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Chapter 1

Forest functioning in a changing world

The human influence on planet Earth is increasing rapidly, in terms of both scale
and intensity (Crutzen 2002, Steffen et al. 2011, Malhi et al. 2014). One of the
major human-induced effects is global climate change. To keep climate change
within safe boundaries (Rockstrém et al. 2009), international leaders have been
discussing alternatives to mitigate and adapt. An important step was made during
the Conference of the Parties (COP) of the United Nations Framework
Convention on Climate Change (UNFCCC), in December 2015 in Paris. Here, 196
countries reached the agreement to reduce greenhouse gas emissions and increase
CO, removals from the atmosphere, with the ultimate goal to prevent global
temperatures from rising more than 2 °C (United Nations 2015). CO, removals
from the atmosphere are naturally done by growing vegetation, through the process
of photosynthesis. Vegetation types that store and remove large amounts of CO,,
such as tropical forests, are therefore highly relevant for climate change mitigation.

Tropical forests contribute to climate change mitigation in three ways. First,
biomass in tropical forests contains about 25% of all carbon on only about 12% of
the area in the terrestrial biosphere (Bonan 2008), which means that preventing
deforestation and forest degradation can reduce CO, emissions. Second, tropical
forests are CO, ‘sinks’, meaning that they remove net CO, from the atmosphere,
and use this in photosynthesis to produce additional aboveground and
belowground biomass (Brienen et al. 2015, Poorter et al. 2016). During the eatly
20™ century, standing old-growth tropical forests removed 1-1.2 Pg carbon y ' and
regrowing (or secondary) forests another 1.2-1.7 Pg v, which was about 24% of
the global annual anthropogenic carbon emissions (Canadell and Schulze 2014,
Goodman and Herold 2014). Third, tropical forests reduce global temperatures due
to high evapotranspiration rates. High evapotranspiration has a direct effect on
temperatures through evaporative cooling, and an indirect effect through increasing
cloud and rain formation and sunlight reflection which, in turn, reduce global
temperatures (Bonan 2008, Canadell and Raupach 2008, Alkama and Cescatti
2010).

Besides their climate mitigation capacity, tropical forests are crucially
important for various other functions that are relevant at local and global scales,
such as timber and non-timber forest products and pollination (Laurance 1999,
Malhi et al. 2008, Alkama and Cescatti 2016). Globally, the livelihood of more than
a billion people depends directly on forests (FAO 2016), with most of them living
in the tropics. Forest functioning ultimately depends on ecosystem processes,
which are fluxes of carbon, water and nutrients at the ecosystem level (Box 1.1). To
guarantee forest functioning, we thus need to understand what mechanisms
determine ecosystem processes. In this thesis I focus on the biomass stocks and
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General introduction

biomass dynamics of the tropical forest vegetation as measures of ecosystem
processes, given that the vegetation is most directly related to climate change
mitigation and other globally important functions. Biomass stocks refer to the
amount of (above- and/or belowground) biomass per unit area, and biomass
dynamics to fluxes in biomass per unit time per unit area (see Box 1.1). Biomass
stock is a state variable rather than a process, but for simplicity I consider it as part
of ‘ecosystem processes’ in the general introduction (chapter 1) and general
discussion (chapter 8).

Tropical forests are thus important for climate change mitigation, but climate
change in turn also affects the temporal dynamics of tropical forests and thus their
mitigation capacity (Cox et al. 2000). Spatial variation in abiotic conditions such as
soil fertility and annual rainfall strongly determines spatial variation in biomass
(Malhi 2012, Poorter et al. 2015), and therefore temporal changes in abiotic
conditions can lead to temporal changes in biomass stocks and other ecosystem
processes (Box 1.1). In addition, biotic conditions, which are properties of the
vegetation itself such as species diversity and community-weighted mean traits (Box
1.1), can determine ecosystem processes and in this way the climate mitigation
potential of tropical forests. Consequently, the main aim of this thesis is to
understand how underlying abiotic and biotic conditions determine the biomass
stocks and dynamics of tropical forests (Fig. 1.1) across spatial scales (Fig. 1.2) and
temporal scales.

Biotic conditions

Each tropical forest is unique in its species composition, species diversity,
vegetation structure and ecological functioning. Depending on the context,
throughout this thesis 1 interchangeably refer to such vegetation properties as
‘biotic conditions’, ‘biotic factors’ or ‘biodiversity attributes’ (see Box 1.1 and Table
7.2). Some evidence is emerging for effects of biotic conditions on biomass stocks
and dynamics in tropical forests (e.g. Baker et al. 2009, Chisholm et al. 2013). The
simultaneous effects of multiple biotic conditions have, however, rarely been
evaluated, although this is important to identify their relative effects and thus their
relevance for biomass stocks and dynamics. In this thesis I distinguish attributes
that indicate vegetation ‘quality’, such as species diversity, trait mean and trait
diversity, from other attributes that indicate vegetation ‘quantity’, such as plot basal
area or tree density (cf. Lohbeck 2014). Vegetation quality can be important for
ecosystem processes because the average and diversity in species’ properties can
influence the efficiency of resource acquisition and use of the plant community.
Vegetation quantity can be important because a dense forest has greater biomass



Chapter 1

that can positively contribute to ecosystem process rates, or it can decrease
ecosystem process rates due to lower light availability.

Vegetation quality — species diversity

Tropical forests host about 47000 different tree species (Slik et al. 2015), which
makes them the most species-diverse terrestrial ecosystem (Dirzo and Raven 2003).
Climate change, habitat loss and hunting, however, are causing unprecedented rates
of species extinction (De Vos et al. 2015). This species loss is expected to be one of
the main drivers of changes in ecosystem processes (Balvanera et al. 2006, Midgley
2012). Several theories have been proposed to understand the role of species
diversity on ecosystem processes. The niche complementarity theoty predicts
that species diversity is crucially important for ecosystem processes (Tilman 1999),
because high species diversity would increase the resource use efficiency of the
community and as a result lead to higher community-level biomass stocks and
carbon uptake. Comparably, the insurance theory (or temporal niche
complementarity theory, Loreau 2000) predicts that high diversity increases the
asynchrony in species’ responses to environmental conditions and changes, which

would increase the long-term stability of ecosystem processes (Yachi and Loreau
1999).

Box 1.1: Glossary with concepts and their explanation used in the general introduction (chapter
1) and general discussion (chapter 8), and synonyms used throughout this thesis.

Abiotic conditions (or factors or drivers): environmental variables such as climate, soil
conditions, and light availability.

Biodiversity attributes: synonym for ‘biotic conditions’

Biomass dynamics: the fluxes in biomass per unit area per unit time. Examples of positive
fluxes (i.e. biomass increase) are: aboveground biomass increase, tree growth, seedling
recruitment, or litter production. An example of a negative flux is tree mortality.

Biomass stocks: the amount of biomass per unit area. This can be based on aboveground living
biomass, (fine) root biomass, or soil organic matter.

Biotic conditions (or factors or drivers): attributes of the vegetation, such as taxonomic
diversity, trait diversity, community-mean trait values, and/or structural attributes (see also
Table 7.2).

Carbon dynamics: fluxes in carbon (in vegetation or soil) per unit area per unit time. Carbon
dynamics are sometimes used to replace biomass dynamics because they are very strongly
related (biomass is about twice the mass of carbon).

