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Abstract

In the last two decades, several studies have demonstrated that species richness enhances
primary productivity. However, much uncertainty still exists about the relationship be-
tween biodiversity and ecosystem functioning (BEF) in forests, especially in highly diverse
biomes. This is a primary concern for human welfare as forests play a major role in car-
bon sequestration at global scale and in providing numerous services. On the other hand,
BEF research in forests is especially challenging because of the longevity of trees and the
di�culty to control environmental factors that co-vary with diversity such as stand age
and topography. In this thesis, I examine the e�ects of tree species richness on above-
ground productivity in subtropical China, by using a combination of both experimental
and comparative studies.
In the �rst two chapters, I worked in an ongoing large-scale tree diversity experiment,

BEF-China (www.bef-china.de). In a subset of this experiment, over 150,000 tree saplings
were selected from a pool of 40 native broad-leaved species and planted in 386 plots, each
containing between one to 16 species. In Chapter 1, I tested the e�ect of tree species
richness on stand productivity (annual increment of stand basal area) by analyzing data
of four annual inventories since the establishment of the experiment (ca. 5000 individ-
uals). I observed the gradual emergence of a positive e�ect of species richness on stand
productivity. Neither spatial heterogeneity nor functional diversity a�ected stand pro-
ductivity. However, the presence of two fast-growing species, Choeropondias axillaris and
Schima superba, explained a signi�cant proportion of the variability of stand productivity.
Furthermore, I observed that at this stage of stand initiation, mortality (as mortality rate
or loss of biomass) was not a�ected by species richness. In contrast, survivor growth in-
creased with species richness. Thus, this study demonstrates that even during the initial
stages of stand development, diversity enhances stand growth.
In Chapter 2, I investigated the e�ects of tree species richness on leaf production. Leaf

production is an important component of primary productivity in early stages of forest
succession. During stand initiation light availability decreases, and trees can potentially
adjust their leaf production, leaf size and branching patterns to those changes in light
regime. Therefore, I expected that trees growing in mixtures would show not only larger
stems but also higher leaf production. During a two-year study period (3 and 4 years after
the establishment of the experiment), I monitored the growth of ca. 700 trees in 62 plots,
encompassing a diversity gradient from one to 16 species. I assessed stem basal area, total
number of leaves, leaf emergence rate, leaf mortality rate, leaf size, and branching rate.
At the end of my study period, trees growing in mixtures, especially those of C. axillaris,
had larger basal area and longer leaves, but species richness had no e�ect on any other
trait. Thus, this study shows that tree species richness enhances stem growth but not leaf
production during stand initiation. The results suggest then that the complementary use
of light is not a main driver of increased productivity in mixtures.
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Abstract

In Chapter 3, I tested the e�ects of tree richness on wood production and stand leaf
area in a secondary mixed broad-leaved forest. Although the complementary use of the
canopy space through light partitioning is often considered the main mechanism of the
diversity-productivity relationship, few studies have tested the e�ect of diversity on the
leaf fraction. I hypothesized that more diverse stands, with regards to both species ad
functional traits, will develop multi-layered canopies and consequently have higher stand
leaf area. Along a gradient of successional age and tree species richness, I estimated
stand basal area and its 4-year increase, stand leaf area, and variability in tree heights
as measure of vertical space use in 25 plots. Diversity enhanced vertical space use, stand
basal area, and stand growth; it did not, however, a�ect stand leaf area. Thus, the results
suggest that changes in aboveground productivity are not mediated by leaf area changes
in our study site.
In summary, my results demonstrate that tree species richness enhances stand produc-

tivity in experimental and semi-natural stands. The �ndings highlight the importance of
diversity not only as a conservation target but also as a management strategy. This is
particularly relevant for forestry policies in China, where species-poor forest plantations
are a prevalent strategy of carbon sequestration.
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Introduction

Several studies have reported that biodiversity can enhance primary productivity and
other ecosystem functions. Therefore, biodiversity can provide many services to peo-
ple, and its current loss poses a major threat to human welfare (Millennium Ecosystem
Assessment, 2005). In this context, it is crucial to understand the relationship between
diversity and ecosystem functioning in forests, which provide services that are vital for our
livelihoods but are under threat by land-use conversion, �res, and illegal logging, among
others (FAO, 2010). In this thesis, I examine the e�ect of species richness on primary
productivity in subtropical China and explore the possible mechanisms underlying this
relationship.

Biodiversity loss

Biodiversity is declining rapidly throughout the world. Driven by the impacts of human
activities species loss rate is so high that we are currently on pace to a new mass extinction
(Dirzo & Raven, 2003; Barnosky et al., 2011; Alroy, 2015). The loss of diversity, encom-
passing reductions in number of species, range of functional traits, or range of genotypes,
diminishes the e�ciency of communities to capture resources, produce biomass, decom-
pose organic matter and recycle nutrients (reviewed by Hooper et al., 2005; Cardinale
et al., 2012; Naeem et al., 2012). As a consequence, the provisioning and regulating ser-
vices of ecosystems (e.g. food and wood provision, climate regulation, pest control) can be
signi�cantly impaired (Cardinale et al., 2012; Naeem et al., 2012). In fact, the biodiversity
crisis is currently considered a threat to human welfare, comparable to climate change
(Rockström et al., 2009; Ste�en et al., 2015). It is therefore urgent to better understand
the diversity e�ects on the functioning of ecosystems and the mechanisms underlying such
e�ects.

Biodiversity and ecosystem functioning (BEF) in forests

The need to understand biodiversity and ecosystem functioning (BEF) relationships is
especially acute in forest ecosystems, which are of major importance at the global scale.
The world's forests cover over 4 billion hectares (31% of total land area) and provide
numerous cultural, economical (e.g. timber, food, fuel and bioproducts) and ecological
services (e.g. soil and water conservation, avalanche control, and deserti�cation control)
(FAO, 2010). Nevertheless, research on BEF in terrestrial ecosystems has been almost
exclusively restricted to temperate grasslands, whereas forests have received relatively
little attention (Balvanera et al., 2006; Nadrowski et al., 2010).
To date, a positive e�ect of tree diversity on productivity has been inferred mostly from

observational studies using forest plantation or long-term inventory data. For example,
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Introduction

a meta-analysis of tropical and temperate tree plantations (Piotto, 2008) showed that
mixture plantations are more productive than monocultures. Furthermore, diversity has
a strong and positive e�ect on tree productivity in non-managed temperate and boreal
forests in Canada (Paquette & Messier, 2011). Similarly, the production of tree biomass,
soil carbon storage, berry production, and game production potential increases in more
diverse boreal and temperate forests in Sweden (Gamfeldt et al., 2013). Likewise, wood
production is 24% higher in mixed than in mono-speci�c forests across Europe (Vilà et al.,
2007).
These large-scale observational studies have played a seminal role in the advancement of

BEF research in forest. We have learned not only that productivity increases with richness,
but that the shape of this relationship can vary among biomes (Paquette & Messier, 2011)
and spatial scale (Chisholm et al., 2013). We have also learned that no single species
can simultaneously sustain multiple ecosystem services (Gamfeldt et al., 2013), and that
diversity promotes temporal stability of wood production in forests (Jucker et al., 2014a).
Moreover, a main advantage of observational studies using tree inventory data is their
generality and representativity (Nadrowski et al., 2010). Their results re�ect real existing
forest stands, and can be applied to develop solutions for forest management.
On the other hand, observational studies have some drawbacks. First, most of these

studies have been carried out in relatively species-poor forest so far. For example, in one
study only 1.5% of the plots contained more than �ve species (Gamfeldt et al., 2013).
Similarly, the temperate and boreal plots analyzed by Paquette & Messier (2011) had on
average 3 and 5 species, respectively. Thus, the results likely cannot be extrapolated to
more diverse regions. Second, observational studies can not fully control for any of the
factors which typically co-vary with tree species richness, e.g. stand age, soil fertility, land-
use history or habitat heterogeneity (Scherer-Lorenzen et al., 2005). Third, observational
studies have a limited capacity to elucidate the causal mechanisms underlying the BEF
relationship (but see Jucker et al., 2015).
Therefore, to advance BEF research in forests it is important �rst to broaden the

geographical scope of observational studies to tropical and subtropical biomes. Second,
observational studies should be complemented with experiments, where communities are
arti�cially assembled and diversity is manipulated while environmental variables are kept
constant (Scherer-Lorenzen et al., 2005).

Mechanisms underlying the BEF relationship in forests

The e�ects of biodiversity on ecosystem functioning are explained through three ecologi-
cal mechanisms: niche di�erentiation, facilitation among species, and selective processes
(e.g. interspeci�c competition). The �rst two lead to an increase in resource use in more
diverse communities (complementarity e�ect), while interspeci�c competition results in
one or few species with particular traits dominating a mixture and a�ecting ecosystem
process (selection e�ect). The non-mutually exclusive selection and complementarity ef-
fects can be quanti�ed using the additive partition method (Loreau & Hector, 2001).
This method has been widely used in grasslands studies, showing that the complemen-
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Introduction

tarity e�ect is the main mechanism behind the BEF relationship (Hector et al., 1999;
Tilman et al., 2001; Fargione et al., 2007; Marquard et al., 2009; Reich et al., 2012) and
that it increases through time (Cardinale et al., 2007; Reich et al., 2012). However, the
selection and complementarity e�ects are in fact statistically de�ned processes and can-
not be directly link to any ecological mechanisms (Petchey, 2003; Fox, 2005). In fact,
there are few grassland studies that have explained how the diversity e�ect is related to
population dynamics, such as increased individual size or increased density of individuals
(but see Roscher et al., 2007). This gap of knowledge is explained by the di�culty to
identify unique individuals due to the clonal growth of many grassland species and the
intermingling of neighboring roots and leaves.
In contrast to grasslands experiments, each tree individual can be tracked throughout

the duration of the experiment allowing to monitor individual tree growth, mortality
and recruitment. These three demographic processes will de�ne the net biomass and its
growth (in a time interval) (Clark et al., 2001) and are potentially a�ected by species
richness. To date, there are only a few studies on this topic, but it has been observed
that individual growth is enhanced by diversity in the tropics and subtropics (Potvin &
Gotelli, 2008; Baru�ol et al., 2013).
A key question in BEF research is which ecological processes explain the increase of

tree growth in more diverse stands. Species richness can potentially a�ect both below-
and aboveground processes. For example, trees of Abies alba (European silver �r) growing
in mixture, are less sensitive to drought because interspeci�c di�erences in rooting depth
lead to an increase in water uptake (Lebourgeois et al., 2013). Similarly, conifer stands
containing the N-�xing red alder Alnus rubra are more productive than pure conifer
stands (Binkley, 2003). The most frequently suggested mechanism underlying the BEF
relationship in forests is the complementary use of the canopy through light partitioning.
Light competition is widely recognized as a key driver of forest dynamics (Purves &
Pacala, 2008; Purves et al., 2008), and higher light availability is linked to higher growth
rates (Klinka et al., 1992; Pacala et al., 1994; Chen et al., 1996; Binkley et al., 2010) and
to changes in leaf morphology and crown architecture (Petriµan et al., 2009).
To date, few studies have systematically investigated the complementary use of the

canopy as a possible BEF mechanism in forests. However, there is increasing evidence
of at least three mechanisms: vertical strati�cation, crown plasticity, and temporal niche
di�erences among species. Morin et al. (2011) postulated that if increasing species rich-
ness leads to a higher variation in growth ability, tree height and shade tolerance, mixed
stands of shade-tolerant and light-demanding species can �ll more light niches and de-
velop multilayered canopies. As a consequence of this vertical strati�cation, the canopy
space can be used more completely. On the other hand, trees can adjust their crown
morphology in response to competition with neighbors. Recently, Jucker et al. (2015)
showed that trees have larger crowns when growing in mixtures. Thus, crown plasticity,
i.e. intraspeci�c variation in crown morphology, explains the increase of canopy use e�-
ciency with diversity. Last, in environments where the growth season is not constrained
to any particular season, di�erences in phenology among species could enhance the light
capture at stand level, as it has been observed in the Sardinilla tree BEF-experiment in
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the Neotropics (Sapijanskas et al., 2014).
Irrespective of the exact mechanism, it is clear that the canopy plays a major role

in BEF relationships in forests. The leaves are the site of primary production and an
active interface between the forest and the atmosphere. They in�uence the amount of
solar radiation that can be intercepted as well as the plant-atmosphere carbon, water
and energy �uxes (Pan et al., 2013). Furthermore, leaf litter production is an important
component of net primary productivity, particularly early in succession (< 20 years)
(Guariguata & Ostertag, 2001). However, to date most BEF studies have focused on
wood production, whereas the e�ect of species richness on the leaf fraction is still an open
question.

