al. 2010, Simard and Zimonick
2005). However, measuring crown variables is more difficult and more time consuming,
which makes them not so widely used in calculating growth rates compared to simpler
measures such as tree height and stem diameter. In this thesis growth rates of height, stem
diameter at 5 cm above ground, crown diameter and wood volume were used to quantify the
growth responses.
Irrespectively of tree species identity, tree growth rates vary with different abiotic
environmental conditions (e.g. topographic and soil conditions), as well as with different
biotic environmental conditions (e.g. biodiversity, competition by neighboring trees).
Moreover, tree species of different life stages respond differently to environmental factors,
resulting in ontogenetic changes in growth responses (Pretzsch and Dieler 2012). The early
successional stage of forest stands is often featured by intensive and complex tree-tree
interactions as well as high dynamics. This is also typical for forest ecosystems that develop
after stand-replacing or partial disturbances and diverse in species, progresses and structures
(Swanson et al. 2011). The development of trees at early stages strongly determines their
vitality and competitiveness, and the ability of trees to reach the canopy (Günter et al. 2009,
Kobe 2006). The survival rate and fitness of tree individuals in the early life stage have also
implications on their success in reproduction, thus the ability to transfer their genes to the
next generations. Therefore, the early successional stage was paid particular attention in this
thesis. Under identical environmental conditions growth rates among tree species differ
widely. Tree-tree interactions along environmental gradients were also found to vary among
different tree species (Lintunen and Kaitaniemi 2010, Uemura et al. 2006). This speciesspecific differences arise from the differences in resource use efficiency, allocation patterns
and adaptive strategies (Forrester et al. 2006, Riedel et al. 2013). A number of functional
traits have been used to relate the species-specific growth rates to understand the effects of
species identity (Díaz et al. 2007). Hence, in this thesis I evaluated the different functional
traits (i.e. crown- and leaf traits) to predict the species-specific tree growth rates.
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By taking the opportunity of the BEF-China experiment, this thesis aims to analyze the effects
of biodiversity and the abiotic environmental factors on the tree growth rates in the early stage
of BEF plantations using both local neighborhood (Chapter 2) and community-based (Chapter
3) approaches. Furthermore, the functional traits were related to predict the growth rates at the
community level (Chapter 3) and at the species level (Chapter 4). Specific hypotheses were
stated as following:

In this early stage of tree development,
[H1] Environmental factors (i.e. site topography and edaphic conditions) are the strongest
predictors for the growth performance.
[H2]: Diversity effects on growth performance already occur in early successional stages.
[H3]: Functional traits are good predictors for tree growth rates.

Through Chapter 2 the local neighborhood approach was used to address H1 and H2. The
goal of this study was to analyze how local abiotic site conditions (i.e. topographic and
edaphic conditions) and local neighborhood (i.e. species diversity and competition by
neighborhood) affect the annual growth rates of individual trees. Annual growth rates of total
tree height, stem diameter at 5cm above ground and crown width for 6723 individuals of 24
tree species in the third year after establishment of the experiment were used as response
variables. Aspect, slope, curvature and elevation were included to represent the local
topography. Total nitrogen and carbon and nitrogen (C/N) ratio were included to reflect the
local soil conditions. For characterizing local neighborhood the Shannon diversity index of
neighboring tree species and the competition index of neighborhood were used. In line with
[H1], the tree growth rates were strongly influenced by the local topographic and edaphic
conditions. Contrary to the [H2], the growth rates of tree individuals were not affected by the
Shannon index of their local neighborhoods. However, tree individuals already interacted
with each other, evidenced by the significantly reduced growth rates of focal trees with
increasing size of neighboring trees. Using the local neighborhood approach, tree individuals
in the early stage of this experiment were more strongly influenced by the abiotic local
conditions than by the local neighborhoods. Tree-tree interactions at local scales already
occurred but the diversity effects of local neighborhood was not yet significant to explain the
growth variations. In addition, this study also found that tree growth rates were markedly
species-specific, which will be further explored in relation to functional traits in Chapter 4.
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Chapter 3 used the community-based approach rather than the local neighborhood approach
applied in Chapter 2 to examine (H1) and (H2). This study aimed to partition the effects of
environmental factors (i.e. topographic and edaphic), functional diversity according to Rao’s
quadratic entropy (FDQ) and community weighted mean (CWM) of a set of functional traits
(i.e. leaf traits) on community tree growth rates. Annual growth rates of crown width of 23
tree species calculated at plot level were used as response variables. Environmental factors
included elevation, aspect, slope, solar insolation, profile curvature and plane curvature, as
well as soil carbon content and nitrogen content calculated as plot mean values. A total of 41
plant functional traits were used to calculate FD and CWMs. They included traits connected
to the leaf economics spectrum (LES) (e.g. specific leaf area (SLA) and leaf nitrogen content
(LNC)), traits related to stomatal conductance, traits related to xylem properties and leaf
microscopic traits (e.g. stomata density, thickness of the palisade parenchyma). Contrary to
[H1], environmental factors did not significantly affect the plot means of annual crown width
growth rates and explained only a small fraction of the total variation in growth rates. FDs
and CWMs of various leaf traits, however, had significant impact on the community means of
crown width growth rates. Specifically, functional diversities of leaf water potential, leaf vein
length and extrafloral nectaries were positively related to the community mean crown growth
rates, which confirmed the [H2]. But CWMs were stronger predictors for the community
growth rates than FDs.