Carbon stocks: the amount of carbon (in vegetation or soil) per unit area. Carbon stocks is
sometimes used to replace biomass stocks because they are very strongly related.

Community-weighted mean (CWM) traits (or community-mean traits): community average
trait values, such as specific leaf area, wood density and leaf nitrogen concentration, weighted by
species’ basal area or abundance.

10




General introduction

Ecosystem functioning: the combined effect of all ecosystem processes that are needed to
sustain an ecosystem (Reiss et al. 2009).

Ecosystem functions: often used as a synonym for ‘ecosystem processes’. In this thesis
‘ecosystem functions’ mainly refer to processes that provide benefits to the planet and humans,
such as carbon sequestration.

Ecosystem processes: ecosystem-level fluxes or stocks of carbon, water and nutrients, such as
biomass stocks or productivity of the whole community. For simplicity, in the general
introduction (chapter 1) and general discussion (chapter 8) I also include biomass stock under
‘ecosystem processes’, even though this is a state variable rather than a process.

Ecosystem resilience: the rate at which an ecosystem returns to the pre-disturbance state
following a perturbation, including maintaining its essential characteristics in taxonomic
composition, structure, ecosystem functions, and process rates (Holling 1973).

Ecosystem stability: the capacity of an ecosystem to maintain similar ecosystem functioning
during disturbances or changing environmental conditions, often calculated as the temporal
mean of a process divided by its temporal standard deviation.

Environmental conditions: synonym for ‘abiotic conditions’

Forest structure: synonym for ‘vegetation quantity’

Functional (trait) diversity: synonym for ‘trait diversity’

Functional trait: any measurable plant characteristic that affects the plant’s resource acquisition
and use, and thus determines its growth, reproduction and/or survival (Violle et al. 2007).

Insurance theory (or hypothesis): species respond differently to environmental changes and in
this way insure long-term ecosystem functioning under environmental change (Yachi and
Loreau 1999).

Mass-ratio theory (or hypothesis): the most dominant species and their traits mostly determine
ecosystem processes (Grime 1998). That is, the community-weighted mean trait values more
strongly determine ecosystem processes than diversity (in species or trait values) in the
community.

Niche complementarity theory (or hypothesis): species are complementary in their resource
acquisition and use. Therefore, high diversity (of species or traits) results in efficient acquisition
and use at the community level, and thus in high biomass stocks and dynamics (Tilman 1999).

Species diversity: variation in species (e.g. the number or diversity) within a community

Structural attributes: synonym for ‘vegetation quantity’

Taxonomic diversity: synonym for ‘species diversity’.

Trait composition: synonym for ‘community-weighted mean traits’ (chapters 3 and 4). I also use
‘trait composition’ to refer to the multivariate community-weighted mean trait space (chapter 06).

Trait diversity: variation in trait values within a community. This can be based both on
multivariate trait diversity as well as on the variation in single traits (Table 7.2).

Vegetation quantity: community-average or community-total values of structural components
of the community, such as plot basal area and average stem diameter.
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Figure 1.1: Conceptual framework linking abiotic conditions (e.g. light, water and nutrient
availability) and biotic conditions (also referred to as ‘biodiversity attributes’ in this thesis, e.g.
species diversity and community-weighted mean traits) with biomass stocks and dynamics. The
chapters in which these relationships are addressed are provided. The black arrows represent
directly analysed relationships, whereas the grey dashed arrows represent relationships that are
discussed or hypothesized but not measured in this thesis. The boxes with a grey, solid border
represent measured variables, whereas the box with a grey, dashed border represents non-
measured variables. Chapters (“Ch.”) 2 and 7 focus on effects of biotic conditions on biomass
stocks and dynamics; chapters 3, 4 and 5 on the relationships between abiotic conditions, biotic
conditions and biomass stocks and dynamics; and chapter 6 focuses on the effect of abiotic
conditions on biotic conditions. Chapters 7 and 8 elaborately discuss the importance of biomass
stocks and dynamics for climate change mitigation, and chapter 6 uses temporal changes in
climate as cause for variation in abiotic conditions.

The niche complementarity and insurance theories have received ample
support for relatively less complex ecosystems such as grasslands (Anten and
Hirose 1999, Tilman et al. 2001, van Ruijven and Berendse 2005, Isbell et al. 2015)
and temperate forests (Morin et al. 2011, Jucker et al. 2014). For tropical forests,
however, evidence has only recently started to emerge, but does not yet provide a
consistent understanding of species diversity effects on ecosystem processes (e.g. a
negative effect by Potvin et al. 2011 and a positive by Chisholm et al. 2013). The
relationship between species diversity and ecosystem processes may be difficult to
understand because of the highly diverse and structurally complex nature of
tropical forests. Nevertheless, it is important to obtain further insights into this
relationship because of the potentially strong effects of diversity on ecosystem
processes and functioning, as predicted by theories and demonstrated in grasslands
and temperate forests.
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Chapter 1

Species diversity is mostly defined as species richness. Species richness is
based on the number of species per plot or calculated as rarefied species richness
(i.e. number of species in a random draw of a fixed number of individuals). Besides
species richness, various other measures for species diversity have been developed
that to some degree take the species abundance into account, such as the Shannon-
Wiener index, the Simpson index, and the evenness index (Peet 1974). Throughout
this thesis, I make mainly use of (rarefied) species richness because this measure is
most often used by other studies and thus allows comparison, but I also include the
Shannon-Wiener index (chapter 5).

Vegetation quality — trait mean and trait diversity

Species diversity measures assume differences among species. Indeed, in a forest
with hundreds of species, not even two are functionally equal. Nevertheless, the
degree of niche complementarity may depend more strongly on the functional
differences among species than on the number of species. In this thesis I use a
trait-based approach to determine functional differences among individuals, species
and communities, for example in terms of leaf and stem traits.

Functional differences among species or individuals can be measured by
morphological, physiological or phenological traits that are important for their
survival, growth and reproduction (Violle et al. 2007). For example, light and water
acquisition are important for tree growth, and drought-tolerance is important for
survival (Engelbrecht and Kursar 2003, Poorter and Markesteijn 2008). These trait
examples are closely related to performance but are difficult to measure and are
therefore called ‘hard’ traits (Hodgson et al. 1999). For that reason, most often
‘soft’ traits are used, which are more easily measurable traits that are a good proxy
for a ‘hard’ trait or a process. For example, leaf traits such as specific leaf area (leaf
area divided by leaf dry mass) and chlorophyll concentration are important for light
acquisition and photosynthesis (Wright et al. 2004, Reich 2014), and a wood trait
such as wood density is important for mechanic stability and drought-tolerance
(Markesteijn et al. 2011a). Species’ (soft) traits may therefore be good indicators of
species’ functioning (Pérez-Harguindeguy et al. 2013).

Information on species’ traits can be scaled to the community level, to obtain
a mechanistic understanding of ecosystem processes. Trait diversity measures can
provide information on the niche complementarity theory. Contrary to the niche
complementarity theory, however, is the mass-ratio theory (Grime 1998), which
predicts that the functioning of the most dominant species in a community
determines ecosystem processes, and that the diversity of species or their
functioning matters less. In other words, the diversity of trait values is an indicator
for niche complementarity, whereas the average trait value of the community,
which is mainly determined by the dominant species, is an indicator for mass ratio.