BEF-China

In China, forests cover an area of 207 million ha, making the country the �fth one in
the world with the largest forest area (FAO, 2010). In the past three decades carbon
storage and sequestration have increased (Fang et al., 2001; Shi et al., 2011), and forest is
expected to continue to act as a carbon sink at least until 2050 (Xu et al., 2010). This is
mainly a result of large-scale national reforestation and a�orestation programs (Xu et al.,
2010; Shi et al., 2011), which are currently concentrated on monocultures. Managing for
diversity could however increase the carbon storage potential. Thus, it is highly relevant
to assess how tree diversity maintains ecosystem functions and services.
To shed light on this topic the joint Chinese-German-Swiss research project BEF-China

`The role of tree and shrub diversity for production, erosion control, element cycling, and
species conservation in Chinese subtropical forest ecosystems' (www.bef-china.de) was es-
tablished in 2008. Currently, there are 14 research subprojects, focusing on primary pro-
ductivity, soil erosion, nutrient cycling, genetic diversity, among others. The BEF-China
project includes two methodological approaches: a comparative study in a secondary
forest and a large-scale BEF experiment in subtropical China. By combining these two
approaches the BEF-China project allows to gain a deeper insight into BEF relationships
in the `real world' and into the causal mechanisms explaining the e�ect of diversity, re-
spectively. Furthermore, by targeting a subtropical species-rich biome, the BEF-China
project contributes to broaden the geographical scope in BEF research in forests.
The comparative study consists of 27 plots covering a gradient of species richness and

successional age (Bruelheide et al., 2011). It is located in the Gutianshan National Nature
Forest Reserve, Zhejian province, south-east China (29.25 ◦N, 118.12 ◦E). The climate is
subtropical monsoon, with a mean annual air temperature of 15.1 ◦C and a mean annual
precipitation of 2000 mm. The vegetation is typical of mixed broad-leaved forests. A
total of 1462 seed plant species belonging to 684 genera and 149 families are found in the
81 km2 reserve, with 258 of these species being woody. The reserve covers a mosaic of
forest patches in di�erent successional stages, from �ve to more that 80 years since the
last logging event (see Bruelheide et al., 2011, and references therein). By systematically
selecting plots that represent di�erent levels of tree species richness within each stand
successional age (i.e. time elapsed since the last logging event), the study has more power
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to detect causal relationships than conventional sample surveys. In the �rst phase of the
project (2008�2011), Baru�ol et al. (2013) found that stand basal area and its growth
increase with species richness. Although more diverse stands were characterized by a
higher abundance of trees and larger tree size, it is not clear yet which mechanism explain
the observed BEF relationship.
The BEF-China experiment consists of over 500 (25.8 m × 25.8 m in horizontal projec-

tion) plots, where diversity was manipulated by varying the number of species from one to
24. It was established in 2009�2010 near Xinganshan Township, Jiangxi Province, south-
east China (29.09 ◦N, 117.92 ◦E). The climate is subtropical monsoon, with a mean annual
air temperature of 16.7 ◦C and a mean annual precipitation of 1821 mm (Yang et al., 2013).
The natural vegetation corresponds to evergreen broad-leaved forests, characterized by a
high tree and shrub species richness (Wang et al., 2007).

Thesis outline

Within the framework of the BEF-China project, I examine the e�ect of tree diversity
on aboveground productivity in subtropical China and explore the possible mechanisms
underlying the relationship, both in the comparative study and the large-scale BEF ex-
periment.
In Chapters 1 and 2, I work in the large-scale tree BEF experiment. In Chapter 1,

I use data from four annual tree inventories to test the e�ect of tree diversity on stand
aboveground productivity in young tree communities. I hypothesize that stand produc-
tivity will be higher in more diverse stands. Furthermore, I investigate whether spatial
heterogeneity, functional diversity, phylogenetic diversity or the presence of any species
in�uence stand productivity. In addition, I test which component of stand annual growth,
i.e. survivor growth, recruitment and mortality, is a�ected by diversity.
In Chapter 2, I test the e�ects of species richness on leaf production. With the

assumption that light conditions vary with diversity and trees can adjust their leaf fraction
to changes in the light regime, we hypothesize that trees growing in mixtures will show
not only a larger stem size, but also a larger leaf production, smaller leaves and a higher
branching rate.
In Chapter 3, I continue the work done by Baru�ol et al. (2013) in the compar-

ative study site. This time, however, I explore a possible mechanism behind the ob-
served increase of stand basal area with species richness. I hypothesize that more diverse
stands achieve higher aboveground productivity through a more complete utilization of
the canopy vertical space and higher stand leaf area. I estimate stand basal area, stand
leaf area and variability in tree heights as measure of vertical space use, and I analyze the
e�ects of species richness on them.
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1 Tree species richness enhances stand productivity in

a large-scale �eld experiment in subtropical China

Nadia Castro Izaguirre, Martin Baru�ol, Yuanyuan Huang, Bernhard Schmid and Pascal
A. Niklaus

Abstract

The increase in plant productivity with species diversity is well documented in temper-
ate grasslands. However, little is known about these e�ects in forests in (sub)tropical
ecosystems, despite their major role in the global cycling of carbon.
Here we tested the e�ect of tree species richness on aboveground productivity using a

large-scale experiment in subtropical China. A subset of this experiment consists of over
150,000 trees planted in 386 plots, containing from one to 16 species. From 2009 to 2013,
we monitored basal diameter and height of nearly 5,000 trees. Using mixed-e�ects models,
we tested for diversity e�ects on stand-level basal area (SBA) and its annual increment,
∆SBA. Furthermore, we tested whether spatial heterogeneity across plots, functional
diversity, phylogenetical diversity or the presence of any species explained variability in
SBA and ∆SBA. Finally, we tested which component of stand annual growth � survivor
growth, recruitment or mortality� was a�ected by diversity.
We found that ∆SBA increases with species richness in young experimental stands.

This e�ect became evident in the fourth year after the establishment of the experiment,
when ∆SBA in the 16-species mixtures was on average 1.8 times larger that in the mono-
cultures. Neither spatial heterogeneity nor functional diversity (after adjusting for species
richness) a�ected ∆SBA. However, the presence of fast-growing species strongly in�uenced
productivity.
Overall, our results demonstrate an e�ect of diversity on stand aboveground produc-

tivity in young tree communities. In this phase, the diversity e�ects seem largely driven
by the successful establishment of fast-growing species.
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1 Chapter 1

1.1 Introduction

Two decades of research have con�rmed the positive relationship between biodiversity
and ecosystem functioning (BEF) in both terrestrial and aquatic environments (reviewed
by Hooper et al., 2005; Cardinale et al., 2012; Naeem et al., 2012). Nevertheless, little is
known about the BEF relationship in forest ecosystems, which are of major importance at
the global scale. The world's forest cover over 4 billion hectares (31% of total land area)
and provide numerous functions, e.g. wood and non-wood production, soil and water
conservation (FAO, 2010).
To date, several studies have shown a positive e�ect of tree diversity on productivity in

Mediterranean (Vilà et al., 2007), temperate (Paquette & Messier, 2011), boreal (Paquette
& Messier, 2011; Gamfeldt et al., 2013) and subtropical (Baru�ol et al., 2013) forests.
Because most of those studies have been carried out in relatively species poor forest (up
to �ve species), it is uncertain if these results could be extrapolated to more diverse
regions. Furthermore, those studies are observational, which limits their potential to
elucidate the causal mechanisms, or control for any of the factors which typically co-
vary with tree specie richness, namely stand age, soil fertility, land-use history or habitat
heterogeneity (Scherer-Lorenzen et al., 2005). This indicates a need to broaden the scope
of BEF-research by implementing experiments, where communities with varying species
richness are arti�cially assembled (Scherer-Lorenzen et al., 2005).
An underlying assumption in BEF-research is that species have evolved into di�erent

and complementary niches. This way, communities with more species capture more re-
sources and are more productive because of an ecological `division of labor' (Hector, 2009).
Nevertheless, several studies suggest that in species-rich forests diversity is controlled by a
combination of niche di�erentiation (through habitat partitioning or other environmental
controls) and neutral processes (Hubbell, 2001; Harms et al., 2001; Legendre et al., 2009;
Cheng et al., 2012). If this holds true, the e�ects of biodiversity loss in species-rich forests
would be weak in comparison to grasslands.
A logical consequence of the niche-based assumptions in BEF research is the impor-

tance of the diversity of traits in a community (functional diversity, FD) to explain the
BEF relation (Hooper et al., 2005; Petchey & Gaston, 2006). In Neotropical young suc-
cessional forests, for example, the aboveground tree biomass dynamics are correlated to
the functional diversity of leaf traits, such as leaf dry matter content and speci�c leaf
area (SLA) (Lasky et al., 2014). However, to identify the relevant functional traits and to
measure them can be di�cult and time-consuming. If relevant functional traits are phy-
logenetically conserved, phylogenetic diversity (PD, i.e. the total amount of phylogenetic
distance among species in a community) can re�ect ecological and functional dissimilarity
in a community (Roscher et al., 2007; Srivastava et al., 2012) and can be used as a proxy
of FD.
The e�ect of diversity can also be enhanced by the presence of particular species or

functional groups across a range of mixtures, e.g. N-�xing species in forest plantations
(Parrotta, 1999; Binkley et al., 2003), and by spatial heterogeneity (Scherer-Lorenzen
et al., 2005). In the latter case, individual tree growth can be in�uenced by slope aspect
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1.2 Methods

(Shen et al., 2014) and soil fertility (Russo et al., 2005).
A widely used method to analyze the mechanisms underlying the BEF relationship is the

additive partition method (Loreau & Hector, 2001). The method separates the diversity
e�ect into selection (i.e. result of interspeci�c competition) and complementarity (i.e.
result of niche di�erentiation and facilitation) e�ects. The BEF relationship in grassland
is mainly caused by complementarity (Hector et al., 1999; Tilman et al., 2001; Fargione
et al., 2007; Marquard et al., 2009; Reich et al., 2012), which increases through time
(Cardinale et al., 2007; Reich et al., 2012). Nevertheless, little is know how the diversity
e�ect is related to population dynamics, such as increased individual size or increased
density of individuals (but see Roscher et al., 2007). Because tree individuals can be
tracked through their life cycle, tree experiments represent an opportunity to �ll this gap.
In forest ecosystems, the combination of growth of surviving trees (survivor growth),
mortality and recruitment de�ne the net basal area growth in a time interval (Clark
et al., 2001). The e�ect of diversity on these processes is not clear yet but it has been
observed that tree growth (Potvin & Gotelli, 2008) and recruitment (Liang et al., 2007;
Young et al., 2011) can increase with diversity, whereas mortality is not a�ected (Liang
et al., 2007; Lasky et al., 2014).
Here we present the results of the BEF-China experiment, a large-scale tree experiment

set up in subtropical China to test the e�ects of tree diversity on primary productivity
(www.bef-china.de). Using data from four annual tree inventories, we ask the following
questions:

1. Does species richness a�ect stand productivity in young tree communities? At this
stage of our experiment (stand initiation), we expect to observe an overall increase of
stand productivity with increasing species richness but no transgressive overyielding
(when a mixture outperforms its most productive component monoculture).

2. Do spatial heterogeneity, functional diversity, phylogenetic diversity or the presence
of any species a�ect stand productivity (after adjusting for species richness)? We
anticipate that FD, PD, the presence of certain species and some topographic co-
variates, such as slope inclination and orientation, will explain variation in stand
productivity that is not explained by species richness. Because of the young age of
our tree stands, we expect early successional species to drive the BEF relationship.

3. Is the diversity e�ect driven by selection or complementarity e�ect?

4. Which components of stand annual growth, i.e. survivor growth, recruitment and
mortality, are a�ected by diversity? In the early phase of the experiment, we expect
an e�ect of species richness on survivor growth but not on mortality.

1.2 Methods

We tested the e�ect of tree species richness on stand productivity in tree communities in a
large-scale diversity experiment in subtropical China. Tree communities were established
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1 Chapter 1

in 386 plots, where diversity was manipulated by varying the number of species from one
to 16.

1.2.1 Study site and experimental design

The experiment was established near Xinganshan Township, Jiangxi Province, south-east
China (29.09 ◦N, 117.92 ◦E). The climate is subtropical monsoon, with a mean annual air
temperature of 16.7 ◦C and a mean annual precipitation of 1821 mm (Yang et al., 2013).
The natural vegetation corresponds to evergreen broad-leaved forests, characterized by a
high tree and shrub species richness (Wang et al., 2007).
The experiment consisted of 386 1-mu (25.8 m × 25.8 m in horizontal projection) plots

that contain either 1, 2, 4, 8 or 16 tree species. In each plot, 400 tree saplings were planted
in a regular grid with 1.29 m distance between individuals. The plots were distributed in
two ca. 25 ha sites (A and B) 5 km apart. Site A, established in 2009, has an average slope
of 27.5◦ and its altitude ranges from 107 to 278 m.a.s.l.. In contrast, site B, established in
2010, has a milder topography with an average slope of 31◦ and an altitude range from 107
to 189 m.a.s.l. Both sites were forest plantations of Pinus massoniana and Cunninghamia

lanceolata that were clear cut before the establishment of the experiment (Yang et al.,
2013).
To build the communities we used a pool of 24 native broad-leaved species at each site

(40 species in total) (see Table 1.1 for the tree species identities). Only 17 of these species
show a preference for a particular stage (either early successional, (n=13), intermediate
(n=1) or late (n=3) successional stages), whereas 23 species can be found in two or three
successional stages.