Based on the findings of the species-specific growth rates and the significant impact of
CWMs of various leaf traits in Chapter 2 and 3, Chapter 4 aimed to study how the growth
rates are driven by a variety of key functional traits to test [H3]. They can provide
explanations for the strong effects of species identity and CWMs of certain functional traits
on the variations in growth rates. Growth rates of wood volume were calculated across 39
broad-leaved tree species grown in the experiment. Five crown and six physiological and six
morphological leaf traits that are related to light harvesting and photosynthesis strategy were
related to the species-specific growth rates. Leaf traits but not crown traits were able to
significantly explain the variations of growth rates among different tree species. The
combination of both crown and leaf traits better explained the species-specific differences in
growth rates better than each type of traits alone.
Moreover, finding the evidences for the mechanisms that drive the patterns of tree-tree
interactions and underlie the biodiversity effects is one ultimate goal of the BEF researches.
More systematically collected data of higher resolution might assist to understand the
mechanisms in a more fundamental way. Therefore I explored the performance of TLS in
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assessing the tree dendrometrics in a young tree plantation with highly variable topography
and evaluated the applicability of TLS in the early stage of forest BEF experiment (Chapter
5). I investigated 438 young tree individuals for the congruence between the conventional
direct field measurements and TLS measurements. Total tree height, stem diameter at 5 cm
above ground, and length and height of the longest branch were used to test if TLS was a
promising tool for high-resolution, non-destructive analyses of tree dendrometrics in the early
stage of a forest BEF experiment. Values of variables retrieved from TLS were highly
congruent with those obtained from direct measurements, despite the poor descriptions of
some individuals of very small-sized and leaf-on tree species. Furthermore, TLS allows for a
more accurate and objective identification of the longest branch than is possible in the field.
TLS proved to be a promising tool for high resolution, non-destructive analyses of tree
structures in young tree plantations and forest BEF experiments.

1.2

General discussion and outlook

To my knowledge this thesis is one of very few studies to incorporate the individual-plant
scale in examining the relationship between biodiversity and productivity in the framework of
BEF experiments. The analyses of biodiversity and tree productivity relationships by using
the individual-tree approach and the community-based approach provide different
perspectives about how growth performances of trees were governed by various factors. For
the first time, the species-specific growth performance was related to both crown- and leaf
traits. I found that the tree growth performance was better explained by crown traits than by
leaf traits and best explained by the combination of crown and leaf traits. This thesis is also
the first to test the determination of tree parameters by using TLS in BEF experiments. The
non-destructive and highly accurate measurement technique makes TLS a promising tool in
forest BEF studies to scrutinize the tree-tree interactions.