14



General introduction

The trait sampling design depends on the ultimate research goal. Measuring
intra-individual or intra-specific trait variation obviously trades off with the total
number of species that can be measured. In this thesis I am mainly interested in
community-level processes (except for chapter 2 where we look at intra-specific
variation in biomass growth), for which trait values of at least ~80% of the basal
area or abundance in the community are needed to accurately determine
community-average trait values (Pakeman and Quested 2007). This percentage
should ideally be even higher for trait diversity measures (Pakeman 2014). At the
community level, generally most variation in trait values is explained by inter-
specific differences (78%; Rozendaal, Hurtado & Poorter 20006). Therefore, I use
locally collected average trait values (based on 1-10 individuals per species and 3-5
leaves per individual) for the species that represent ~80% of the basal area
abundance in the site, and I thus do not include intra-specific trait variation.

As an indicator for the mass-ratio theory, I use community-weighted mean
(CWM) traits, which are based on species’ average trait values and species’ relative
basal area (chapters 3-7) or abundance (chapter 6). Throughout my thesis, I also
refer to CWM traits as ‘trait composition’ (chapters 3, 4 and 6) or ‘community-
mean traits’ (chapters 4-7). As an indicator for niche complementarity, besides the
species diversity indices, I use indices of multivariate trait diversity (also called
functional diversity or variety, Mason et al. 2005), such as trait richness1 (chapter 4,
Mason et al. 2005) and trait dispersion2 (‘functional dispersion’ in chapter 3,
Pakeman 2014).

Vegetation quantity

Besides quality (represented by e.g. species diversity, CWM traits, and trait
diversity), the quantity of the vegetation may also be important. For example, the
total basal area or tree density in a community may strongly determine the potential
of the forest to grow, although in opposite ways. On one hand, a dense forest has
more individuals and biomass that can contribute to growth, but on the other hand
a dense forest has low availability of resources (particularly light), which may
decrease biomass stocks and dynamics. Also quantitative measures at the
individual-tree level, for example tree biomass or total leaf area, may strongly
determine tree growth (Stephenson et al. 2014). As measures of vegetation quantity,
I mainly use plot basal area, because this represents the density and thus the
competition within the forest (chapters 4 and 5).

" The amount of multivariate trait space occupied by species in the plot (Mason et al. 2005, Mouillot et al. 2005).

2 Based on the mean distance in the multidimensional trait space of all individual species to the centroid of all species
(Pakeman 2014).
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Abiotic conditions

Biotic conditions may thus strongly determine ecosystem processes, but they are
not the only actor on stage. Abiotic conditions are another important group of
variables to potentially influence ecosystem processes directly, and indirectly via
their effects on biotic conditions (e.g. Figs. 1.1, 3.1, 4.1 and 5.1). The main three
groups of abiotic conditions that I evaluate in this thesis are: 1) climatic wetness,
such as rainfall, 2) soil conditions, such as nutrient concentrations and water
availability, and 3) light availability, because these abiotic conditions are important
for plant growth and may have different importance across spatial scales.

Climate, soil, and light

Climatic wetness (most often measured by annual rainfall) generally increases
ecosystem process rates (Slik et al. 2013, Poorter et al. 2015), although at very high
rainfall, strong nutrient leaching from the soil takes place which reduces ecosystem
process rates (e.g. Hall and Swaine 1976). Differences in climate, however, may
only be relevant at regional or continental scales and at longer temporal scales
because it varies little at short-term local scales (Fig. 1.2).

High soil nutrient and soil water availability generally increase ecosystem
processes (Telles et al. 2003, Malhi et al. 2004). Soil conditions can be very
heterogeneous and therefore play an important role especially at local spatial scales
(Roy and Singh 1994).

Light availability can vary locally because of natural or anthropogenic
disturbances. It can also vary at larger spatial scales due to differences in vegetation
structure, such as high light availability in dry forest with low total biomass.
Disturbances reduce biomass and increase light availability. Hence, light availability
may be strongly related with vegetation quantity, indicating that abiotic conditions
may also have an effect on biotic conditions.

How do abiotic conditions affect biotic conditions?

Abiotic conditions may thus also determine biotic conditions and in this way
indirectly affect ecosystem processes (Fig. 1.1). For example, sandy soils have more
drought-tolerant species than clayey soils (Fayolle et al. 2012), and disturbance
increases the community-weighted mean towards more acquisitive trait values (i.e,
with high efficiency of resource use and capture, such as high specific leaf area) to
benefit from high light availability (Carrefo-Rocabado et al. 2012). In both
examples, the changes in biotic conditions caused by abiotic conditions may in turn
atfect ecosystem processes.
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The need for a comprehensive framework

The interconnectedness of abiotic and biotic conditions and ecosystem processes in
tropical forests indicates that it is difficult to separate the effects of all these
variables. Additionally, replicates (often plots) vary in many abiotic and biotic
conditions. These variables should be explicitly included in a comprehensive
framework if one aims to evaluate their independent and direct vs. indirect effects.
For these reasons, in various chapters of my thesis (3-5) I make use of a
comprehensive framework including abiotic and biotic conditions that can possibly
affect ecosystem processes (Figs. 1.1, 3.1, 4.1 and 5.1). This framework can be
analysed using structural equation modelling, which allows for causal testing of

multiple levels of variables (i.e, including direct and indirect effects on ecosystem
processes, Shipley 2004, Grace 2000).

At what spatial scale?

The relative importance of all these abiotic and biotic conditions on biomass stocks
and dynamics may depend on the spatial scale used in the study (Chisholm et al.
2013, Poorter et al. 2015). For example, as described earlier the importance of
climate may be greater at large (e.g. continental) compared to small (e.g. within one
forest type) spatial scales because of stronger spatial variation in climate at the
larger scale. Throughout my thesis, I use ‘large’ spatial scale to refer to large
geographic areas such as the Amazon or Neotropics (i.e. South and Mesoamerica),
and ‘small’ spatial scale to refer to small geographic areas, such as those used in
local studies (e.g. 10-50 km?). Also other abiotic conditions may vary more strongly
at large spatial scales than at small spatial scales, and therefore strongly determine
variation in biomass stocks and dynamics (Fig. 1.2). This means that across large
spatial scales, we may find strong effects of environmental filtering, i.e. abiotic
conditions strongly determine and limit the type of species present (e.g. ter Steege
and Hammond 2001). Instead, at smaller spatial scales variation in abiotic
conditions is smaller, but at this scale biotic interactions within and among species
take place (Kunstler et al. 2016), which may result in strong niche complementarity
effects. Other biotic effects, such mass-ratio, may also strongly determine biomass
stocks and dynamics at small spatial scales (Fig. 1.2).