Table 1.1: List of species planted in sites A and B of the BEF-China experiment. Species
names follow nomenclature in eFloras (2008). Leaf habit: D deciduous, E evergreen. Suc-
cessional stage (as in Yang et al., 2013, and based on expert knowledge of Prof. M.J. Yu):
E early, I intermediate, L late.
Species Leaf

habit
Successional
stage

Site

Acer davidii Franchet D E/I A

Ailanthus altissima (Miller) Swingle D E/I B

Alniphyllum fortunei (Hemsley) Makino D E/I B

Betula luminifera H. Winkler in Engler D E/I/L B

Castanea henryi (Skan) Rehd. et Wils. D E A

Castanopsis carlesii (Hemsley) Hayata E L A

Castanopsis eyrei (Champion ex Bentham) Tutcher E L A/B

Castanopsis fargesii Franchet E E/I/L B

Castanopsis sclerophylla (Lindley & Paxton) Schottky E E/I/L A/B

Continued on next page
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Table 1.1 � continued from previous page

Species Leaf
habit

Successional
stage

Site

Celtis biondii Pampanini D E/I B

Choerospondias axillaris (Roxb.) Burtt et Hill D E A

Cinnamomum camphora (Linnaeus) J. Presl in Berch-
told & J. Presl

E E/I/L A/B

Cyclobalanopsis glauca (Thunberg) Oersted E I/L A/B

Cyclobalanopsis myrsinifolia (Blume) Oersted E I/L A

Daphniphyllum oldhamii (Hemsley) K. Rosenthal in En-
gler

E L A/B

Diospyros japonica Siebold & Zuccarini D E A/B

Elaeocarpus chinensis (Gardner & Champion) J. D.
Hooker ex Bentham

E E/I/L B

Elaeocarpus glabripetalus Merrill E E/I/L B

Elaeocarpus japonicus Siebold & Zuccarini E I/L B

Idesia polycarpa Maximowicz D E/I B

Koelreuteria bipinnata Franch. D E A

Liquidambar formosana Hance D I A

Lithocarpus glaber (Thunb.) Nakai E I/L A/B

Machilus grijsii Hance E I/L B

Machilus leptophylla Handel-Mazzetti E I/L B

Machilus thunbergii Siebold & Zuccarini E I/L B

Manglietia fordiana Oliver E I/L B

Melia azedarach Linnaeus D E A

Meliosma �exuosa Pampanini D E/I B

Nyssa sinensis Oliver D E A

Phoebe bournei (Hemsley) Yen C. Yang E I/L B

Quercus acutissima Carruthers D E A

Quercus fabri Hance D E A

Quercus phillyreoides A. Gray D E/I/L B

Quercus serrata Murray D E A

Rhus chinensis Mill. D E A

Sapindus mukorossi Gaertn D E A

Schima superba Gardn. et Champ. E E/I/L A/B

Triadica cochinchinensis Loureiro D E A

Triadica sebifera (L.) Small D E A

Three overlapping sets of 16 species were randomly selected at each site. With each of
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these sets, a 16-species community was constructed and randomly divided into two non-
overlapping 8-species communities and so on. This so-called `broken stick design' assures
that all species are equally represented at each diversity level and a maximal independence
of replicates with respect to composition (Bell et al., 2009).
In addition, monoculture plots of each species were included at every site (24 species

growing in monocultures, per site). In total, there were 138 unique communities replicated
1�5 times in a total of 386 plots (Table 1.2). Further details of the design are shown in
Bruelheide et al. (2014).
Because of the low establishment success of certain species (Yang et al., 2013), replant-

ing of trees was conducted in early spring of 2010-2012 in both sites to replace dead
saplings. Further details of the establishment of the BEF-China experiment are given in
Yang et al. (2013).

1.2.2 Tree size and survival

Because of the large number of plots, our sampling area in each plot (hereafter core area)
was restricted to the 16 central planting positions. From 2009 to 2013, at the end of
summer or early autumn, we recorded the species, whether the tree was alive or dead,
stem diameter at 5 cm above ground (hereafter basal diameter or BD) and height of all
individuals in the core area. In the last census (2012 for site A, 2013 for site B) we
recorded whether any position in the core area had been replanted with a new sapling,
which later allowed us to estimate mortality rates and stand growth components (see
below). In total, each site was surveyed four times.
For each plot we calculated the plot abundance as the number of living trees in the

core area. In addition, for the last interval (from the third to the fourth inventory) we
calculated the mortality rate as the proportion of trees that survived from one census to
the next.
For each tree we calculated the stem basal area as π(BD/2)2 and a stem volume indicator

as stem basal area×height. Stand basal area (SBA) and stand volume were estimated as
the sum of the individual trees' basal area (m2 ha−1) and volume (m3 ha−1), respectively.

Table 1.2: Number of plots per species richness level, community composition and replicates
per each unique community composition in the BEF-China Experiment (sites A and B).

Species richness Community
composition

Replicates per
community

Total number of plots

1 40 1�5 176

2 48 1�5 112

4 24 1�5 56

8 12 1�5 28

16 6 1�5 14

12



1.2 Methods

Stand basal area increment (∆SBA) and volume increment (∆Vol) were calculated as the
increase of stand basal area or stand volume from one census to the next (m2 ha−1 yr−1

and m3 ha−1 yr−1, respectively).
Since allometric equations for young trees are not available and may depend on diversity,

we used SBA and stand volume as proxies of aboveground biomass, and ∆SBA and ∆Vol
as proxies of yearly aboveground biomass increment, respectively.
To estimate the components of stand growth (survivor growth, recruitment growth and

mortality growth) we selected all trees that were alive in the third census and whose
planting positions were monitored in the fourth census. Survival growth was estimated as
the sum of basal area of all trees that were alive in both census; mortality growth as the
sum of basal area of all trees that died during the interval; and recruitment growth as the
sum of basal area of all trees that were replanted in the fourth census (in the experiment
recruitment is actually caused only by replanting new saplings).

1.2.3 Topographic variables, functional diversity and phylogenetic diversity

Slope inclination and aspect, elevation, latitude and longitude, were obtained from a 5 m
digital elevation model (DEM), calculated by ordinary kriging with a nested variogram
based on a �eld campaign dataset (with own di�erential GPS measurements) (Yang et al.,
2013).
To calculate functional diversity sensu Petchey & Gaston (2006) we selected a set of

growth-related species traits. Leaf seasonality (evergreen vs. deciduous), speci�c leaf
area (SLA), leaf dry matter content (LDMC), leaf carbon to nitrogen ratio (C:N), and
the typical maximum height reached by mature individuals of the species. Data were
recorded on individuals sampled in the experimental plots (SLA, LDMC and C:N), or
obtained from published literature (Editorial Committee for Flora Reipublicae Popularis
Sinicae, 2004). All traits were normalized to zero mean and unit variance; all missing
values were set to zero. We generated trait dendograms for these traits, and calculated
the total branch length of species occurring in a plot (Baru�ol et al., 2013).
We calculated PD based on published sequence information and methods in Baru�ol

et al. (2013). Using a maximum likelihood (ML) method we generated a phylogenetic tree
including 40 species present in our experiment. Phylogenetic diversity was then calculated
as total branch length de�ned by the subset of species occurring in a plot.

1.2.4 Overyielding and diversity e�ects

To asses non-transgressive overyielding we calculated relative yield totals (RYT). The
relative yield (RY) of species is its yield in a mixture as a proportion of its yield in
monoculture, and the RYT of a mixture is simply the sum of all relative yields of all
component species (Harper et al., 1977). Overyielding occurs if RYT>1. To assess trans-
gressive overyielding we calculated the deviation (D) of the mixture yield from the yield
of its most productive component monoculture (the di�erence between the observed �eld
of a mixture and the monoculture yield of its most productive component species, divided
by the monoculture yield). Transgressive overyielding occurs if D>1.
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Net diversity e�ect, selection e�ect and complementarity e�ect were calculated following
Loreau & Hector (2001). For each species we calculated the monoculture SBA and ∆SBA
as the average of the 2�5 monoculture plots per species. If a species was missing in
monoculture (i.e. it failed to establish or was not planted), the e�ects could not be
calculated. Thus, all communities containing the missing species were excluded.

1.2.5 Statistical analysis

To test for species richness e�ects, we analyzed stand basal area (SBA), stand basal area
increment (∆SBA), net diversity e�ect (NE), selection e�ect (SE), complementarity e�ect
(CE), and the components of stand growth (survival, recruitment and mortality growth)
by �tting linear mixed-e�ect models. Species richness and site were �xed terms and
community composition, the random term. Preliminary analysis showed that the species
set used to construct each of the 16-species communities did neither a�ect SBA (Year 1:
P=0.11; Years 2�4: P>0.33) nor ∆SBA (P>0.32 for all years) in any year. Thus, we did
not include this term in our models. In the analysis of NE, CE and SE, outliers (±4 SD)
were removed prior to the analysis. All calculations and analysis were performed using R
Statistical Software (R Core Team, 2015) and the asreml package for mixed-e�ect models
(VSN International, Hemel Hempstead, UK). Means are reported with their standard
deviations.
To shed light into the factors in�uencing the BEF relationship we tested for the e�ect

of spatial heterogeneity, species identity, functional diversity (FD) and phylogenetic di-
versity (PD) on SBA and ∆SBA. To test the e�ect of spatial heterogeneity, we added
slope inclination, slope aspect (northness and eastness), altitude, latitude and longitude
as covariates to our model (after the species richness term). Prior to the analysis, all
topographic variables were normalized to zero mean and unit variance. Next, in order
to identify the species that may be driving the BEF relationship we added a species
presence-absence contrast after the species richness term in our model. We �tted the
model for each species and selected the species explaining most variance. Next, we added
the selected species term to the model and repeated the procedure with the remaining
species until we selected the three species explaining most variance. Likewise, e�ects of
FD and PD were tested after adjusting for e�ects of species richness (FD or PD �tter
after species richness).
To asses the e�ect of species richness on tree abundance and mortality rate we �tted

generalized linear models with a logit link and a complementarity log-log link, respectively.
In both cases we accounted for overdispersion, if necessary. For the mortality rate model
we calculated the number of days between two census, log-transformed and used it as
`o�set' variable (Egli & Schmid, 2001).

1.3 Results

In total, we measured 4715�5075 living trees every year. Tree basal diameter increased
from 0.4 ± 0.4 cm in the �rst census to 2.6 ± 2.0 cm in the fourth census. In the same
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period, height increased from 31 ± 28 cm to 168 ± 122 cm. In the last interval, the species
with the largest mean basal diameter increase were Elaeocarpus japonicus, Elaeocarpus
glabripetalus and Choerospondias axillaris ; the species with the lowest mean basal diam-
eter increase were Machilus leptophylla, Celtis biondii, and Machilus grijsii.
At the plot level, we observed a 37�fold increase in the mean SBA from the �rst to the

fourth census (Year 1: 0.09 ± 0.15 m2 ha−1; Year 4: 3.38 ± 3.30 m2 ha−1), while ∆SBA
increased from 0.59 ± 0.87 m2 ha−1 yr−1 to 1.68 ± 1.60 m2 ha−1 yr−1 in the same time in-
terval.

1.3.1 E�ect of species richness on tree abundance, SBA and ∆SBA

In our 4-year study period, the mean number of living individuals in the core area varied
between 10.8 and 11.1 among years. Tree abundance was not a�ected by species richness in
any year (P>0.30). From the �rst to the third year, tree abundance di�ered between sites
(Year 1: F1,160.93=71.63, P<0.001; Year 2: F1,9.58=3.94, P<0.05; Year 3: F1,17.95=7.94,
P<0.01).
During our study period, SBA was not a�ected by species richness (P>0.12 for all

years). In the �rst year, SBA di�ered between sites (F1,332.4=26.02 , P<0.001). From the
�rst to the third year, the highest SBA values were clearly achieved by monoculture plots
(Fig. 1.1).
In the �rst two census intervals, ∆SBA did not vary with species richness. In the last

interval (year 3�year 4), ∆SBA increased with species richness (F1,119=5.76 , P<0.05;
Fig. 1.1) and it di�ered signi�cantly between sites (F1,319=4.15 , P<0.05).
Because results of volume and ∆Vol were similar to the ones of SBA and ∆SBA, we

report here only the results of SBA and ∆SBA.

1.3.2 Overyielding and transgressive overyielding

The annual proportion of plots overyielding and transgressively overyielding varied be-
tween 21�64% and 0-32%, respectively (Table 1.3). Among diversity treatments, 16-
species plots showed the lowest proportion of overyielding, whereas 2-species mixtures
showed the highest proportion of transgressive overyielding.

1.3.3 Topographic covariates

SBA was a�ected by altitude, longitude and slope in the �rst year, the third year, and
from the second to the fourth year (altitude: F1,307.1=8.32, P<0.01 in year 1; longitude:
F1,343=6.10, P<0.05 in year 3; slope: F1,290.9=4.91, P<0.05 in year 1; F1,316.5=6.94, P<0.01
in year 2; F1,313.2=5.084, P<0.05 in year 3).
In the �rst census interval, ∆SBA was a�ected by longitude (F1,311.7=4.01, P<0.05).

In the second census interval, ∆SBA was a�ected by slope (F1,328.6=6.93, P<0.01) and
longitude (F1,316.7=8.24, P<0.01).

15



1 Chapter 1

Year 1

0.0

2.5

5.0

7.5

10.0

1
2

4
8

16
Tree species richness

Stand basal area (m2/ha)
(a)

Year 2

0.0

2.5

5.0

7.5

10.0

1
2

4
8

16
Tree species richness

Stand basal area (m2/ha)

(b)

Year 3

0 5 10 15 20

1
2

4
8

16
Tree species richness

Stand basal area (m2/ha)

(c)

Year 4

0 5 10 15 20

1
2

4
8

16
Tree species richness

Stand basal area (m2/ha)

(d)

Year 1 to Year 2

0 2 4 6 8

1
2

4
8

16
Tree species richness

∆SBA (m2/ha)

(e)

Year 2 to Year 3 

0 2 4 6 8

1
2

4
8

16
Tree species richness

∆SBA (m2/ha)
(f)

Year 3 to Year 4

0 2 4 6 8

1
2

4
8

16
Tree species richness

∆SBA (m2/ha)

(g)

F
ig
u
r
e
1
.1
:
SB

A
(a-d)

and
∆
SB

A
(e�g)

as
a
function

of
sp
ecies

richness,
calculated

for
each

census
interval

separately.
T
he

p
os-

itive
e�
ect

of
richness

on
∆
SB

A
b
ecam

e
signi�cant

in
the

last
census

interval.
G
rey

dots
indicate

values
for

individual
plots;

op
en

circles,
plots

containing
C
h
oero

spo
n
d
ia
s
a
xilla

ris;
crosses,

plots
containing

S
ch
im

a
su
perba.

B
lack

circles
and

lines
show

predicted
values

of
the

statistical
m
odels

(see
m
ethods).

16
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Table 1.3: Non-transgressive and transgressive overyielding per species richness level and year
(since the establishment of the experiment) for stand basal area (SBA) and its increment
(∆SBA). Columns show the percentage of plots that show (transgressive) overyielding and
the number of plots (in parenthesis).