1.2.1

Effects of environmental factors on tree growth rates

The first hypothesis was confirmed at local neighborhood level with results of Chapter 2 and
was rejected at the plot level with results of Chapter 3. Light and nutrient availability are
widely recognized as key factors determining plant growth rates. Topography affected light
availability (Ishii and Higashi 1997) and soil properties affected nutrient availability.
Therefore, topographic and edaphic factors have often been found to influence growth rates
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across life stages (Chen et al. 1999, Grier et al. 1989). The diameter growth of mountain
beech individuals growing in New Zealand decreased with elevation ranging from 600 m
a.s.l. to 2000 m a.s.l. (Coomes and Allen 2007). In Chapter 2 individual-tree growth was not
affected by the elevation, which only varied by 170 m. In the northern hemisphere, southfacing slopes receive more solar irradiation than north-facing slopes (Warren 2010). In this
thesis tree individuals growing on the south-facing slopes had better growth performance than
those on the north-facing slopes, as also found by Fralish (1994) in 47 undisturbed and mature
forest stands. Slope inclination may be correlated with soil conditions, mechanical exposure
and frequency of disturbances (Nagamatsu and Miura 1997). For biomechanical reasons,
morphologies of stem and crown of trees vary with slope inclination (e.g. Getzin and
Wiegand 2007, Ishii and Higashi 1997, Lang et al. 2010). I found a negative relationship
between slope inclination and individual-tree growth rates, which is in agreement with the
results of von Oheimb et al. (2011) obtained in the same region. Topography played an
important role in determining individual-tree growth rates in this thesis. Nevertheless, the
impact of topography was not universal on different types of growth rates (i.e. height growth
rate, diameter growth rate and crown width growth rate). Diameter growth of trees was
responsive to most of the topographic factors, while growth of height and crown width was
affected by fewer topographic factors. This indicated that maintaining the capacity of light
harvesting had the highest priority for trees at this early successional stage. Regarding soil
conditions, increasing soil nitrogen content enhanced tree growth performance, which is in
accordance with results of Canham et al. (1996), Ceccon et al. (2004) and Unger et al. (2012).
N availability to plants is regulated by C/N ratio reflecting the rates of N immobilization,
mineralization and nitrification. I found that the C/N ratio negatively influenced tree growth
rates, which was also observed by Yamakura and Sahunalu (1990) in Southeast Asian forests.
Contrary to the significant impacts of topographic and edaphic factors on individual-tree
growth rates, the environmental conditions played only a marginal role in explaining the tree
growth rates at the community level (Chapter 3). The BEF-China experimental sites are of
high environmental heterogeneity and the within-plot variability of environmental factors is
also considerably high (Ying Li, unpublished data). The aggregated growth rates of crown
width and the mean environmental conditions at the plot level might level out the impact of
the local environmental conditions on each individual tree. Furthermore, tree growth was
found to respond to environmental conditions in species-specific ways (Babst et al. 2012,
Drobyshev et al. 2013). The analyses using an individual-tree approach in this thesis
considered tree species as a random factor, while analysis at the community level accounted
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for the species-specific differences in CWM of functional traits. This might also contribute to
the contrasting results between individual-tree level and community level.