The expected scale-dependence of mechanisms underlying ecosystem
processes asks for an explicit test of these processes at various spatial scales. In this
thesis I evaluate the role of abiotic and biotic conditions on biomass stocks and
dynamics at various spatial scales: across individual trees (chapter 2), across 0.4-ha
communities (chapter 3), across 1-ha communities (chapter 4), across Neotropical
forests (chapter 5), and at various spatial scales (chapter 7).
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Climate-vegetation feedbacks

Besides the climate change mitigation potential of tropical forests, tropical forests
are also importantly affected by global climate. Increasing atmospheric CO,
concentrations, increasing temperature, and changing rainfall patterns will pose a
challenge to the functioning of forests (Brienen et al. 2015). Whether ecosystem
functioning will be maintained depends on whether species can adapt or acclimate
to new abiotic conditions, and/or whether species composition can change so that
better adapted species become more dominant. The questions are, therefore, how
tropical forests respond to changes in abiotic conditions, and how biotic conditions
(e.g. the type and diversity of species) contribute to this response capacity.

Evidence is increasing that old-growth tropical forests are not in a stable state
but are accumulating biomass (Lewis et al. 2004, Brienen et al. 2015) and are
changing in species composition (e.g. Enquist and Enquist 2011, Feeley et al. 2011).
Various hypotheses have been proposed to explain these changes, such as CO,
fertilization or nitrogen deposition (Lewis et al. 2004, Wright 2005), but a general
consensus is still lacking. A better understanding of temporal changes in forest
composition and dynamics and their underlying drivers may be obtained by looking
at changes in the CWM traits over time. Changing abiotic conditions should favour
some species with specific trait values more than other species, leading to temporal
changes in CWM trait values.

Changes in species composition and dynamics have been observed over
relatively short timescales (10-30 y) compared to the much longer timescale of
turnover of adult trees (200-400 y, Brienen & Zuidema 2006) and at which climate
change takes place. Hence, we have yet no idea of the response of tropical forests
to long-term fluctuations and directional changes in climatic and other abiotic
conditions. In line with the insurance theory (Yachi and Loreau 1999), several
studies in grasslands and temperate forests find that biotic conditions, particularly
species and trait diversity, are important for increasing the long-term stability of
ecosystem processes (e.g. Hector et al. 2010, Morin et al. 2014). This phenomenon,
however, has yet not been demonstrated for tropical forests because, due to their
high diversity, high structural complexity, and the long turnover time of most
tropical tree species, it is difficult to assess this relationship empirically. Global
dynamic vegetation models that include realistic levels of diversity (e.g. Sakschewski
et al. 2015) may provide an opportunity to evaluate effects of diversity on the long-
term stability of tropical forests. This knowledge is crucial because tropical forests
are important for global climate now, and should be so too in the future.

18



General introduction

Questions & hypotheses

This thesis is embedded in the EU FP7 (7th Framework Programme for Research
of the European Union) project on the ‘Role Of Biodiversity In climate change
mitigatioN” (ROBIN), which focuses on ecological, socio-economic, and policy
aspects of climate change mitigation by tropical forests (www.robinproject.info).

This thesis mainly focuses on ecological aspects, and aims to understand how

abiotic and biotic conditions determine the biomass stocks and dynamics in tropical

forests (Fig. 1.1) across spatial scales (Fig. 1.2) and across temporal scales. The
specific questions are:

1. What are the independent relationships between abiotic conditions, biotic
conditions, and biomass stocks and dynamics in tropical forests (chapters 2-5
and 7)?

2. How does spatial scale influence these relationships (chapters 2-5 and 7)?

3. How does temporal scale influence these relationships?;

a. How do biotic conditions respond to short-term temporal changes in abiotic
conditions (chapter 6)?

b. How do biotic conditions determine the long-term stability of biomass stocks
and dynamics (chapters 7 and 8)?

The hypotheses corresponding to these questions are:

1. In forests that are limited by one or some abiotic conditions, such as low soil
fertility and low rainfall, I expect that abiotic conditions will be important for
biomass stocks and dynamics (e.g. Laurance et al. 1999). In such forests, strong
environmental filtering due to low fertility and/or rainfall restricts the type of
species that can perform well (ter Steege and Hammond 2001, Gourlet-Fleury et
al. 2011), and therefore under such conditions the trait values of the dominant
species (L.e. the community-weighted mean traits) would strongly drive biomass
stocks and dynamics. For the effect of species and trait diversity on biomass
stocks and dynamics, I have two alternative hypotheses. First, I expect that in
forests where water, soil nutrients and/or light are limiting, high species or trait
diversity will increase facilitation among species and lead to higher ecosystem
process rates. Alternatively, I expect that strong nutrient and/or water limitation
can lead to only a small set of species that is well adapted and strongly
contributes to ecosystem processes (L.e. strong environmental filtering), which
will thus result in a negative effect of species or trait diversity on biomass stocks
and dynamics. Vegetation quantity can affect biomass stocks and dynamics in
two ways: it can have a positive effect because a dense forest has more biomass
that can contribute to growth, or a negative effect because of low light
availability in the understorey.
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2. At large spatial scales (e.g. continental scales), I expect that abiotic
conditions become more important for biomass stocks and dynamics
compared to smaller spatial scales (e.g. within one study site) because
stronger gradients in abiotic conditions will increase the effect size and make
abiotic effects statistically easier to detect. At smaller spatial scales, I expect
that biotic conditions become more important, as at these scale biotic
interactions take place.

3. a. At relatively short time scales (10-30 y), I expect that tropical forests are

experiencing changes in abiotic conditions, and as a result show
compositional changes in community-weighted mean trait values and species
composition reflecting the major underlying driver of change (cf. Fauset et
al. 2012).
b. At longer time scales, I expect that the response to inter-annual climatic
fluctuations (i.e. the stability) depends on the trait diversity within the forest,
such that higher trait diversity would lead to more stable biomass
productivity, and hence, biomass stocks (cf. Hector et al. 2010).

General research approach

Methods and analyses

To answer the main research questions, I combine different research approaches,
using empirical data, statistical modelling, and a literature review. I have a strong
focus on plant traits to understand growth of individual trees (chapter 2) and
ecosystem processes (chapters 3-7). Chapters 3-6 are based on plot dynamics and
species composition data from permanent sample plots in four sites (two in Bolivia,
one in Brazil, and one in Guyana) managed by three local ROBIN-partners:
Instituto Boliviano de Investigacion Forestal in Bolivia, Empresa Brasileira de
Pesquisa Agropecuaria in Brazil, and the Guyana Forestry Commission in Guyana.
In collaboration with the local partner institutions, I collected data on leaf and
wood traits for the ~80% most abundant species in each site: 98 species in the dry
forest site INPA) and 158 in the moist forest site (La Chonta) in Bolivia, 68 in the
moist evergreen site (Tapajos) in Brazil, and 33 in the moist evergreen site (Pibiri)
in Guyana. In chapters 5 and 0, plot and trait data for additional sites were obtained
from collaborating researchers. These trait data were scaled to the community level
by calculating community-weighted mean trait values and functional diversity
indices. To tease apart the various underlying causal drivers of biomass stocks and
dynamics, I used structural equation modelling (Shipley 2004, Grace 20006)
(chapters 2-5). This is important, because one may overlook or find spurious
relationships when not correcting for multiple possible explanatory variables.
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Finally, to assess the generality of relationships between biotic conditions and
biomass stocks and dynamics, I perform a quantitative literature review based on
studies using empirical, remote sensing, and numerical ecosystem modelling
approaches (chapter 7).