Year Species richness Non-transgressive overyielding Transgressive overyielding

SBA ∆SBA SBA ∆SBA

1 2 55.79 (53) 45.26 (43) 30.36 (34) 27.68 (31)

4 45.45 (25) 38.18 (21) 16.07 ( 9) 8.93 ( 5)

8 42.86 (12) 35.71 (10) 0.00 ( 0) 3.57 ( 1)

16 42.86 ( 6) 28.57 ( 4) 7.14 ( 1) 0.00 ( 0)

2 2 44.21 (42) 36.84 (35) 27.68 (31) 32.14 (36)

4 42.86 (24) 28.57 (16) 7.14 (4) 12.50 ( 7)

8 46.43 (13) 42.86 (12) 0.00 (0) 3.57 ( 1)

16 35.71 ( 5) 42.86 (6) 0.00 (0) 0.00 (0)

3 2 37.90 (36) 45.26 (43) 29.46 (33) 41.07 (46)

4 41.07 (23) 46.43 (26) 7.14 (4) 23.21 (13)

8 57.14 (16) 57.14 (16) 3.57 (1) 14.28 ( 4)

16 21.43 ( 3) 71.43 (10) 0.00 (0) 28.57 ( 4)

4 2 36.84 (35) 32.14 (36)

4 37.50 (21) 10.71 ( 6)

8 64.28 (18) 7.14 ( 2)

16 42.86 ( 6) 0.00 ( 0)

1.3.4 Species identity

The presence of C. axillaris, Quercus serrata, Cyclobalanopsis myrsinifolia, E. glabripetalus,
and Castanopsis eyrei a�ected SBA. Similarly, the presence of C. axillaris, Q. serrata,
Schima superba, E. glabripetalus, and Castanopsis eyrei a�ected ∆SBA.
SBA and ∆SBA increased with species richness in plots containing individuals of Q.

serrata, C. myrsinifolia and C. eyrei (data not shown). In contrast, SBA and ∆SBA
decreased with species richness in plots containing E. glabripetalus and S. superba. Plots
with C. axillaris showed a similar pattern until the last year, when ∆SBA was higher in
the 16-species plots.

1.3.5 Phylogenetic and functional diversity

Neither FD nor PD could explain any additional variance for SBA or ∆SBA in any year
(P>0.16 when �tted after the species richness term).
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Figure 1.2: Components of stand growth as a function of species richness. Survival growth
(a), mortality growth (b) and recruitment growth (c) in the last year interval. Survival
growth increased signi�cantly with richness. Grey dots indicate values for individual plots;
black circles and lines show predicted values of the statistical models (see methods).

1.3.6 Selection and complementarity e�ect

For ∆SBA, NE increased with increasing species richness in the last two intervals (year
2�year 3: F1,66.6=5.09, P<0.05; year 3�year 4: F1,64.1=6.73, P<0.05); only in the last inter-
val, its grand mean (across all species richness levels) was di�erent from zero (F1,60.0=6.29,
P<0.05).
In the last two intervals, the average SE was larger than zero (Year 2�Year 3: F1,53.3=6.31,

P<0.05; Year 3�Year 4: F1,46.0=4.74, P<0.05) but it was not a�ected by species richness
(P>0.36 in both intervals).
In contrast, CE values in the �rst interval were on average negative (F1,51.8=5.31,

P<0.05) and decreased with species richness (F1,51.4=6.74, P<0.05). In the second in-
terval, CE on average was still negative (F1,62.4=9.58, P<0.01) but did not change with
species richness (P>0.77). In the third interval, CE increased with increasing species
richness but the e�ect was only marginally signi�cant (F1,60.2=3.19, P<0.10), and CE's
grand mean was not signi�cantly di�erent from zero (F1,59.5=3.22, P<0.10).

1.3.7 Components of stand growth and mortality rate in the last interval

In the last year the average survival growth was 1.79 ± 1.70 m2 ha−1 yr−1 and increased
with species richness (F1,116.2=4.50, P<0.05). The average mortality and recruitment
growth were 0.04 ± 0.07 m2 ha−1 yr−1 and 0.01 ± 0.03 m2 ha−1 yr−1, respectively. None of
them was a�ected by species richness (Fig. 1.2).
Plots in site B had on average a higher survival growth and recruitment than plots in site

A (survival growth: F1,298.2=4.03; recruitment growth: F1,49.1=6.41, P<0.05). Mortality
rate (in the last year) was not a�ected by species richness (P>0.05).
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1.4 Discussion

We found that stand growth increases with species richness in young experimental stands.
To our knowledge, our study is the �rst one to detect this relationship in the subtropics,
using a large diversity gradient (from one to 16 species) and multiple replicates for each
species richness level. The e�ect of species richness became evident in the fourth year
after the establishment of the experiment, when ∆SBA was on average 1.8 times larger in
the most diverse plots (16 species mixtures) than in the monocultures. At the same time,
ca. 40% and 20% of our plots showed non-transgressive and transgressive overyielding,
respectively. The observed overyielding rate is lower than values observed in grassland
experiments (e.g. 40-50% in Roscher et al., 2005). However, the result suggests that
resource partitioning, facilitation or other mechanisms, e.g. reduction of natural enemy
impacts, are occurring in our mixtures.

1.4.1 E�ect of richness on stand productivity

In contrast to results from previous tree BEF experiments, the e�ect of species richness
was linear at plot level. In the Sardinilla experiment in Panama, for example, tree growth
in mixtures was higher than in monocultures but it was not a�ected by the number of
species in the mixtures. Potvin & Gotelli (2008) suggested that the species richness of
local neighborhoods (i.e. heterospeci�c vs conspeci�c individuals) is more relevant to tree
growth than species richness at stand level.
In comparison to the biodiversity e�ects in natural or semi-natural forests, the e�ect

size of diversity in our experiment is small (normalized e�ect size Zr=0.22). As an ex-
ample, in a comparative study in a nearby forest, Baru�ol et al. (2013) observed a 62%
increase in stand growth when increasing species richness from 10 to 20 (after adjusting
for successional age), and the normalized e�ect sizes Zr varied between 0.44�0.81. How-
ever, since the stands in our study site are still very young and many of them have not
reached yet canopy closure, we expect to see more intra- and interspeci�c interactions and
a larger richness e�ect in the next years.

1.4.2 Other factors a�ecting stand productivity

Environmental variables can play a major role in tree experiments, specially in hetero-
geneous and hilly landscapes like ours. In the Sardinilla experiment, for example, topo-
graphic traits, such as slope, absence of ditches and elevation, can explain as much as
or more variability in stand growth than species richness (Healy et al., 2008). In our
site, trees growing in south-facing slopes showed a higher growth than those growing in
north-facing slopes (Li et al., 2014). Contrary to our expectations, the topographic e�ect
on tree individual growth was not translated into an e�ect at stand level, and no single
topographic variable a�ected stand productivity in all years. These results are, however,
consistent with those of Baru�ol et al. (2013) who found that topographic covariates
explained less than 1% in the variability of stand growth in a nearby forest.
The presence of certain species can enhance or diminish the productivity of a community
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and thus a�ect the BEF relationship. For example, in the Sardinilla experiment, the pres-
ence of Cedrela odorata, a productive timber species, and Anacardium excelsum, a species
that allocates a large proportion of its biomass to branches, are associated with high and
low productivity (along all the diversity treatments), respectively (Healy et al., 2008).
Here, we found that six species could explain the variability in the relationship between
species richness and stand productivity: Castanopsis eyri, Quercus serrata, Cyclobalanop-
sis myrsinifolia, Choerospondias axillaris, Elaeocarpus glabripetalus, and Schima superba.
Plots where any of �rst three species was present, showed an increase in stand productiv-
ity with species richness. Individual growth of these species was poor in our study site (Li
et al., 2014), and two of them, C. eyri and C. myrsinifolia are evergreen, late-successional
and shade-tolerant species (Yang et al., 2013; Cheng et al., 2014), whose low performance
is probably due to the high light availability in our sites that were clear cut just before the
experiment establishment. We hypothesize that the impact of these unproductive species
is proportional to its abundance, i.e. the more diverse a plot is, the less frequent this
species occurs and its negative impact is attenuated by the presence of more productive
species.
On the other hand, C. axillaris, E. glabripetalus and S. superba are very productive

species that showed a high individual growth (Li et al., 2014) and a high stand basal area
when growing in monocultures (data not shown). In the case of S. superba, high tem-
peratures and light intensity can enhance photosynthesis rates in saplings (Guchou et al.,
2007). Thus, this sun-adapted species probably bene�ted from the rich light conditions
in our study site. Likewise, C. axillaris is a light-demanding species that shows a high
survival and growth rate in open areas (Pakkad et al., 2003). Although E. glabripetalus is
an evergreen species typical of late successional stages (Böhnke & Bruelheide, 2013; Xi-
ang et al., 2013), it can grow in early and intermediate stages too (M. Yu, pers. comm.).
Overall, plots with any of these species showed a negative relationship between species
richness and stand productivity. A possible explanation is the higher relative abundance
and resulting higher summed basal area of these species in low diversity plots.
Interestingly, in the last census interval the relation between species richness and stand

productivity in plots with C. axillaris changed from negative to positive. In this case,
we hypothesize that the intraspeci�c competition became so high in monocultures that
individual growth was diminished, while individuals growing in mixtures bene�ted from
the reduced intraspeci�c competition. In our study site, individual growth decreased with
increasing size of the neighboring trees (Li et al., 2014). An analysis at individual level
could determine if the higher individual growth rates of C. axillaris were achieved at the
expenses of less productive species or not.
Contrary to our expectations, the addition of functional diversity as covariates in our

model did not explained more variance in the stand growth in the last census interval.
This result may be explained by the fact that most of the species we used can be naturally
found in early successional forests. Therefore, since our experiment was not designed to
manipulate functional diversity, it is quite likely that these species share similar functional
traits and that the gradient of functional diversity within each species richness level is too
narrow to explain any variance. Another possible reason is the misidenti�cation of the
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relevant functional traits. Indeed, functional traits vastly changed during succession in a
Neotropical forest (Lasky et al., 2014).

1.4.3 Selection and complementarity e�ects

Through our study period we observed that the complementarity e�ect changed from
having a negative overall mean and a negative relationship with species richness to hav-
ing (marginally signi�cant) positive ones. This result suggests that positive interspeci�c
interactions are driving the diversity e�ect on stand growth in the last interval. This is
an unexpected result because our species identity analysis suggests a `sampling' or selec-
tion e�ect, where highly productive species dominate the mixtures. It is important to
consider that the selection and complementarity e�ects are statistically de�ned processes
and do not correspond to any ecological mechanism, e.g. resource partitioning, facilita-
tion or interspeci�c competition. In addition, although this method has been successfully
used to analyze long-term grassland experiments, it might not be appropriate for young
tree experiments, like ours. Grassland experiments are usually long-term and allow dras-
tic changes in species relative-abundance (Petchey, 2003). In contrast, the mean tree
abundance and species composition in plots in our site have remained relatively constant
among years. Thus, analysis of tree demographics and performance would be probably
more helpful to explain the mechanisms underlying the e�ect of richness at stand level.

1.4.4 Components of stand growth

An objective of this study was to determine which component of stand growth was a�ected
by species richness. We found that the survival growth was by far the largest component
and the only one that increased with species richness. In contrast, the loss and gain of
stand basal area due to mortality and recruitment, respectively, were similar among all
levels of species richness. These result match those observed in the Sardinilla experiment,
where tree diversity enhanced the stand basal area by an increase in individual growth
whereas mortality remained constant in young forest stands (Potvin & Gotelli, 2008).
Although mortality rates are not a�ected by species richness and its e�ect on stand
growth is minimal, in certain monocultures stands, as the ones of C. axillaris, the high
intra-speci�c competition seems to be slowing down the individual growth. We suggest
that in the next years, increasing competition (either intra- or interspeci�c) will lead to
self-thinning and consequently mortality will play a more important role in shaping the
BEF relationship.

1.4.5 Conclusions

Overall, our study shows a positive e�ect of diversity on stand basal area of subtropical
tree communities already during the initial stages of stand development. In this phase,
the diversity e�ects seem largely driven by the successful establishment of a fast-growing
species, C. axillaris. Our results suggest that the intraspeci�c competition is so high in
monocultures of this species that individual growth is diminished.
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Our �ndings are relevant for forestry policies in China, where national reforestation and
a�orestation programs have contributed to the increase of carbon storage and sequestra-
tion in the past three decades (Xu et al., 2010; Shi et al., 2011). However, most of these
programs are concentrated on monocultures. Thus, we consider that managing for forest
diversity will be an important mitigation e�ort to e�ectively increase carbon storage.
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2 Tree diversity enhances stem growth but not leaf

production in a large-scale �eld experiment in

subtropical China

Nadia Castro Izaguirre, David Emmerth, Zhenkai Sun, Keping Ma, Pascal A. Niklaus and
Bernhard Schmid

Abstract

Wood production increases with tree species richness, but whether leaf production shows
the same pattern is not clear yet. Leaf production is an important component of primary
productivity in early stages of forest succession. During stand initiation light availability
decreases, and trees can potentially adjust their leaf production, leaf size and branching
patterns to those changes in light regime. Here, we investigated the e�ect of species
on individual growth, both in the wood and leaf fraction. With the assumption that
light conditions vary with species richness and that trees can adjust their leaf fraction to
changes in light regime, we hypothesize that trees growing in mixtures would show not
only larger stems but also higher leaf production.
In a 2-year study period we monitored tree basal area, leaf production, leaf size, and

branching patterns of ca. 700 trees in a experimental site in subtropical China. The
experiment consisted of 62 plots, each containing 400 planted saplings and from one to
16 species. Leaf production was assessed using three proxies: the total number of leaves
in each tree, leaf emergence and leaf mortality rates of marked cohorts.
At the end of the study period, trees growing in mixtures had larger basal area and

longer leaves. In contrast, species richness had no e�ect on leaf emergence rate, leaf
mortality rate, the total number of leaves, or branching rate. The e�ects of species
richness were particularly observed in Choroespondias axillaris, a fast-growing species
with compound leaves.
Overall, our study demonstrates that species richness enhances stem growth but not

leaf production during stand development. At this stage, the diversity�growth relation
is mainly driven by C. axillaris, which suggests the predominance of selection e�ects.
The uncoupled response of leaf and woody components suggests that the complementary
use of the canopy space through light partitioning is not a (main) driver of increased
productivity at higher species richness.
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2.1 Introduction