1.2.2

Effects of biodiversity on tree growth rates

The second hypothesis was rejected at individual-tree level by using the Shannon index of
neighborhood species, but was confirmed at the community level by using the FDQ. Processes
governing tree-tree interactions are competition resulting in negative tree-tree interactions,
and complementarity and facilitation resulting in positive interactions. Positive effects of
biodiversity on tree growth rates are the result of positive tree-tree interactions. In Chapter 2, I
found that larger-size neighboring trees significantly enhanced the height growth, but reduced
stem and crown diameter growth of focal trees. The size of neighboring trees indicated the
pressure of competition by local neighbors on the individual trees. The competition by the
local neighborhood was also found to be a great source of variation in individual-tree growth
in a young secondary subtropical forest near the experimental site (von Oheimb et al. 2011)
and in the tropical tree biodiversity plantation in Sardinilla (Potvin and Dutilleul, 2009). The
significant impact of competition by local neighborhood indicated that the tree-tree
interactions already occurred in early life stages of trees. Regarding the positive tree-tree
interactions, the individual trees analyzed in this thesis were not affected by the species
diversity of neighboring trees (Chapter 2). In contrast, relative growth rate in the basal
diameter of individual trees increased with species diversity in the Sardinilla experiment five
years after establishment (Potvin and Gotelli 2008). I propose four explanations for the nonsignificant effect of local neighborhood diversity: 1) species diversity effects on tree growth
rates might only become apparent at higher levels of diversity that resulted in increased
occupied niche space, both spatially and temporally (Papaik and Canham 2006); 2) the
relationship between species diversity and ecosystem functioning could be non-linear due to
the redundancy in the ecosystem functioning (Ehrlich and Ehrlich 1981, Walker 1992,
Schmid 2002). Thus, using a linear model could not capture the pattern of growth rate with
increasing level of diversity; 3) the diversity effects might become more apparent with time,
because the magnitude of complementarity increases as experiments are running longer and
trees are growing (Cardinale et al. 2007, Pacala and Tilman 2002); 4) responses of tree
growth rates to the diversity are affected by species identity (e.g. Grant et al. 2006, RedonBrenes and Montagnini 2006, Seidel et al. 2013). Tree species studied in this thesis might
react differently to diversity levels. On-going research shows that in particular the tree species
Choerospondias axillaris benefits from more diverse neighborhoods. C. axillaris is a fast
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growing deciduous tree species with the highest mean value of growth rates in the BEF-China
experiment.
The examination of the relationships between biodiversity and tree growth rates or
productivity has been mostly confined to the community level and few studies adopted the
individual-tree based approach. Contrary to the non-significant local diversity effects found at
individual-tree level, FDQ at plot level was found to be significantly related to plot-level
crown growth rates. Likewise, Lang et al. (2010) found a higher crown overlap in species-rich
plots than species-poor plots. In a small-scale diversity experiment with subtropical tree
species close to the experimental site used for this thesis, nitrogen acquisition and retention
were promoted in mixed stands (Lang et al. 2014). Functional groups based on niche
differentiation among species provide a method to examine the effects of functional diversity
on ecosystem functioning (Hooper et al. 2002). In this thesis functional groups were
delineated by a multitude of leaf traits related to the leaf economics spectrum (Wright et al.
2004, Díaz et al. 2004) and wood economics spectrum (Baraloto et al. 2010, Freschet et al.
2010, Martínez-Cabrera et al. 2011), which imply the fundamental trade-off between rapid
resource acquisition and resource conservation. Wood density reflects the stratification of
canopy layers (Poorter et al. 2012) and leaf area the strategy of light capture (Osnas et al.
2013). The positive response of crown diameter increments to the FDQ of wood density and
leaf area found in Chapter 3 indicated that the spatial complementarity already occurred at
plot level. Meanwhile, the positive effects of FDQ of leaf area and plant water related traits
indicated the occurrence of temporal complementarity (Kröber et al. 2015, Zhou et al. 2011).
Furthermore, facilitation might also occur, as evidenced by the increased crown width
increment by presence of extrafloral nectaries. Plants produce extrafloral nectaries to attract
ants to reduce damages from herbivores (Agrawal and Rutter 1998, Kessler and Baldwin
2002). The ant visitation to extrafloral nectaries has been found to increase plant fitness
(Smiley 1985, Oliveira 1997).
Why was diversity effect found at the community level but not at the individual-tree level? I
will discuss this mainly from two perspectives: different scales of analysis and different
measures of diversity. Commonly the mean productivity estimated at plot / community levels
was linked to the biodiversity gradients, particularly in aquatic and grassland ecosystems. The
outcome of the relationship can be generated not only by positive interactions via
complementarity and facilitation, but also by sampling effects (Loreau and Hector 2001).
Individual-tree based approach can potentially exclude the sampling effects (Coomes et al.
2002, Potvin and Dutilleul 2009). At individual-tree level the number of different species of
the local neighborhood ranged from 1 to 8, while at plot level the number different species
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ranged from 1 to 24. The probability to combine species with contrasting niches might be
higher in more diverse plots than in a more diverse local neighborhood. Species identity of
the focal tree was not accounted for the calculation of the local neighborhood diversity, thus if
the presence of neighbors of specific species would result in a positive interactions with the
focal tree it is also dependent on the species identity of the focal tree (i.e. diversityproductivity relations vary with species).
Regarding the measures of biodiversity, species diversity was mostly used probably due to the
common perception that biodiversity equals variety at the species level of organization
(Spellerberg and Fedor 2003). However, species diversity does not capture the functional
characteristics of organisms involved, which can be quantified by functional diversity (FD)
(Hooper et al. 2002). Although higher species richness is typically related to greater levels of
ecosystem functioning (Cardinale et al. 2006), species diversity does not explicitly
incorporate the traits responsible for these processes (Clark et al. 2012). Grime (1988) and
Odum (1969) demonstrated that ecosystem level processes are affected by the functional
characteristics of organisms involved. Therefore, FD is considered as the main driver of
changes in ecosystem functions (Reiss et al. 2009). Hooper et al. (2002) discussed the
relationships between species diversity and functional diversity and summarized that the
pattern of these relationships depends on the level of taxonomic resolution. Therefore,
increasing the number of tree species that share similar functional traits (e.g. different
genotypes of a given species) may not increase complementarity of resources use (Hooper et
al. 2002). However, the lack of a priori demonstrations of the specific traits that are relevant
to particular ecosystem processes (Tilman 2001) resulted in no universal functional
classification (Hooper et al. 2002).