Study areas

All chapters focus on Neotropical forests, mainly the Amazon, because this is the
largest remaining tropical forest area that stores a substantial part of the global
terrestrial carbon and hosts the majority of tropical tree species (Malhi et al. 2008).
The specific chapters, however, are based on different sites or combinations of
sites. To address the questions of this thesis, I focus on sites that together cover
large abiotic gradients, ranging from nutrient poor to fertile soils, and that cover
many tropical forest types across the Amazon, ranging from dry deciduous to wet
evergreen (Table 1.1).

Table 1.1: Details of the five forest sites used in most of the chapters in this thesis: INPA, La
Chonta, Tapajos, Pibiri, and Corinto. Additional sites used for chapter 5 can be found in
Appendix 5.1.

INPA La Chonta  Tapajos Pibiri Corinto
Site used in chapters 5,6 2,4,5,6 5,6 3,5,6 5,6
Coordinates 16°07’S, 15°47’S, 3°197S, 5°13°N, 10°12'N,
61°43’W  62°55°W 54°57°W 58°38°W 83°52°W
Country Bolivia Bolivia Brazil Guyana Costa Rica
Forest type Dry Moist semi-  Moist Rainforest Wet
deciduous  deciduous evergreen  (ch. 3), moist evergreen
evergreen (ch. 6)
Rainfall (mm y') 1160 1580 2110 2772 3900
Number of dry 7 6 3 0 0
months < 100 mm
rainfall
Average annual 24.3 24.3 25 25.9 23.7
temperature (°C)
Soil type Oxisols Ultisols Oxisols Ferralsols Inceptisols
Soil fertility from 2 (middle- 1 (high) 3 (middle- 4 (low) n.a.
highest (1) to lowest ~ high) low)

(5), based on Fig. 2 of
Quesada et al. (2010).

For chapters 2 and 4, we use data from a moist semi-deciduous forest (1580
mm annual rainfall) with fertile soils in Bolivia (La Chonta). Chapter 3, on the other
hand, is based on data of a wet forest (2772 mm) with very poor soils in Guyana

“we” is used when referring to research chapters in which co-authors are involved, and “I” for general thesis
information in the general introduction and discussion (chapters 1 and 8).
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(Pibiri). In chapter 5, we use 26 forests across the Neotropics, with annual rainfall
ranging between 784 - 3991 mm and covering many different soil types (see map in
Fig. 1.2). Chapter 6 is based on five Neotropical forests (Inpa, La Chonta, Tapajos,
Pibiri and Corinto), with annual rainfall ranging between 1160 - 3900 mm and with
strong differences in soil fertility (see Table 1.1). Most of the sites are in forest
management units and received logging treatments, which are used in the analyses
of some of the chapters (3, 4 and 5). More information of the five sites used in
chapters 2, 3, 4, 6 and 7 can be found in Table 1.1, and of additional sites used in
chapter 5 in Appendix 5.1.

Thesis outline

This thesis consists of eight chapters: the general introduction (this chapter), six
research chapters (chapters 2-7) ordered from small to large spatial scale (2-5) and
from short to long temporal scale (6-7), and the general discussion (chapter 8). We
first focus on the individual tree-scale (chapter 2), then we scale up individual tree
responses to the community level at the local scale within a forest (chapters 3 and
4), and finally assess site differences at the continental scale (chapter 5). We then
look at short-term temporal dynamics of these communities (10-30 y, chapter 6).
Finally, we review the generality of the relationships between biotic conditions and
biomass stocks and dynamics (chapter 7), including the long-term (>200 y)
temporal dynamics of these communities (see also the general discussion in chapter
8).

Biomass dynamics in tropical forests are most strongly determined by canopy
trees that store most of the biomass (Slik et al. 2013) and have highest absolute
biomass growth rates (Stephenson et al. 2014). However, factors driving differences
in biomass growth among such large trees remain largely unknown. In chapter 2
we use a set of traits at the individual-tree level to explain absolute biomass growth
of large trees.

At the community level, different variables may explain biomass stocks and
dynamics than at the individual-tree level. We focus on two forests at the extremes
in the Amazon basin, to evaluate whether similar mechanisms apply: Guyana and
Bolivia (see the map in Fig. 1.2). In chapter 3 we evaluate how abiotic and biotic
conditions drive biomass stocks (aboveground, fine root, and soil organic matter)
and productivity of 0.4-ha plots in a wet forest in Guyana that grows on the very
nutrient-poor Guiana shield.

In chapter 4 we assess how abiotic and biotic conditions drive three
demographic processes that underlie net biomass change: biomass growth by trees
that recruit, biomass growth by trees that survive, and biomass loss due to mortality
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in a moist semi-deciduous forest in Bolivia that grows on very fertile soils.
Although net biomass change may be the most relevant variable for globally
important ecosystem functions such as CO, sequestration, it may be hard to predict
because it is the final product of demographic processes (recruitment, growth and
mortality). It is, therefore, important to tease apart net biomass change into its
underlying demographic processes. In both chapters (3 and 4), we use structural
equation modelling to answer our questions.

In chapters 3 and 4 we focus on the local scale. But how are biomass stocks
and dynamics predicted by abiotic and biotic conditions at the continental scale? In
chapter 5 we test the effects of abiotic and biotic conditions on the demographic
processes that underlie net biomass change across 26 Neotropical forests that cover
a large biogeographical range and climatic range (780-3990 mm annual rainfall),
using a similar approach as in chapters 3 and 4.

The first four research chapters (2-5) are based on current ecosystem
processes in tropical forests. Global change, however, is putting pressure on
ecosystems, and it is yet not understood how ecosystems will change and what the
main underlying global change drivers are. In chapter 6 we evaluate how five old-
growth Neotropical forests are changing over 10-30 y in species and trait
composition, and what is most likely the major underlying driver: increasing
resource availability, increasing drought-stress, or recovery from disturbances.

Chapters 2-6 disentangle abiotic and biotic effects on ecosystem processes at
various spatial and temporal scales. Yet, these chapters and other studies differ in
many aspects, such as study site, and variables and analytical framework used. It
remains therefore difficult to obtain a general idea of the abiotic and biotic effects
on ecosystem processes. In chapter 7 we review the relationships between biotic
conditions (called ‘biodiversity attributes’ in chapter 7) and biomass stocks and
dynamics (called ‘carbon stocks and dynamics’), focusing on results obtained from
empirical, remote sensing, and ecosystem modelling studies.

Finally, I use the general discussion, chapter 8, to provide answers to the
main research questions by synthesizing the results of the individual research
chapters and presenting some additional analyses. Furthermore, I discuss the main
scientific knowledge gaps and challenges regarding the understanding of the
functioning of tropical forests. Last, I discuss the societal and political challenges to
get towards long-term resilient and viable tropical forests that play a crucial role in
important functions such as global climate change mitigation, water cycling and
wood provisioning.
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Chapter 2

Abstract

Tropical forests are important in worldwide carbon (C) storage and sequestration.
C sequestration of these forests may especially be determined by the growth of
canopy trees. However, the factors driving variation in growth among such large
individuals remain largely unclear. We evaluate how crown traits (total leaf area,
specific leaf area and leaf nitrogen (N) concentration) and stem traits (sapwood area
(SA) and sapwood N concentration) measured for individual trees affect absolute
biomass growth for 43 tropical canopy trees belonging to four species, in a moist
forest in Bolivia. Biomass growth varied strongly among trees, between 17.3 and
367.3 kg year', with an average of 105.4 kg year'. We found that variation in
biomass growth was chiefly explained by a positive effect of SA, and not by tree
size or other traits examined. SA itself was positively associated with sapwood
growth, sapwood lifespan and basal area. We speculate that SA positively
affects the growth of individual trees mainly by increasing water storage, thus
securing water supply to the crown. These positive roles of sapwood on growth
apparently offset the increased respiration costs incurred by more sapwood. This is
one of the first individual-based studies to show that variation in sapwood traits —
and not crown traits — explains variation in growth among tropical canopy trees.
Accurate predictions of C dynamics in tropical forests require similar studies on
biomass growth of individual trees as well as studies evaluating the dual effect of

sapwood (water provision vs. respiratory costs) on tropical tree growth.