Several studies have shown that stand wood production increases with tree species rich-
ness (Vilà et al., 2007; Paquette & Messier, 2011; Gamfeldt et al., 2013; Baru�ol et al.,
2013). In contrast, few studies have investigated the relationship between species rich-
ness and leaf production (but see Jacob et al., 2010; Seidel et al., 2013), particularly in
young stands. Given the increase in secondary forests and plantations, and their role in
carbon sequestration (FAO, 2010), it is relevant to understand the e�ect of diversity on
productivity in the early stages of stand development.
Although wood production is the most visible component of tree growth, leaf production

is also an important component. Early in succession (< 20 years), net primary produc-
tivity is dominated by leaf litter production rather than by wood production (Guariguata
& Ostertag, 2001). In addition, leaves are functionally important because they intercept
light and assimilate carbon through photosynthesis. Studies on secondary succession have
shown that as stand basal and leaf area increase during succession, less light reaches the
forest �oor (Selaya et al., 2008) and competitive interactions for light become more im-
portant than environmental �ltering (Lohbeck et al., 2014). It is expected therefore that
any increase of tree biomass with increasing species richness may be linked to changes in
the light regime and the canopy fraction in young stands.
To respond to changes in light regime trees can adjust their biomass allocation to

shoots, their leaf morphology, and their branching patterns. At low irradiance woody
plants, both sun- and shade-tolerant species, allocate more biomass to the leaf fraction
to maximize light capture (Poorter et al., 2012). Similarly, leaf turnover responds to
light conditions; evergreen rainforest species, irrespective of their native habitat i.e. late
primary or early secondary successional communities, had a longer lifespan when grown
in shaded environments (Reich et al., 2004). Furthermore, high leaf turnover rates are
typical of short-lived pioneer species that dominate early secondary successional forest
communities (Selaya et al., 2008).
Leaf size is another important trait that can a�ect self-shading and consequently whole-

plant light capture (Falster & Westoby, 2003). In tropical forests, although leaf size
plasticity is limited, sun trees have smaller leaves than conspeci�c shade ones, probably
to prevent leaf overheating (Rozendaal et al., 2006; Poorter & Rozendaal, 2008).
An additional mechanism for dealing with a change in light conditions is through mod-

i�cations in branching patterns, which in�uence the packing and exposure of leaves (Ni-
inemets, 2010). An increase in light availability may increase branching rate (i.e. the
number of branches per unit mother shoot) resulting in a denser `multilayer canopy' (Ni-
inemets, 2010, and references therein).
In a previous study we found that stand wood production increased with tree species

richness, whereas mortality and tree abundance remained constant in a 4-years old biodiversity-
ecosystem functioning experiment in subtropical China (BEF-China, www.bef-china.de)
(Chapter 1). Here we tested the e�ect of species richness on the leaf fraction in year three
and four after the experiment was established. With the assumption that light conditions
vary with diversity, we hypothesize that trees growing in mixtures will show not only a
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larger stem size, but also a larger leaf production, smaller leaves and a higher branching
rate. Furthermore, we expect to observe a gradual emergence of the species e�ect as
stands develops during our 2-years study period.

2.2 Methods

2.2.1 Study site and experimental design

We studied the response on tree growth of tree species richness in a large-scale diversity
experiment in subtropical China, the BEF-China project (www.bef-china.de), during two
growing seasons in 2011 and 2012. The experiment was established in 2009 near Xingan-
shan Township, Jiangxi Province, south-east China (29.09 ◦N, 117.92 ◦E), with 512 1-mu
(25.8 m × 25.8 m in horizontal projection) plots, spanning a tree diversity gradient of 1
to 24 native broad-leaved species. The climate is subtropical monsoon, with a mean an-
nual air temperature and precipitation of 16.7 ◦C and 1821 mm, respectively (Yang et al.,
2013). The natural vegetation include evergreen broad-leaved forests, characterized by a
high tree and shrub species richness (Wang et al., 2007). (For a detailed description of
the experimental design see Bruelheide et al., 2014).
The current study focused on a subset of 62 plots planted with 1, 2, 4, 8 or 16 native

deciduous and evergreen broad-leaved tree species (see Table 2.1 for the tree species iden-
tities). In each plot, 400 tree saplings were planted in a regular grid with 1.29 m distance
between individuals. Communities were built following a `broken stick design'. Speci�-
cally, a 16-species community was randomly divided into two non-overlapping 8-species
communities, which were similarly divided into two non-overlapping 4 species commu-
nities. The process was repeated to obtain 2 species communities and monocultures.
This design ensures that all species are equally represented at each diversity level and a
maximal independence of replicates with respect to composition (Bell et al., 2009). We
included 31 unique community compositions in our study and each species composition
was replicated in two plots. Because of the low establishment success of certain species,
e.g. Castanopsis eyrei, Cyclobalanopsis myrsinifolia, dead saplings were replaced with
saplings of equal size in early spring of 2010�2012 (see Yang et al., 2013, for details of the
establishment of the BEF-China experiment).
In 2011 and 2012 we measured stem, leaf and branch traits (Table 2.2) to assess above-

ground tree growth for the 16 central tree planting positions (core area) of each plot.
Trees that were replanted in 2011 and 2012 or that died in the course of our study were
excluded from all analysis.

2.2.2 Stem size

In early spring and late summer of 2011 and 2012 (i.e. start and end of the growing
season) we recorded species identity and measured stem diameter at 5 cm above ground
(hereafter basal diameter or BD) of all individuals in the core area. We calculated the
stem basal area as π(BD/2)2 in each census (i.e. spring 2011, summer 2011, spring 2012,
summer 2012) for each tree.
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Table 2.1: Tree species planted in the BEF-China experiment. Species names follow nomen-
clature in eFloras (2008). Leaf habit: D deciduous, E evergreen. Successional stage (as in
Yang et al., 2013): E early, I intermediate, L late.

Species Leaf habit Successional
stage

Castanea henryi (Skan) Rehd. et Wils. D E

Castanopsis eyrei (Champion ex Bentham) Tutcher E L

Castanopsis sclerophylla (Lindley & Paxton) Schottky E E/I/L

Choerospondias axillaris (Roxb.) Burtt et Hill D E

Cyclobalanopsis glauca (Thunberg) Oersted E I/L

Cyclobalanopsis myrsinifolia (Blume) Oersted E I/L

Koelreuteria bipinnata Franch. D E

Liquidambar formosana Hance D I

Lithocarpus glaber (Thunb.) Nakai E I/L

Nyssa sinensis Oliver D E

Quercus fabri Hance D E

Quercus serrata Murray D E

Rhus chinensis Mill. D E

Sapindus mukorossi Gaertn D E

Schima superba Gardn. et Champ. E E/I/L

Triadica sebifera (L.) Small D E

2.2.3 Leaf production

Leaf production is usually estimated by a combination of harvest-based allometric equa-
tions and liter collection methods. In our study the challenge was �rstly the lack of
allometric equations for the size range of the trees. The second challenge was the unsuit-
ability of litter traps for forests in which the crown bases are in such close proximity to
the ground level. We therefore used a combination of alternatives methods to estimate
leaf production.
In the late summer of 2011 and 2012, we counted the number of leaves in 1�5 branches,

so that it added up to nearly 150 leaves. Using this value as a reference, we did a
visual estimation of the total leaf number for the tree, which we used as a proxy for leaf
production.
To assess increases (leaf emergence rate) and reductions (mortality rate) in leaf pro-

duction we tracked marked leaf cohorts on the tree individuals in the core area during
2011 and 2012. We randomly selected one midcrown branch per individual in May 2011,
counted the leaves and marked the base and the tip of the branch with colored wire (above
the newest leaf). In August 2011 we counted the number of dead and new leaves.
In April 2012 again we selected one branch per individual and followed the same method-

ology as in 2011. Plots were revisited multiple times, every 12�173 days until May 2013
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Table 2.2: List of parameters measured in this study. Parameters are related to stem size,
leaf production, leaf size and branching pattern. Columns show their de�nition and how
many times they were measured in 2011 and 2012.

Variable De�nition Measuring frequency

Stem size

Basal area Basal area (at 5 cm above
ground)

Early spring and late summer
2011 and 2012 (4 times)

Leaf production

Total number of leaves Number of leaves in each tree
at the end of summer

Late summer 2011 and 2012
(2 times)

Leaf emergence rate Number of new leaves by
number of leaves in previous
cohort

Late summer 2011 (1 time)

Early spring 2012 to early
spring 2013 (6 times)

Leaf mortality Number of dead leaves by
number of surviving leaves at
the beginning of the interval

Late summer 2011 (1 time)

Early spring 2012 to early
spring 2013 (6 times)

Leaf size

Leaf length Length from the petiole at-
tachment to the tip of the leaf

Late summmer 2011 and 2012
(2 times)

Branching pattern

Branching rate Number of sidebranches per
number of leaves in cohort

Late summer 2011 and 2012
(2 times)
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(a total of 389 days). At each visit, we counted the number of dead and new leaves since
the previous census, and remarked the branches at the tip. This was done in order to
de�ne cohorts, i.e. all leaves that emerged during each census interval, and assess how
age or time of emergence in�uenced demographic rates.
Leaf emergence rate was estimated for each branch and interval as the number of new

leaves produced at the end of the interval divided by the number of leaves in the previous
cohort and the duration (in days) of the interval. New leaves were assumed to have
emerged at the midpoint of the interval prior to the observation.
Leaf mortality rate was estimated for each cohort and census interval by dividing the

number of dead leaves in each interval by the number of surviving leaves at the beginning
of each interval. In 2011 therefore we recorded only one measurement for each tree,
whereas in 2012 we recorded 4 or 6 measurements for deciduous and evergreen trees,
respectively.

2.2.4 Leaf size

In the late summer of 2011 and 2012, we randomly selected one of the newly emerged
leaves and measured its length from the petiole attachment to the tip of the leaf (single
leaves) or to the most distant lea�et (pinnate leaves).

2.2.5 Branching pattern

In 2012 we assessed branching patterns by counting the number of new branches emerging
from each cohort (side-branches) during each plot visit. Only side branches with fully
expanded leaves were considered. Branching rate refers to the highest number of side
branches of a given cohort (at any time interval) by the initial number of leaves in same
cohort.

2.2.6 Statistical analysis

To test the e�ect of richness on stem size, leaf production, leaf size, and branching patterns
we used linear and generalized linear mixed-e�ect models (GLMMs). We included as
random terms community composition, plot and their interactions. Since interspeci�c
di�erences in all traits were expected, species was included as a �xed term in all our
models. Species is a characteristic at individual or at plot level depending on whether
the tree is planted in a mixture or monoculture, respectively. To test the e�ect of species
at the correct level, we included a contrast term between monocultures and mixtures
(`monomix'), and two new species terms, `monospecies' and `mixspecies'. In monospecies,
all individuals growing in monocultures were referred to by species name, whereas all
individuals growing in mixtures were merged into a single category: `mix'. The opposite
was done for the mixspecies term. The �xed terms were then �tted in the following order:
monomix, monospecies, richness and mixspecies.
Basal area, total number of leaves, leaf emergence, leaf size, and branching rate were

analyzed using linear-mixed e�ect models. Data was transformed using a 0.25 exponent.
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Leaf mortality was modeled assuming a binomial error distribution and using a comple-
mentary log-log link function. Because leaf mortality is expected to increase with cohort
age and date of the growing season, cohort age and census date were included as �xed
terms. In addition to community composition and plot, random terms included tree and
cohort. The number of days between two censuses was log-transformed and used as an
`o�set variable' (Egli & Schmid, 2001). Given that cohort age and census date could
potentially mask or enhance the richness e�ect, both terms were �tted either before or
after the term richness.
All calculations and analysis were performed using R Statistical Software (R Core Team,

2015) and the asreml package for mixed-e�ect models (VSN International, Hemel Hemp-
stead, UK). Means are reported with their standard deviations.

2.3 Results

In total, we monitored 687 and 699 living trees in 2011 and 2012, respectively. One species,
Castanopsis eyrei, was excluded from the analysis because no surviving individuals was
present in the core area. Stem size and leaf length in 2012 increased with an increase in
species richness. In contrast, for all other measured traits, we found no statistical evidence
of an e�ect of species richness. As expected, all stem, leaf and branch traits varied among
species, grown both in monocultures and in mixtures.

2.3.1 Stem size

Mean basal area increased from 2.5 ± 4.0 cm2 in early spring 2011 to 9.7 ± 4.3 cm2 in
late summer 2012. In all four assessments, from early spring 2011 to late summer 2012,
tree basal area varied among species grown in monocultures (p<0.01, Table 2.3) and in
mixtures (p<0.001, Table 2.3). In spring 2011 the species with the largest mean basal
area were Choerospondias axillaris (10.97±6.97 cm2), Triadica sebifera (3.50±3.13 cm2)
and Nyssa sinensis (3.50±2.30 cm2); in summer 2012, C. axillaris (31.82±22.19 cm2), N.
sinensis (20.46±14.37 cm2) and Schima superba (15.62±11.88 cm2).
In spring 2011, richness did not a�ect basal area (Table 2.3). We observed a gradual

increase of basal area with increasing species richness in summer 2011 and spring 2012
(p<0.1, Table 2.3), with a signi�cant increase in basal area with increasing species richness
in summer 2012 (p<0.01, Table 2.3, Fig. 2.1).