1.2.3

Functional traits in determining tree growth rates

The growth rates of tree species planted in BEF-China at this early stage were considerably
species-specific, and an important question is which factors drive tree growth rates to be
different among species. According to the Production Ecology Equation (e.g. Richards et al.
2010), the proportion of resources captured and the efficiency of the conversion of resources
into biomass affect growth rates of plants. Tree species that have contrasting growth rates
should be different in these two aspects, which is explicitly reflected by specific functional
traits (e.g. Poorter and Garnier 1999, Reich et al. 1997, Wright et al. 2004). For example,
stomatal conductance regulates the carbon uptake and transpiration (Graham and Sharkey
1982, Wright et al. 2004) and assimilation rates (Kröber and Bruelheide 2014). Furthermore,
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CWMs of a set of functional traits explained 42% of variation in plot-level growth rates
(Chapter 3). As such I hypothesized that differences in functional traits were responsible for
the species-specific growth rates. By confirming the third hypothesis, the results of Chapter 4
showed that leaf traits (i.e. stomatal conductance, water potential and leaf toughness)
significantly affected the species-specific mean growth rates. The positive relationship
between stomatal conductance and tree growth rates was also reported by Chaturvedi et al.
(2011) and Poorter and Bongers (2006). Ehleringer and Cook (1984) reported that
photosynthetic rate of Encelia farinosa deceased with declining water potential, which is in
agreement with the positive relationship between leaf water potential and tree growth rates
found in Chapter 4. The negative relationship between leaf toughness and growth rates, which
was also reported by Coley (1988), implies a trade-off between persistence and growth. In
contrast, Westbrook et al. (2011) found growth rates to be unrelated to leaf toughness in the
understory of a neotropical forest. The CWMs and FDQ of the leaf traits that significantly
explained the species-specific growth rates also affected the tree growth rate at plot level.
Besides leaf traits that more generally reflect the efficiency of resource use, crown traits,
particularly those characterizing the crown dimensions, determine the fraction of light
resources captured. It has been also found that crown length and crown projection area were
good single predictors for tree growth rates (Fichtner et al. 2013, Sterck et al. 2003, Xiao et
al. 2003). In contrary, none of the crown traits were able to significantly predict growth rates.
This result suggests that under the well-lit conditions the initial crown characteristics alone of
tree saplings of the same age and size seem to have no clear ecological implications for
species-specific growth rates. The effects of crown dimensions became significant when
combined with leaf traits. This finding indicates that crown dimensions might further explain
the interspecific difference in growth rates trees that have similar photosynthetic efficiency.
Finally, the combination of crown- and leaf traits was the best model to predict the growth
rates. I concluded that sets of traits related to carbon assimilation at the leaf-level and to
overall amount of leaves exposed at the crown-level jointly explained species-specific growth
rates better than either set of traits alone.