Keywords: Bolivia, carbon economy, functional traits, sapwood area, sapwood

turnover, stem growth, total leaf area, tropical forest, water relations

26



Drivers of growth of individual canopy trees

Introduction

Tropical forests cover about 10% of the Earth surface, but store 25% of global
terrestrial carbon and account for 34% of terrestrial gross primary productivity
(Bonan 2008, Lewis et al. 2009, Malhi 2012). They therefore feature prominently in
climate change mitigation policies, such as Reduced Emissions from Deforestation
and forest Degradation (REDD+) (Houghton 2005, Bonan 2008). In these forests,
the 2% largest stems account for at least 27% of the aboveground biomass (Clark
and Clark 1996, Lindenmayer et al. 2012, Slik et al. 2013). Since absolute biomass
growth often increases with tree size (Clark and Clark 1999, Stephenson et al.
2014), the growth of large canopy individuals may largely determine the total
aboveground carbon sequestration per ground area. Although several studies have
evaluated the effect of environmental conditions and functional traits on diameter
growth rates (Hérault et al. 2011), or on growth for small trees and saplings
(Poorter 1999, Sterck et al. 2003), the understanding of what drives the biomass
growth of individual canopy trees is still very poor.

The growth of a tree is affected by its ontogenetic stage, biotic and abiotic
environment, and functional traits. Most studies, however, do not consider the
direct relation between biomass growth and factors driving this at the individual-
tree level, but rather focus on average species performance and average species
traits (e.g. Poorter and Bongers 2006, Wright et al. 2010). Yet, as Clark et al. (2011)
pointed out, “individuals are the objects responding to environmental gradients,
not species”. Species-specific performance of canopy trees may be partly driven by
species-specific life-history traits that allow them to endure in the understory and
eventually reach the canopy. Still, variation among individuals may be substantial
(Paine et al. 2011, Thomas et al. 2013) and important for their ecological
performance (Violle et al. 2007) and contributions to population growth (Zuidema
et al. 2009). Hence, individual-tree level analyses may yield important insights into
the drivers of tree growth (Binkley et al. 2010, Clark et al. 2011, Sterck and
Schieving 2011).

Functional traits are expected to link environmental conditions to growth, and
may therefore assist in developing a mechanistic understanding of factors that drive
tree growth (McGill et al. 2006, Ordonez et al. 2009). Many studies have
highlighted the importance of leaf traits such as the positive effect of specific leaf
area (SLA) and leaf nitrogen (N0 on growth of saplings and small trees (Wright et
al. 2005, Poorter and Bongers 2000, Sterck et al. 2006). However, these
relationships are generally weak for large trees, possibly because size-related traits
such as total leaf area (TLLA) may determine absolute tree growth more strongly
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than leaf traits (Poorter et al. 2008, Wright et al. 2010). In addition, stem traits also
potentially affect whole-tree growth (Chave et al. 2009). An important stem-related
trait is the sapwood area of a tree, which may indirectly increase photosynthesis
rates by sustaining water transport to the leaves (Meinzer et al. 2008). However,
extra sapwood area may also incur additional maintenance respiration costs (see
Meir and Grace (2002) for positive effect of stem diameter on respiration),
counterbalancing the positive water-related effect on growth (Wullschleger et al.
1998). So far, the contributions of size- and tissue-related stem and crown traits on
individual growth of tropical canopy trees is pootly understood.

In this study we evaluated the relative effect of various size- and tissue-related
stem and crown traits on biomass growth of 43 tropical canopy trees belonging to
four species. Specifically, we ask the question to what extent variation in biomass
growth across individual canopy trees can be explained by crown and stem traits.
We expected a positive relation between biomass growth and crown traits: TLA
increases total light capture, a higher SLA increases the leaf area per unit biomass
investment, and a higher N, may increase the photosynthetic capacity (Poorter
and Bongers 2006, Reich 2012). Furthermore, we expected that the sapwood
nitrogen concentration (N,,,) would negatively affect growth, because high levels
of nitrogen in wood would increase respiration. We did not have an a priori
hypothesis about the relation between sapwood area (SA) and tree growth, since
the possible positive effects by augmenting water transport and storage might be
offset by the negative effects of greater respiration loads.

Methods

Research site

This study was conducted in the moist, semi-deciduous forest of La Chonta,
Bolivia (15°47’S, 62°55’W). This is a 100,000 ha forestry concession that was
established in 1974, with an average density of 367 trees per ha (> 10 cm DBH)
and a species richness of about 59 per ha (Pefia-Claros et al. 2008). The average
canopy height is 25 m, and most canopy trees have an estimated age of at least 150
years (Poorter and Bongers 2006, Rozendaal and Zuidema 2011). Average annual
temperature is 24.3 °C and annual precipitation is 1520 mm, with a dry season from
April until September.

28



Drivers of growth of individual canopy trees

Tree selection

From early April until early June 2012, 43 emergent canopy trees were measured
from four species representing different families and ecological growing strategies
(Table 2.1): 15 individuals of Hura crepitans, 11 of Schizolobium parahyba, 9 of
Cariniana ianeirensis and 8 of Sweetia fruticosa. Hereafter, these species will be referred
to by their genus name. Moreover, these species were selected because they were
known to produce well distinguishable annual growth rings (Lopez et al. 2012). We
selected trees with undamaged and fully exposed crowns and no or little liana
cover. This ensured that growth differences among study trees were not strongly
determined by differences in light availability. All measurements were conducted

within hours after the selected trees were felled.

Table 2.1: The four species used in this study with family, guild, maximum tree height, average
crown exposure index as juvenile (CE,,; value between 1-5 indicating increasing access to direct
light), and average wood density (g cm™) at breast height. Long lived pioneers (LLLP) are long
lived species that need high irradiance to establish, and partial shade tolerant trees (PST) are
species that can establish under low irradiance. Wood density data are obtained from this study,

but Guild, Maximum height and CE,, are obtained from Poorter et al. (2000).