2.3.2 Leaf production

Total number of leaves

At the end of the growing season, in summer 2011 and 2012, the total number of leaves var-
ied among species grown in monocultures (summer 2011: F12,19.2=3.08, P<0.05; summer
2012: F12,21.4=3.81, P<0.01) and in mixtures (summer 2011: F14,288.2=14.14, P<0.001;
summer 2012: F14,316.7=22.45, P<0.001). Species richness did not a�ect the total number
of leaves in any year during this study (summer 2011: F1,19.5=0.07, P>0.7; summer 2012:
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Figure 2.1: Tree basal area in summer 2011 (left) and summer 2012 (right) as function of tree
species richness. Tree basal area signi�cantly increased with richness in 2012. Closed circles
indicate values for C. axillaris individuals; open circles, values for all others. Line shows
predicted values of the statistical models (see methods). Error bars are standard errors.

F1,21.6=2.75, P>0.10). However, the interaction species identity and species richness was
signi�cant for the total number of leaves in summer 2012 (F14,236.1=1.85, P<0.05).

Leaf emergence rate

Leaf emergence varied among species grown in monocultures (F12,14.7=4.34, P<0.01) and
in mixtures (F14,89.1=2.88, P<0.01) during the summer of 2011. The highest mean leaf
emergence rate was measured for the species Quercus fabri, T. sebifera and Liquidambar

formosana; the species with the lowest measured mean leaf emergence rate were C. axil-
laris, Koelreuteria bipinnata and Rhus chinensis. Species richness had no observed e�ect
on leaf emergence (F1,15.5=3.10, P=0.099).
Leaf emergence rate did not show an e�ect of species richness from April 2012 to May

2013 (F1,55.3=0.06, P>0.05; Fig. 2.2) but the rate of leaf emergence varied among species
grown in monocultures (F14,10=2.78, P=0.054) and in mixtures (F14,3.9=5.31, P<0.01).
S. superba, Castanopsis sclerophylla and T. sebifera showed the greatest mean leaf emer-
gence; species with the lowest mean leaf emergence rate were Sapindus mukorossi, R.
chinensis and C. axillaris. Emergence rate decreased throughout the growing season
(linear date: F1,232.4=80.72, P<0.001; time as factor: (F5,220.9=10.96, P<0.001).

Leaf mortality

In the summer of 2011, leaf mortality varied among species grown in monocultures
(F12,21.7=3.0, P<0.05) and in mixtures (F14,146.8=2.8, P<0.01). The highest mortality
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Figure 2.2: Leaf emergence (left) and mortality (right) rate in 2012 as function of tree species
richness. Leaf emergence and mortality rates did not vary with species richness. Open cir-
cles indicate values of leaf emergence in summer or leaf mortality from spring 2012 to the
next year. Line shows predicted values of the statistical models (see methods). Error bars
are standard errors.

was observed on average in the species T. sebifera, C. sclerophylla and S. superba; the
lowest observed mean mortality corresponded to S. mukorossi, Q. fabri and Quercus ser-

rata. Species richness did not a�ect leaf mortality (F1,13.7=2.4, P=0.14).
From April 2012 to May 2013, leaf mortality was not a�ected by species richness

(F1,81.2=0.8, P=0.37, Fig. 2.2) but this varied among species grown in monocultures
(F14,36.3=3.7, P<0.001) and grown in mixtures (F14,75.7=8.1, P<0.001). The rate of mor-
tality was greatest for T. sebifera, R. chinensis and K. bipinnata; Cyclobalanopsis glauca,
Lithocarpus glaber and Cyclobalanopsis myrsinifolia showed the lowest rate. Mortal-
ity increased with the age of the cohort (F1,3563.4=719.7, P<0.001) and the census date
(F1,1778.1=356.1, P<0.001). In the second model, when cohort and census date were �tted
before richness, species richness did not have an e�ect on mortality (F1,84.6=0.7, P>0.05).

Leaf size

Leaf length varied among species, both in monocultures (F12,3.2=21.9, P<0.05) and in
mixtures (F14,31.4=91.0, P<0.001) in summer 2011. Leaf length did not show an e�ect of
species richness (F1,4.2=3.6, P=0.13).
Leaf length varied among species grown in monocultures (F14,33.5=33.9, P<0.001) and in

mixtures (F14,61.8=64,2, P<0.001) in summer 2012. Furthermore, the leaves of trees grown
in monocultures were longer on average than those of trees grown in mixtures (F1,30.9=4.3,
P<0.05). Leaf length increased with increasing richness (F1,14.1=8.5, P<0.05, Fig. 2.3).
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Figure 2.3: Leaf length (left) and branching rate (right) in summer 2012 as function of tree
species richness. Leaf length signi�cantly increased with species richness; branching rate
was not a�ected by species richness. Closed circles indicate values for C. axillaris individ-
uals; grey circles, values for all other species. Line shows predicted values of the statistical
models (see methods). Error bars are standard errors.

2.3.3 Branching pattern

Branching rate

In summer 2012, branching rate (i.e. number of emerged branches per cohort leaf) varied
among species grown in monocultures (F14,30.9=8.36, P<0.001) and in mixtures (F14,307.7=13.97,
P<0.001). Branching rate did not show an e�ect of species richness (F1,29.7=0.01, P>0.05,
Fig. 2.3). The interaction of species identity and species richness grown in mixtures showed
a signi�cant e�ect on branching rate (F14,324.1=1.87, P<0.01).

2.4 Discussion

In an earlier study, we found a positive relationship between species richness and stand
wood productivity in the BEF-China experimental site (Chapter 1). To explore the e�ect
of species richness on the leaf fraction, we tested the e�ect of species richness on leaf
production, leaf size and branching patterns. We found that towards the end of our study
period (summer 2012), trees growing in more diverse stands had a larger basal area and
larger leaves. Contrary to our expectations, leaf production and branching rate did not
respond to species richness.
The gradual emergence of a richness e�ect on tree basal area con�rms the results of our

previous study at stand level (Chapter 1). Using a larger number of plots from our experi-
ment (386 plots vs. 62 plots here) in 2012 we found that the increase of stand productivity
in more diverse plots was due to tree growth and not di�erential rates of mortality or re-
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cruitment among the diversity levels. Furthermore, variability in stand productivity was
explained by the presence of Choerospondias axillaris and Schima superba trees in the
plots. Speci�cally, the biodiversity-stand productivity relationship was negative in plots
with S. superba, but in plots with C. axillaris this relationship went from negative (in
2011) to positive (in 2012). In this study we found that both species were characterized
by their large mean tree size, which we anticipated as both species are typical of early
successional communities and their growth is enhanced by rich light conditions (Pakkad
et al., 2003; Guchou et al., 2007). Interestingly, only C. axillaris, a species with a high
phenotypic plasticity in growth-related traits (Böhnke & Bruelheide, 2013), showed an
increase in individual basal area with richness in 2012. The negative relationship be-
tween species richness and stand productivity in plots with S. superba (Chapter 1) could
therefore be explained by the higher relative abundance and resulting higher summed
basal area of S. superba in low diversity plots. Our results support successional theory
which predicts that during stand initiation, stands containing only early successional fast-
growing species will be more productive than stands of early and late successional species
mixtures. We hypothesize that in plots with C. axillaris intraspeci�c competition was
so great in monocultures that individual growth was supressed. In contrast, individuals
grown in mixtures bene�ted from reduced intraspeci�c competition. This hypothesis is
supported by the observed reduction in tree growth with increasing size of the neighboring
trees at our study site (Li et al., 2014).
Furthermore, the diversity e�ect on leaf length was particularly observed for individ-

uals of C. axillaris, which has compound leaves. In early successional vegetation, when
rapid vertical growth is preferred, to build short-lived compound leaves can be more cost-
e�ective than to construct woody side branches. Species with strong apical dominance
such as C. axillaris may use their compound leaves as low-cost disposable `branches' to
cover a large area in the canopy space (Givnish, 2010). A recent terrestrial laser scanning
study at our study site in 2011 showed that growth of C. axillaris individuals was more
vertical in monocultures and more lateral in mixtures (Li, pers. comm).
The invariable leaf production along our richness gradient was unexpected because

wood production, at individual or stand level (Chapter 1) increased with species richness.
However, a subsequent study in the same plots found that leaf area at stand level (LAI)
did not vary with richness in summer of 2013 (Peng, 2014). Similarly, the lack of response
of branching rates to species richness corresponds to the reduced intraspeci�c variability
in vertical leaf area distribution and crown architecture of trees in a nearby subtropical
mixed forest (Guisasola et al., 2015).
Our data suggests that the e�ect of species richness on tree size is not related to incre-

ments in leaf production but rather to changes in leaf morphology. Indeed, morphological
and physiological factors play a important role in determining tree growth and its capacity
to adapt to environmental changes. A recent review by Poorter et al. (2012) concluded
that plants are more able to respond to environmental changes by adjusting their leaf
morphology (SLA) than by adjusting their biomass allocation patterns to leaves. Sim-
ilarly, in a Chinese subtropical mixed forest two-old year saplings adjusted to low light
conditions by increasing their SLA and net assimilation rate, whereas the leaf mass ratio
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remained constant (Li, 2011). Processes other than photosynthesis may however control
plant growth, e.g. nitrogen availability (Norby et al., 2010; Norby & Zak, 2011; Palacio
et al., 2014; Körner, 2015). Indeed, a 10-year old biodiversity experiment recently showed
that litter-mediated interactions among trees contribute more to overyielding than light
partitioning (Sapijanskas et al., 2013).
Overall, our study demonstrates that tree species richness enhances stem growth but not

leaf production during stand development. At this stage of stand initiation the diversity-
growth relation is mainly driven by a fast-growing species, C. axillaris, which suggests the
predominance of selection e�ects (Loreau & Hector, 2001). In addition, the dispropor-
tionate response of leaf and wood production suggests that the complementary use of the
canopy space through light partitioning is not a (main) driver of increased productivity
at higher species richness.
Last, our results suggests that young plantations can storage more carbon if they are

managed for diversity. This is relevant for forestry policies in China, where national
reforestation and a�orestation programs have focused on species-poor plantations.
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3 Tree diversity enhances stand productivity but not

leaf area in subtropical forest

Nadia Castro Izaguirre, Xiulian Chi, Zhiyao Tang, Martin Baru�ol, Bernhard Schmid and
Pascal A. Niklaus

Abstract

Several studies have shown that wood production increases with tree diversity. However,
little is known about the e�ect of tree diversity on leaf production. As resource-capturing
organs, leaves can in�uence stand productivity. Thus, integrative studies of wood and
leaf fraction are necessary to understand the mechanisms underlying the biodiversity-
productivity relationship in forests.
Here we studied stand basal area, vertical structure, leaf area, and their relationship

with tree species richness in a subtropical forest in China. We hypothesized that more
diverse stands achieve higher aboveground productivity through a more complete utiliza-
tion of the canopy vertical space and higher stand leaf area. We estimated stand basal
area and its increase over four years, stand leaf area, and variability in tree heights as
measure of vertical space use in 25 plots, which cover a gradient of successional age and
tree species richness. In addition, we tested for richness e�ects on aboveground carbon
stocks derived using allometric relations.
We found that more diverse stands were characterized by signi�cantly more variable

tree height, higher stand basal area and annual stand basal area increases, and estimated
plot aboveground C stocks. In contrast, LAI did not respond to species richness.
Overall, our study demonstrates that tree species richness enhances stand productivity

but not leaf area during secondary succession. Thus, our results suggest that the com-
plementary use of the canopy space through light partitioning is not a (main) driver of
increased productivity at higher species richness.
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3.1 Introduction

A positive relationship between diversity and woody production has been observed in
natural forests worldwide, from boreal to tropical biomes (Vilà et al., 2007; Paquette &
Messier, 2011; Gamfeldt et al., 2013; Baru�ol et al., 2013; Lasky et al., 2014). Little is
known, however, about the e�ect of diversity on leaf biomass. While wood production is
probably the most visible component of productivity in a forest, leaves are functionally
important because they intercept light, assimilate carbon through photosynthesis and
consequently in�uence stand productivity. Thus, an integrative study of the e�ects of tree
richness on wood and leaf components would help to clarify the underlying mechanisms
in the biodiversity-productivity relationship.
Stand leaf area is a key characteristic of forest canopy structure. Recently, Morin

et al. (2011) postulated that if increasing species richness leads to a higher diversity in
shade tolerance, maximal heights and growth ability, more diverse stands that contain
shade-tolerante and light demanding species can �ll more light niches and develop a
multilayer canopy. As a result of this vertical strati�cation, leaf area would increase and
stand productivity rise due to enhanced light capture and photosynthesis. Although the
complementary use of the canopy space through light partitioning is often proposed as a
mechanism driving the positive diversity-productivity relationship (e.g. Potvin & Gotelli,
2008; Jucker et al., 2014b; Ruiz-Benito et al., 2014; Ewel et al., 2015; Zhang & Chen,
2015), only a few studies have empirically tested the e�ect of species richness on canopy
structure.
In temperate broad-leaved forests neither canopy space �lling (Seidel et al., 2013) nor

LAI (Jacob et al., 2010) were a�ected by tree species richness. In contrast, canopy packing
was more e�cient in more diverse stands across Europe (Jucker et al., 2015). However,
those forests showed a negative (Jacob et al., 2010) or no dependency (Seidel et al.,
2013; Jucker et al., 2015) of productivity on species richness. Furthermore, they are
characterized by their low diversity (up to 3�5 species). Thus, the relationship between
species richness, stand leaf area and productivity is still an open question in species-rich
stands that show an increase of productivity with species richness.
Recently, we found that stand basal area and its increment increase with species rich-

ness in a highly diverse mixed broad-leaved forest in subtropical China (Baru�ol et al.,
2013). By systematically selecting plots that represent di�erent levels of tree species rich-
ness and stand successional age (i.e. time elapsed since the last logging event), our study
had more power to detect causal relationships than conventional sample surveys. Here, we
explore the mechanisms underlying the positive diversity-productivity relationship by si-
multaneously analyzing the e�ects on diversity on aboveground biomass, vertical structure
and stand leaf area in the same plots. We hypothesize that more diverse stands achieve
higher aboveground productivity through a more complete utilization of the canopy ver-
tical space and higher stand leaf area. We estimated the stand basal area and its increase
over four years, stand leaf area, and variability in tree heights as measure of vertical space
use in the same study plots. Given the importance of forests in global carbon cycling
and climate regulation, we also tested for species richness e�ects on aboveground carbon
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stocks derived using allometric relations.