1.2.4

Terrestrial laser scanning (TLS) as a promising tool in BEF research

TLS has been used to more precisely estimate the characteristics of individual trees, for
example, common inventory variables such as total tree height, diameter at breast height, and
basal area (e.g. Moskal and Zheng 2012). Unsatisfactory tree height estimation with TLS has
been often reported for larger trees and in stands of high density (Maas et al. 2008, Tansey et
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al. 2009). In this thesis the young trees sampled for examining the applicability of TLS had a
mean height of 238.4 cm (± 112.6 cm). The TLS-retrieved height was highly congruent with
the data obtained from direct measurements but showed a slight underestimation, which was
also reported by Maas et al. (2008). Direct field and TLS measurements for GD were also
highly correlated. In particular in the case of non-circular stem cross-sections TLS data could
provide more accurate estimations (cf. Pueschel et al. 2013). Nowadays, extracting crown
characteristics by using TLS has been intensively studied to obtain the spatiotemporal
development of crowns for a fundamental understanding of tree-tree interactions and their
ecological outcomes. It is because tree-tree interactions lead primarily to morphological
response of the crown (Grams and Anderson 2007). Crown variables such as crown base
height, crown area and crown volume have been successfully retrieved by using TLS data
(e.g. Metz et al. 2013, Moorthy et al. 2011). The aggregate effect of the differential spatial
development of single branches shapes the crown development (Stoll and Schmid 1998,
Sumida et al. 2002). TLS was able to more accurately identify the longest branch of the
young trees by taking advantage of the 3D environment of the point clouds and the
convenient navigation in the software Pointools. Based on the reliable determination of tree
structural parameters in young trees achieved by TLS data, TLS could gain more insight of
tree-tree interactions through accurately documentation with high-resolution and along time
series. The clear pictures of the complex tree-tree interactions help to understand the effects
of biodiversity on ecosystem functioning and the underlying mechanisms. Recently, Seidel et
al. (2015) applied the TLS-retrieved characteristics of neighboring trees to examine how the
neighborhood affected tree diameter increments in an even-aged and mono-specific stand and
found that space fillings from the neighborhood is the most suitable estimator.

1.2.5

Future research needs

Huge efforts have been invested to answer the question “what is the consequence of losing
biodiversity on ecosystem functioning?” The controversial results challenged the drawing of
general BEF relationships (Giller et al. 2004, Thompson and Starzomski 2007). Particularly in
forest ecosystems, the mechanisms of biodiversity effects have not been thoroughly
investigated and the reliable evidence was rare. More focus should be given to BEF research
in forest ecosystems. The central role of local neighborhood played in determining tree
productivity (Potvin and Dutilleul 2009, Weigelt et al. 2007) suggested that the evidences of
explanatory mechanisms of the observed relations between biodiversity and ecosystem
functioning (e.g. tree growth rate) could be more apparent and rather detected at an
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individual-tree scale (cf. Potvin and Dutilleul 2009). Therefore, future research about the
relations between biodiversity and tree growth rates should incorporate individual-plant scale.
Species diversity rather than functional diversity and structural diversity has very often been
used to examine the effects of diversity on tree growth rates. Niche differentiation is the basis
for complementary use of resources. The assumption that species diversity increases the
divergence in niches has, however, rarely been tested with empirical data. Functional and
structural diversity and size inequality explicitly reflect the spatial and temporal heterogeneity
of forest community or local neighborhood. Neumann and Starlinger (2001) found only few
and weak correlations between plant species diversity and stand structure diversity. I suggest
that species diversity needs to be related to the functional and structural diversity for a deeper
understanding of the ecological meaning of species diversity. Furthermore, spatial and
temporal heterogeneity should be given more attention in BEF researches in order to find
more concrete evidences for the underlying mechanisms. Biodiversity effects are not static
but evolving with time (Cardinale et al. 2007). Interspecific interactions tend to change with
stand development (Cavard et al. 2011). Most studies used one-year productivity or mean
annual productivity spanning over several years, while few looked at how time changes the
biodiversity effects on tree growth rate. At the same experimental sites, the negative effects of
herbivory on tree growth rates with increasing tree species richness become more pronounced
with time as trees grow larger (Schuldt et al. 2015). Therefore, incorporating the interactions
between biodiversity and time in analyzing the BEF relations may be another promising
approach.
Although TLS has been successfully in retrieval of tree parameters, no study except Seidel et
al. (2013) applied TLS data to study the relationships between tree diversity and tree
productivity. TLS allows more accurate estimation of tree parameters, particularly crown
characteristics (Metz et al. 2013). This could help researches to quantify the aboveground
tree-tree interactions with a much higher resolution to monitor how the trees find their own
niche and what is the implications of different niche occupations. Therefore, I strongly
emphasize using TLS in exploring the mechanisms of the relations between tree diversity and
tree productivity.
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