Maximum Wood
Species Family Guild  height CE,,, density
Schizolobinm parahyba ~ Fabaceae/ Caesalpiniaceac LLP 35 2.39 0.45
Sweetia fruticosa Fabaceae/ Papillionaceac  LLP 30 1.91 0.82
Hura crepitans Euphorbiaceae PST 44 1.62 0.37
Cariniana taneirensis Lecythidaceae PST 45 1.74 0.36

Biomass growth

Directly following felling, we cut two stem discs using a chain saw. One disc was
obtained at about 1 m from the stem base and one just below the first major
branch (between 6-17 m from the stem base). Bark thickness of the discs was
measured in four directions, and the distance from the soil to the first disc and
from the soil to the second disc were measured using a measuring tape. The discs
were brought to the laboratory where they were polished to identify ring
boundaries. On these discs, the radial length of the heartwood, sapwood and pith
diameter were measured at the longest radius, the shortest radius, and one
intermediate radius, using a caliper and a ruler. In all species except Cariniana, the
distinction between sapwood and heartwood was clear, with abrupt switches in

contrasting colours. For Cariniana sapwood area could therefore not be measured.
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Per disc, ring width of the last five years was measured at the longest and
shortest radius (using the pith as center) and at one intermediate radius between the
longest and shortest, since the discs were never fully a circle with the pith exactly in
the center. We measured ring width using the TSAP-Win 0.53 software. The
measurements of the three radii and of the five years were averaged to obtain one
value for annual ring width per tree. We based our growth estimates on an average
of the last five years, to minimize the effect of climatic variability on the growth
estimates. Based on this average annual ring width and the diameter of the disc, the
annual basal area growth was calculated.

At the same two heights per tree, 3-4 cm wide sections were cut in radial
direction, from the bark to the pith. The bark was removed and the section was cut
in radial direction in sections of 6 cm, starting from the youngest sapwood until the
pith was included. For each sample, fresh volume was determined using the water
displacement method, and dry mass was measured after oven drying at 70 °C until
dry mass was stabilized. Wood density (WD; g cm™) was calculated per wood
sample by dividing the dry mass by the fresh volume.

In Appendix 2.1 we show that, for our trees, taper only occurred between
breast height and the first branch (i.e. along the main stem). We therefore
calculated biomass growth separately for the stem (until the first branch) and
crown. First, WD of the youngest sapwood was multiplied with the annual basal
area growth of the same disc to get a measure for the annual biomass growth per
unit tree height (kg m™ yr'), which could later be multiplied with height (separately
for the stem and crown, as explained below) to obtain total biomass growth. To
determine stem biomass growth, we assumed that the averaged biomass growth of
the two disc samples was a good representation of the average biomass growth
along the whole length of the stem. Averaged biomass growth of the disc samples
was subsequently multiplied with stem height to obtain an estimate of absolute
stem biomass growth (kg yr'). To determine growth of woody biomass in the
crown, we assumed that the biomass growth of the disc below the first branch was
a good representation of the biomass growth of the whole crown. This biomass
growth was multiplied with the length of the crown (maximum tree height minus
stem height), measured with a laser rangefinder (Nikon Forestry 550), to obtain
crown biomass growth (kg yr'). Note that we did not include leaf mass, as this
strongly correlates with the total leaf area, which we used as one of the explanatory
variables. Stem and crown biomass growth were subsequently summed to obtain an
estimate of absolute aboveground biomass growth rate (AGR; kg yr''; Table 2.2).
We chose this approach to calculate biomass rather than the more generally used

allometric biomass equations, because it accounts for possible species-specific
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tapering within trunk and crown. As such, it likely provides a more direct and more
reliable estimate of biomass than one based on generic biomass equations that are
commonly used. We do acknowledge, though, that this is still an estimate of
biomass (growth), which could be further refined, for example by using more
detailed information on trunk tapering or wood density variation along the stem.

Table 2.2: List of variables with abbreviation, units, mean, minimum (Min), maximum (Max),
standard deviation (Stdev) and coetficient of variation (CV).

Abbreviation  Variable description Unit Mean Min Max Stdev CV

AGR Absolute biomass kg yr' 10543 1732 3673 80.68  0.77
growth rate

Height Tree height until top of m 26.22 21.6 324 3.03 0.12
crown

TLA Total leaf area of the m?> 1339.73 29396 3641 759.23 0.57
crown

SA Sapwood area m? 0.172 0.029 0.577 0.119 0.69

SLA Specific leaf area cm’ g 105.65  72.6 149.7 17.76 017

Nar Leaf nitrogen % 2.56 1.82 342 043 0.17
concentration

N Sapwood nitrogen % 0.25 0.11 0.47  0.09 0.36
concentration

BA Stem basal area m?> 0.331 0.096 0.838 0.183 0.55

Sapwood Age of the sapwood vt 29.78 5.75 88.04 21.77 0.73

lifespan

Sapwood Basal area growth of cm’yr' 10137 1205 332 7654  0.76

growth one year

Total leaf area
Per tree, we selected four to five undamaged branches that had a stem diameter of
4-8 cm and were growing in different parts of the crown. For each branch, all the
apices with leaf-bearing shoots were counted. Then, for five randomly selected
apices, the number of leaves was counted and one leaf was randomly selected and
harvested. We thus obtained 20-25 leaves per tree. We pooled these leaves to
measure the average leaf area (without petioles), using a desktop scanner. At the
lower end of each branch, a disc was cut from which BA excluding bark was
determined.

Per branch, the TLA was calculated by multiplying the number of shoots, the

average number of leaves per shoot, and the average leaf area (obtained at the tree
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level). The ratio of cross-sectional BA to leaf area was determined per branch and
averaged over four to five branches to obtain one value per tree.

To estimate TLA (m?), we assumed that the stem BA just below the first branch
is proportional to its supporting leaf area. We tested this assumption by comparing
the ratio of leaf area to BA at four sampling heights in the tree (see Appendix 2.1
for details): breast height (1), just below the first branch (2), and at two heights in
the crown below the lowest leaves (3 and 4). BA just below the first branch did not
differ from the two upper sampling heights, supporting our assumption of a
constant ratio between BA and leaf area just below the first branch and in the
crown (see Appendix 2.1). Therefore, we calculated TLA by dividing BA just
below the first branch by the ratio BA : leaf area calculated from the branches of
the same individual.

Other traits

Per tree, the leaf area of the 20-25 pooled leaves was divided by their pooled dry
mass (oven-dried at 70 °C until their mass was stabilized) to determine specific leaf
area (SLA; cm® g'), and leaf samples per tree were analyzed for nitrogen
concentration (N5 %, Table 2.2). The youngest wood samples at the two heights
along the stem were pooled per tree and analyzed for nitrogen concentration (N,
%). Sapwood area (SA; m®) per disc was determined by subtracting the heartwood
and pith area from the total stem basal area. SA per tree was calculated as the
average SA of the discs taken at the two heights. Sapwood growth was defined as
the annual basal area growth (see Biomass growth), and sapwood lifespan was based
on the number of annual rings in the sapwood. We estimated the number of annual
rings in the sapwood by dividing the width of the sapwood by the average ring

width of the last 15 years.

Statistical analyses

For Cariniana we could not distinguish sapwood from heartwood on the disc
samples, so sapwood area (SA) could not be measured. We carried out two sets of
statistical analyses: one without Cariniana and one that included Cariniana, in which
SA for Cariniana was predicted based on a regression analysis of SA versus all traits
and basal area of the other three species. These two approaches yielded similar
results in terms of strength, direction and significance of coefficients of variables
included in tests explaining variation in absolute biomass growth (Appendix 2.2).
As including estimated SA values for Cariniana did not affect results, we present

results of tests including Cariniana in the main text.
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Our main aim was to evaluate how traits of individual trees could explain
variation in their growth, and not the mean effect of species per se. To account for
variation in growth that is explained by species differences, we included species as a
tixed factor in the analyses. Growth, basal area (BA) and SA were log-transformed
and TLA was sqrt-transformed to meet the assumptions of equal variances and a
normal distribution of the residuals. Possible interactions between species and each
of the traits were first checked and included in further analyses if significant.
Possible outlying observations were analyzed by applying the Cook’s Distance to
the linear models.