3.2 Methods

3.2.1 Study site and experimental design

We studied the e�ect of tree species richness and stand successional age on the canopy
vertical structure, leaf area index (LAI) and stand basal area and its 4-year increment,
and stand aboveground biomass carbon stock in a comparative study in Gutianshan Na-
tional Nature Forest Reserve, Zhejian province, south-east China (29◦15'N, 118◦07'E).
The climate is subtropical monsoon, with a mean annual air temperature of 15.1 ◦C and a
mean annual precipitation of 2000 mm. The vegetation is typical of mixed broad-leaved
forests. A total of 1462 seed plant species belonging to 684 genera and 149 families are
found in the 81 km2 reserve, with 258 of these species being woody. The number of ever-
green and deciduous species is similar but the former dominate by number of individuals.
The reserve covers a mosaic of forest patches in di�erent successional stages, from �ve to
more that 80 years since the last logging event (see Bruelheide et al., 2011, and references
therein). In 2008, 27 plots were established to cover a gradient of species richness and
successional age (Bruelheide et al., 2011). The size of each plot was 30 m × 30 m and
the average distance between them was ca. 3 km (minimum distance: 40 m). Successional
stand age was determined based on the age of the �fth-largest tree of each plot (deter-
mined from a stem core) and assigned to one of �ve age classes (<20, 20�40, 40�60, 60�80,
>80 years old with 3-7 plots per age class) (Baru�ol et al., 2013). Two plots were lost in
the course of the study due to illegal logging, so that the present study bases on inventory
data from 25 plots.

3.2.2 Tree inventory

In summer of 2008 and 2012 we measured the diameter at breast height (DBH) of all trees
with a DBH ≥ 10cm. In addition, in 2012 we measured their height (and length if the
tree was leaning) with a hypsometer (Vertex III, Haglöf AB, Sweden). Stand basal area
(SBA) was estimated as the sum of the total basal area of the individual trees (m2 ha−1).
Stand basal area increment (∆SBA) was calculated as the increase of stand basal area of
all surviving trees from the �rst census to the second (m2 ha−1 yr−1).
As a proxy of stand vertical structure, we used the standard deviation of tree height

(SDheight). This parameter, relatively easy and fast to asses in the �eld, can be used as a
proxy of the vertical layering of the foliage (McElhinny et al., 2005).

3.2.3 Stand leaf area

Because our study site is a mixed broad-leaved forest, LAI was assessed by hemispherical
photography in early spring and late summer of 2012. The timing of the assessments
was chosen to capture either the canopy when only evergreen leaves were present or when
both evergreen and deciduous leaves were present, respectively.
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Plots were divided into nine quadrats and at the center of each quadrat, we took
hemispherical photographs of the canopy at 1.5 m above ground using a digital camera
(Nikon D3000) with a �sh-eye lens (Sigma 4.5 mm f/2.8). The camera, mounted on a
tripod equipped with a bubble level, was oriented so that the top of the photographs
was aligned with the geographic north. Photos were acquired vertically upwards and, to
minimize glare from direct sunlight, taken either under overcast sky conditions, before
sunrise or after sunset. The exposure was set manually to f/5.6 and ISO 200. Four
photographs were taken, the �rst at the automatic exposure read by the camera, and
the three others underexposed by 1, 2 or 3 stops by varying the shutter speed. For
each point, we selected the picture with the highest exposure but without noticeable
blooming e�ect (Schleppi et al., 2007; Thimonier et al., 2010). Photographs were then
preprocessed to discriminate between vegetation and open sky, using a custom software
that allowed to adjust for uneven sky illumination by de�ning light intensity thresholds
for selected polygons that then were extrapolated based on delauney triangulation (P.
Niklaus, unpublished). Correct discrimination was carefully visually done in all images,
and leaf area estimated using the Hemisfer software (Schleppi et al., 2007; Thimonier
et al., 2010), using a total observed zenith angle of 75◦ divided into �ve rings of 15◦.
Plot-level LAI was calculated as the average of LAI estimated from the nine quadrats in
spring (LAIspring) and summer (LAIsummer).

3.2.4 Stand aboveground carbon stocks

To estimate total aboveground biomass (stem, branches, and leaves) we used allometric
equations that were developed from in and around our study area (Lin et al., 2012). If
a tree had multiple stems, we calculated the biomass for each stem. To convert biomass
(Mg ha−1) to carbon stock (C stock, Mg C ha−1) we used a ratio of 0.5.

3.2.5 Species richness, functional and phylogenetic diversity

Species richness was de�ned as the number of tree species in each plot. Functional and
phylogenetic diversity were calculated following Baru�ol et al. (2013). We selected a set
of growth-related species traits to calculate functional diversity sensu Petchey & Gaston
(2006): leaf seasonality (evergreen vs. deciduous), leaf habit (broadleaved vs. coniferous),
speci�c leaf area (SLA), leaf carbon to nitrogen ration (C:N), leaf size (dry weight of a
typical mature leaf), the typical maximum height reached by mature individuals, and the
stem wood density. Maximum height was obtained from published literature (Editorial
Committee for Flora Reipublicae Popularis Sinicae, 2004), while all other traits were
collected from individuals sampled in Gutianshan National Nature reserve (Böhnke et al.,
2012; Kröber et al., 2012). For three species wood density was taken from the global wood
density database (Chave et al., 2009), after re-scaling the values based on the correlation of
wood densities of species present in both datasets. All traits were normalized to zero mean
and unit variance; all missing values were set to zero. We generated trait dendograms for
these traits, and calculated the total branch length of species occurring in a plot (euclidean
distances, complete linkage agglomeration).
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3.3 Results

Using a phylogenetic tree including 440 woody species present in our study site (Baru�ol
et al., 2013, and see methods therein) we calculated PD as the total branch length de�ned
by the subset of species occurring in a plot.

3.2.6 Statistical analysis

To test for the e�ects of species richness and stand successional age on stand basal area,
∆SBA, SDheight, LAIspring and LAIsummer, and C stock , we �tted multiple regressions with
sequential sum of squares (lm function of R). Because richness and stand successional
age are correlated, we tested the in�uence of richness after adjusting for age (richness
�tted after age) and the in�uence of age after adjusting for richness (age �tted after
richness). Next, we used structural equation models to explore the relations among tree
diversity (latent variable de�ned by species richness, functional diversity, and phylogenetic
diversity), stand successional age, and their indirect e�ects mediated by changes in tree
density (i.e. the number of trees per plot).

3.3 Results

In 2012 mean stand basal area was 24.83 m2 ha−1 (range 2.20�47.91), mean LAIspring 2.83
(range 1.26�3.5), mean LAIsummer 3.3 (range 2.24�4.5), and mean C stock 63.42 Mg2 ha−1

(range 4.48�134.7). The number of trees that were alive in 2008 and 2012 in each plot
(tree density) was on average 60 (range 10�96); the mean number of species was 11 (range
3�19).

3.3.1 Stand basal area

Stand basal area and ∆SBA increased linearly with species richness (SBA: F1,22=28.49,
P<0.001; ∆SBA: F1,22=11.36, P<0.01 in multiple regression with sequential sum of
squares for species richness �tted before stand age; Fig. 3.1, Fig. S1). Although stand
age and species richness are partially confounded, the e�ect of richness remained (par-
tially) signi�cant after adjusting for successional age (SBA: F1,22=4.06, P<0.1; ∆SBA:
F1,22=14.14, P<0.01 for richness �tted after successional age). Structural equation mod-
els revealed that the e�ect of diversity on stand basal area and ∆SBA was mediate by an
increase in tree density (path coe�cients linking DIV-DEN with SBA and ∆SBA, respec-
tively; Fig. 3.1, Fig. S1) and in individual size and growth (path coe�ecients linking DIV
with SBA and ∆SBA, respectively). The direct e�ect of diversity was particularly strong
on ∆SBA. Succesionally older stands had a higher stand basal area (path AGE-SBA) but
a lower ∆SBA (path AGE-∆SBA). In both cases, the e�ect was not mediated by a change
in tree density (path AGE-DENS-SBA and path AGE-DENS-∆SBA) but by a change in
individual size and growth (path DENS-SBA and path DENS-∆SBA).
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3.3.2 Stand vertical structure

As species richness increased, SDheight increased (F1,22=16.97, P<0.001 when richness
�tted before stand age; F1,22=4.55, P<0.05 when richness �tted after age; Fig. 3.1). The
e�ect of diversity was not mediated by any change in tree abundance (path DIV-DENS-
SDheight) but it was only direct (path DIV-SDheight, Fig. 3.1). Stand age had no e�ect,
direct or indirect, on SDheight.

3.3.3 Leaf area index

Species richness had no e�ect on LAIspring (P=0.6) or LAIsummer(P=0.5 for richness �tted
before age; Fig. 3.1). In both cases, the e�ect of richness remained insigni�cant after
adjusting for successional age (LAIspring: P=0.4; LAIsummer: P= 0.9). Similarly, the
structural equation model showed that LAI, either in spring or summer, was not a�ected
by diversity, stand age or tree density (Fig. 3.1).

3.3.4 Carbon stock

Similarly to SBA, a positive e�ect of species richness was also evident when considering
the carbon stock in the aboveground biomass (F1,22=21.82, P<0.00 when richness �tted
before age; F1,22=4.16, P=0.054 when richness �tted after age; Fig. 3.2). The e�ect of
diversity was mediated by an increase in tree density (path DIV-DENS-C stock, Fig. 3.2)
and in individual C stock (path DIV-C stock). In contrast to stand basal area, stand age
did not in�uence the C stock (path AGE-C stock).

3.4 Discussion

We tested whether species richness a�ected productivity of leaves and stems (LAI and
stand basal area), and vertical canopy space use. Our rationale was that the main mecha-
nism for the positive relation between richness and productivity is the complementary use
of the canopy space, possibly through light partitioning. More diverse stands were charac-

Figure 3.1 (preceding page): Left: Stand basal area (a), vertical structure (c) and leaf area
(e) as a function of tree species richness and stand successional age. Right: Results of struc-
tural equation modeling (SEM) analysis for stand basal area (b), vertical structure (d) and
leaf area (f) in dependence of successional age, tree diversity, and tree stem density. Species
richness enhanced woody production (SBA) and vertical structure but did not a�ect stand
leaf area. Path diagrams indicate e�ects of tree species diversity on the two dependent vari-
ables, either directly or indirectly via increases in tree density. The diagrams show stan-
dardized path coe�cients (red: positive; blue: negative) and associated statistical signi�-
cances (*** P<0.001; ** P<0.01; *P<0.05; (*) P<0.1). Variable abbreviations: S = species
richness, PD = phylogenetic diversity, FD = functional diversity, DIV = diversity (latent
variable related to previous three), AGE = successional age, DENS = tree density, SBA =
total stem basal area, SDheight = height variation, LAIsummer = LAI in summer.
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Figure 3.2: Left: C stock in the aboveground biomass (a) as function of tree species rich-
ness and stand successional age. Line shows predicted values of the statistical models (see
methods). Right: Results of structural equation modeling (SEM) analysis for C stock (b)
in dependence of successional age, tree diversity, and tree stem density. C stock increased
with tree species richness. Path diagrams indicate e�ects of tree species diversity on the two
dependent variables, either directly or indirectly via increases in tree density. The diagrams
show standardized path coe�cients (red: positive; blue: negative) and associated statistical
signi�cances (*** P<0.001; ** P<0.01; *P<0.05; (*) P<0.1). Variable abbreviations: S =
species richness, PD = phylogenetic diversity, FD = functional diversity, DIV = diversity
(latent variable related to previous three), AGE = successional age, DENS = tree density,
C stock = C stored in the aboveground biomass.

terized by more variable tree height, higher stand basal area and annual stand basal area
increases, and estimated plot aboveground C stocks. Interestingly, LAI did not respond
to species richness, indicating that aboveground biomass increases were not mediated by
leaf area changes.
The e�ect of diversity on stand basal area and its 2008�2012 increase was driven by an

increase in tree density and individual size. In comparison to our previous 2-year study
(Baru�ol et al., 2013), the e�ect of diversity on ∆SBA was larger and more signi�cant
(path coe�cients 0.74 (p <0.01) vs. 0.58 (p<0.05) in 2008-2012 and 2008-2010, respec-
tively). Thus, our results indicate persistent e�ects of species richness on stem growth.
Leaf area, in contrast, did not react to changes in diversity. Because leaf area is related

to photosynthesis and therefore, to productivity, the lack of response was surprising.
Likewise, the behavior of leaf area was uncoupled from height variability (i.e. vertical
strati�cation), which increased in more diverse stands and suggested a better use of the
canopy space through complementarity. However, a recent study in forest stands across
Europe showed that crown morphology, i.e. intraspeci�c variation in crown morphology, is
more important than vertical strati�cation to explain the increase of canopy use e�ciency
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with diversity (Jucker et al., 2015). In our study area tree species show a high plasticity
in responses to forage for light. As saplings, they can adjust their SLA to light conditions
(Böhnke & Bruelheide, 2013), whereas as adults competition in the local neighborhood
in�uences their stem inclination and crown displacement (Lang et al., 2010). Thus, an
increase in crown sizes might compensate for a low vertical strati�cation, so that all
stands, either with low or high species richness, achieve a similar leaf area.
Despite equal leaf area, more diverse stands had higher woody biomass and grew faster.

One reason maybe more e�cient light use. For example, low available light in the lower
canopy could be better exploited in a more diverse stand, where shade-tolerant species
are more likely to be present. Similarly, even if two stands have the same LAI, structural
di�erences (e.g. clumping of trees that leads to shading among crowns) or the leaf area
arrangement can alter light absorption (Binkley et al., 2013), or light use e�ciency (Hardi-
man et al., 2011, 2013). On the other hand, processes other than photosynthesis might
control plant growth, e.g. nitrogen availability (Norby et al., 2010; Norby & Zak, 2011;
Palacio et al., 2014; Körner, 2015). Indeed, a 10-year old biodiversity experiment recently
showed that litter-mediated interactions among trees contribute more to overyielding than
light partitioning (Sapijanskas et al., 2013).
Our forest stands stored 4.5�135 Mg C ha−1 in aboveground biomass (i.e. stem, branches

and leaves), which is within the range reported for subtropical evergreen broad-leaved
forests of China (Lin et al., 2012). Carbon storage, however, varied with species richness,
even after �rst correcting for stand age. Structural equation modelling even suggested
that diversity was a more important determinant of carbon stocks than successional age
in our study. Carbon stock increased by 50.6 Mg C ha−1 per 10 extra species, or by +83%
when doubling species number from 10 to 20. Biodiversity e�ect sizes (Zr of 0.42�0.88
depending whether species richness was �tted before or after successional age) are larger
that what has been found in recent meta-analyses of grassland biodiversity experiments
(Balvanera et al., 2006) and forest plantation data (Piotto, 2008). While other studies have
indicated that the diversity-carbon storage relationship is asymptotic in forests (Zhang
et al., 2012; Vilà et al., 2013; Ruiz-Benito et al., 2014), the linear relationship found in our
study suggests that functional redundancy and niche overlap do not substantially reduce
e�ects of additional species even in our species-rich system (Loreau et al., 2001; Hooper
et al., 2005).
Forests can store large amounts of carbon in belowground biomass . We do not have root

biomass data, but believe that the potential e�ects of species richness on root biomass will
not substantially alter the e�ects we found on total biomass carbon. First, more biomass is
generally allocated aboveground than belowground; for Chinese forests (Wang et al., 2014)
and the world's subtropical forest (Mokany et al., 2006) a root to shoot ratio of 0.23 has
been reported. Second, allometric considerations suggest that a higher stand basal area
not only corresponds to larger aboveground but also to increased beloweground biomass.
Indeed, root biomass increments with species richness have been observed in temperate
and boreal forests (Meinen et al., 2009; Brassard et al., 2011).
Our �ndings are relevant for forestry policies in China, where C storage and seques-

tration have increased in the past three decades (Fang et al., 2001; Shi et al., 2011) and
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forest is expected to continue to act as a carbon sink at least until 2050 (Xu et al., 2010).
This increase has been attributed to national reforestation and a�orestation programs (Xu
et al., 2010; Shi et al., 2011), which are currently concentrated on monocultures. Thus,
we consider that managing for forest diversity will be an important mitigation e�ort to
e�ectively increase C storage.
Overall, our study demonstrates that tree species richness enhances stand productivity

but not leaf area during secondary succession. The disproportionate response of leaf area
and woody biomass suggests that the complementary use of the canopy space through light
partitioning is not a (main) driver of increased productivity at higher species richness. Our
results suggest that this mechanisms may be less important in the investigated ecosystem
than in others (Jucker et al., 2014b, 2015) and that the availability of resources other
than light might control stand growth.
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Figure S1: Left: ∆SBA (a) as function of tree species richness and stand successional age.
Line shows predicted values of the statistical models (see methods). Right: Results of struc-
tural equation modeling (SEM) analysis for ∆SBA (b) in dependence of successional age,
tree diversity, and tree stem density. ∆SBA increased with tree species richness and de-
creased with stand age. Path diagrams indicate e�ects of tree species diversity on the two
dependent variables, either directly or indirectly via increases in tree density. The diagrams
show standardized path coe�cients (red: positive; blue: negative) and associated statistical
signi�cances (*** P<0.001; ** P<0.01; *P<0.05; (*) P<0.1). Variable abbreviations: S =
species richness, PD = phylogenetic diversity, FD = functional diversity, DIV = diversity
(latent variable related to previous three), AGE = successional age, DENS = tree density,
∆SBA = 2008-2012 increase of stand basal area.
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In this thesis, I examine the e�ect of tree species richness on primary productivity in
subtropical China, and explore the possible mechanisms underlying this relationship. My
main assumption was that trees, at individual or stand level, growing in mixtures would
produce higher biomass by an increase in leaf fraction as leaves are the light-acquiring
organs and light competition is a major driver of forest dynamics. My study includes
two methodological approaches: a large-scale experiment of arti�cially assembled tree
communities, and a comparative study in secondary mixed broad-leaved forest stands. In
both approaches I found that wood production increased with species richness, but I did
not detect an e�ect of species richness on leaf production.
Using data of four annual inventories from when the tree diversity experiment was

established, I observed the gradual emergence of a species richness e�ect on stand pro-
ductivity (Chapter 1). At individual level, I observed that diversity enhanced stem growth
but had no e�ect on leaf production (Chapter 2). In the comparative study, I found that
more diverse stands had a higher stand basal area and aboveground biomass than less
diverse stands. Furthermore, stands of high species diversity were characterized by higher
variability in tree heights, which implies a more complex vertical structure. However,
stand leaf area was similar among all stands (Chapter 3).

Biodiversity and ecosystem functioning (BEF) in forests

Over the last two decades, research on biodiversity-ecosystem functioning (BEF) has fo-
cused primarily on grasslands (Balvanera et al., 2006). However, because of their impor-
tance in carbon sequestration at global scale, forests are receiving increasing attention,
and are now considered the new frontier in biodiversity-ecosystem research (Mooney,
2005).
Observational and experimental studies have shown that aboveground productivity in-

creases with tree richness across the globe (Vilà et al., 2007; Paquette & Messier, 2011;
Gamfeldt et al., 2013; Baru�ol et al., 2013; Potvin & Gotelli, 2008). My results, both
for the experimental and comparative study, do not only support this global trend but
extend our knowledge about species diversity and ecosystem functioning in forests.
Firstly, this thesis broadens the geographical scope of BEF-research. Over the past 15

years tree diversity experiments in tropical to boreal biomes have been established, and
are currently integrated in the largest network of biodiversity experiments worldwide,
TreeDivNet (Verheyen et al., 2015). Within the 18 tree experiments of TreeDivNet, 11
studies are located in temperate regions, with BEF-China the only experiment in the
subtropics. Similarly, most observational studies have been carried out in temperate and
boreal regions (Paquette & Messier, 2011; Gamfeldt et al., 2013; see Nadrowski et al.,
2010, for a review). Thus, subtropical and tropical regions are still underrepresented in
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BEF research in natural or semi-natural forests (but see Baru�ol et al., 2013; Lasky et al.,
2014; Poorter et al., 2015).
By comparing BEF relationships in temperate and boreal forests Paquette & Messier

(2011) hypothesized that diversity e�ects would be stronger in harsh environments, where
facilitative interactions may be more important that competitive interactions. In addi-
tion, the role of niche and neutral processes in subtropical forest communities is still an
ongoing question. As an example, the increase of richness along secondary succession in
the BEF-China comparative plots is via random species immigration (Bruelheide et al.,
2011). In contrast, in the 24-ha permanent forest plot in the proximity of the BEF-China
comparative plots, neutral processes and environmental controls can be equally important
in shaping forest diversity (Legendre et al., 2009) but their relative importance might de-
pend on the spatial scale (Cheng et al., 2012). If species are ecologically interchangeable,
biodiversity e�ects on ecosystem functioning would be weak. Our results con�rm that
even in rich-species regions and complex ecosystems, diversity is an important driver of
aboveground productivity. Similarly, in a recent large-scale observational study in highly
diverse forests in the Neotropics, diversity enhanced aboveground biomass (Poorter et al.,
2015).
Furthermore, in both the young experimental stands and the mature successional stands

of my comparative study, I observed a linear relationship between diversity and productiv-
ity. Thus, my results suggest that species richness is not redundant. This is in contrast to
results of studies in the tropics, where mixtures were more productive than monocultures
but species richness had no e�ect within mixtures of di�erent species diversity (Potvin &
Gotelli, 2008). Our result is even more outstanding if we consider that in the BEF-China
experiment communities were randomly assembled from a 16-species pool following a `bro-
ken stick' design. In other experiments that found an increase of stand basal area with
tree richness in the Neotropics (Potvin & Gotelli, 2008; Ewel et al., 2015), communities
were built by choosing species that either di�er in their growth rates (Potvin & Gotelli,
2008) or in the crown architecture and phenology (Ewel et al., 2015), which could max-
imize the diversity e�ects. Thus, the BEF-China experiment may be more conservative
than other studies.

Mechanisms underlying the BEF relationship in forests

To shed light on the mechanisms underlying the e�ect of tree species richness on above-
ground productivity, the BEF-China experiment and comparative study allowed me to
explore several paths.
Since initial population sizes and recruitment (through replanting) are controlled in the

tree experiment, I could test which component of stand growth, i.e. gain of biomass due to
growth of surviving trees, gain of biomass due to recruitment, and loss of biomass due to
mortality, drove of the BEF relationship in young experimental stands. I found that more
diverse plots had a higher stand basal area due to the increased growth of surviving trees
(survival growth). Similarly, Lasky et al. (2014) found that in early successional stands
(age 10�23 years) in a Neotropical forest, survival growth increases with tree species
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richness. However, I suggest that mortality will become more important in determining
stand dynamics and shaping the biodiversity-productivity relationship in the next years.
Although for this study, neither tree density nor mortality rates were in�uenced by tree
richness, I predict that intraspeci�c competition will further increase in monocultures and
self-thinning will occur. As an example, in a Neotropic experimental study, tree density
was similar between mixtures and monocultures for the �rst 5 years, but after which
density in monocultures decreased (Ewel et al., 2015).
In contrast, it is more di�cult to assess the role of recruitment and mortality in the

comparative plots. Whereas tree density did not in�uence stand growth of canopy trees
(Chapter 3 and Baru�ol et al., 2013), it did enhance stand growth of understory trees
(Baru�ol et al., 2013). Given the short time span of both studies (2�4 years) only few
trees died or were recruited, and we did not assess biomass changes due to mortality or
recruitment. A long-term study to monitor both demographic processes would allow us
to test whether there is an e�ect on such processes of tree species richness, and whether
their importance depends of successional age. In a Neotropical forest, biomass loss due to
tree mortality is higher in more diverse stands but only in mid-sucessional stands (Lasky
et al., 2014).
But what are the exact mechanisms explaining higher stand basal area growth in more

diverse stands? In mature forest the complementary use of the canopy has been proposed
as the main mechanism for higher stand productivity. Similarly, in young successional
forest stands increments of stand biomass are correlated with phylogenetic and leaf trait
functional diversity (Lasky et al., 2014), which further suggests the importance of the leaf
fraction in explaining the BEF e�ect. Thus, in both the experimental and comparative
study, I tested the e�ect of tree species richness on leaf production.
In my experimental study, I followed a detailed methodology at individual level. I

visually estimated the numbers of leaves in each tree, and followed the fate of leaf co-
horts to assess leaf emergence and mortality rates. Although individual stem growth
increased with species richness, I did not detect such an e�ect on leaf production. In
my comparative study, more diverse stands showed larger wood production and vertical
structure, suggesting a more e�cient use of the canopy space through a multi-layered
canopy. However, stand leaf area was similar for all stands. Thus, my results suggest that
BEF relationships, either in young or in old stands, are not mediated by an increase in
leaf production.
We can not, however, discard light partitioning as a mechanism underlying the BEF

relationship. Even if leaf production is similar for all stands, light absorption and use
e�ciency could vary because of morphological, physiological and structural factors, such
as leaf morphology (Poorter et al., 2012), inter- and intraspeci�c di�erences in net assim-
ilation rates (Li, 2011), or clumping of trees that leads to shading among crowns (Binkley
et al., 2013). Processes other than photosynthesis may, however, control plant growth,
e.g. nitrogen availability (Norby et al., 2010; Norby & Zak, 2011; Palacio et al., 2014;
Körner, 2015). Indeed, a 10-year old biodiversity experiment recently showed that litter-
mediated interactions among trees contribute more to overyielding than light partitioning
(Sapijanskas et al., 2013).
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Perspectives and future research

In this thesis I have demonstrated that tree species richness increases aboveground pro-
ductivity, both in young experimental stands and in older secondary successional stands.
My results do not support the hypothesis that the complementarity use of the canopy
leads to an increase in leaf production. However, I do not reject the possibility that the
mechanism driving the BEF relationship may be light partitioning. Rather, I suggest the
study of physiological and architectural traits that may in�uence light capture and use
e�ciency. Currently, other subprojects of the BEF-China consortium are studying func-
tional traits and tree architecture. A comprehensive analysis will be crucial to understand
complex systems, as forests.
Furthermore, in the BEF-China experiment diversity loss was simulated following a

random extinction scenario, and two ecologically realistic non-random extinction scenarios
(based on leaf traits and local species abundance). In this thesis, I used data from the
random extinction scenario. In a preliminary analysis (of all scenarios), I observed that
the type of extinction scenario has an e�ect on stand productivity. The analysis of such
scenarios will shed light on the role of functional traits and increase our understanding of
the real e�ect of diversity loss .
The BEF-China experiment includes monocultures of two timber species, Pinus mas-

soniana and Cunninghamia lanceolata. These plots are of importance as a reference value
for forestry managers. As plantations in China play a major role in carbon sequestration,
the BEF-China experiment will identify productive species driving the BEF relationship
(e.g. C. axillaris and S. superba) and assess their performance in comparison to timber
species.

Conclusion

Using a experimental and comparative study approach, I demonstrated that tree diversity
enhances aboveground productivity in subtropical China. Thus, diversity should not be
only a conservation goal but a management strategy.
Although the longevity of trees and their slow growth (in comparison to grasslands) is

often seen as a disadvantage for the establishment of tree experiments, the �rst results of
the BEF-China experiment are encouraging. Indeed, the `slow-motion' of tree interactions
allows us to study subtle changes at stand and individual level.
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