The model including all traits, species, and interactions was reduced using ‘all
subsets regression analysis’, which evaluates all possible combinations of predictor
variables (Burnham and Anderson 2002). We used this technique because various
combinations of variables in multiple regression models can give comparable good
fits (Burnham and Anderson 2002, Johnson and Omland 2004). We therefore
selected and averaged the models that differed less than 2 AIC units from the
model that was selected as ‘best’. In this way, we obtained rather conservative but
more robust model coefficients compared to what we would have obtained by
selecting only the best model.

All analyses were performed using R 2.15.2. We used the following functions: /»
for linear models, dredge for all subsets regression analysis, and model.avg for
averaging regression models (the latter two from the MuMIn package; Barton
2015).

Results

The aboveground absolute growth rate (hereafter referred to as ‘growth’) ranged
widely, between 17.32-367.25 kg yr' with an average of 105.43 kg yr' (Table 2.2).
Many variables differed strongly among individuals and species, which can be seen
from their high coefficient of variation. The averaged model, which included all
variables, shows that only sapwood area (SA) had a significant positive effect on
growth (standardized coefficient = 0.73) and species differed in their intercept
(Table 2.3, Fig. 2.1). The relative importance of SA and species on growth was both
1 and there were no significant interaction effects (species * traits). After SA, TLA
had the strongest standardized coefficient, followed by SLA, N, N,.,r and height
0.17, -0.16, 0.13, -0.12, and 0.11, respectively). The presented averaged model
reflects the average of the five best-fitting models that differed less than 2 AIC

units from the single best model.
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We evaluated the robustness of our results by adding a number of analyses, of
which results are included in the appendices (2, 4, 5 and 6). First of all, we
evaluated the results with different proxies for tree size, i.e. tree height or basal
area. Results of statistical analyses showed that sapwood area and species were the
most significant predictor variables, irrespective of the tree size proxy used
(Appendix 2.2a vs. Table 2.3). We continued using tree height as size proxy, since
this correlated more weakly than basal area with most of the other predictor
variables of growth (r < 0.6 for tree height, Appendix 2.3, and r < 0.86 for basal
area), suggesting that the effects of tree height on growth were independent of
impacts by other crown or stem trait. Second, for sake of comparison, we present
the analysis of the effect of traits on basal area growth in Appendix 2.4 (vs. analysis
for absolute biomass growth in Table 2.3), which showed that traits similarly affect
both growth measures. We further focused on biomass growth and not basal area
growth or stem diameter growth, as biomass growth is most relevant for carbon
sequestration. Third, in addition to our all subset regression analysis and model
averaging, we added an analysis for biomass growth using the standard stepwise
exclusion of variables, and showed that sapwood area and species were the most
significant predictor variables in both analyses (Appendix 2.5 vs. Table 2.3). Last,
we performed an analysis using a reduced model, in order to evaluate results for a
pre-selected limited set of variables. The model in which only tree height, total leaf
area and sapwood area were included as explanatory variables again confirmed that
sapwood area and species were the only variables explaining variation in biomass
growth (Appendix 2.6 vs. Table 2.3). The results of the analysis presented in Table
2.3 are thus in line with a number of alternative analyses presented in appendices
(2,4, 5, and 6).

Because SA was the most important explanatory variable for growth, we
elaborated further on factors that may explain variation in SA. We evaluated how
SA depends on sapwood area growth, sapwood lifespan and stem basal area. In this
analysis, sapwood area growth, i.e. newly formed sapwood area per year, ranged
between 12.05-332.00 cm® yr' with an average of 101.37 cm” yr™', sapwood lifespan
ranged between 5.7-88.6 yr with an average of 29.78 yr, and basal area ranged
between 0.10-0.83 m”> with an average of 0.33 m* (Table 2.2). We included species
as fixed factor (species did not interact with other predictor variables), and scaled
all numeric variables by subtracting the mean and dividing by the standard
deviation, to obtain standardized coefficients. The results showed that sapwood
growth, sapwood lifespan, and stem basal area all positively affected SA, with
standardized coefficients of 0.45, 0.18, and 0.22, respectively (Table 2.3, Fig. 2.2).
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Discussion

Our aim was to explain variation in absolute biomass growth (referred to as
‘orowth’) among individual tropical canopy trees by stem and crown traits. From all
traits, sapwood area (SA) turned out to be the only variable that significantly
increased with growth (Table 2.3, Fig. 2.1). Growth was not affected by tree height
or basal area, indicating that size does not drive differences in growth among
canopy trees. Further evaluation of factors explaining variation in SA across trees

showed a positive effect of sapwood growth, sapwood lifespan and tree basal area
on SA (Table 2.3, Fig. 2.2).

Table 2.3: Results from the two linear models with absolute growth rate (Growth) and SA as
response variables. The standardized coefficient (), adjusted SE (SEadj), t-value, P-value, and
relative variable importance (by summing the Akaike weights for all models where the specific
variable was included (Barton 2015)) are given for each predictor variable. The effects on growth
were evaluated by all subset regression analyses and subsequent averaging of the five models with
Akaike information criteria values that differed by less than 2 units, therefore relative variable
importance values could be obtained. The statistics of SA, however, were based on the full model
(hence, no model averaging was applied and thus no relative variable importance values were
calculated), based on variables scaled by subtracting the mean and dividing by the SD. Note that
Cariniana was excluded from the analysis for SA.

Response Relative
variable Predictor variable B SEadj t-value P-value importance
Growth log(SA) 0.73  0.15 4.68 <0.001 1
Intercept Sweetia 0 0 1
Intercept Hura -0.28 0.19 1.41 0.158
Intercept Schizolobium 0.56 0.14 3.93 <0.001
Intercept Cariniana 0.07  0.12 0.56 0.574
SLA -0.16  0.10 1.60 0.111 0.56
N 0.13  0.08 1.47 0.142 0.33
sqrt(TLA) 0.17  0.11 1.46 0.146 0.14
H,. 0.11  0.10 1.03 0.304 0.08
N..f -0.12 0.14 0.84 0.401 0.07
SA BA 0.22  0.07 3.32 0.002
Sapwood growth 0.45 0.08 5.99 <0.001
Sapwood lifespan 0.18  0.07 2.50 0.019
Intercept Sweetia -0.77  0.12 -6.55 <0.001
Intercept Hura 1.42  0.16 8.67 <0.001

Intercept Schizolobium 0.50 0.20 2.52 0.018
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Figure 2.1: The relation of absolute biomass growth with a) tree height, b) sapwood area (SA), c)
total leaf area (TLA), d) specific leaf area, e) leaf nitrogen concentration (N, and f) sapwood N

concentration (N, ). Regression lines are based on the multiple regression analysis (by keeping

the other predictopr variables at their mean), but are only shown when the predictor variable
contributed significantly in explaining absolute biomass growth (Table 2.3). Symbols represent
four species: Sweetia (squares), Hura (triangles), Schizolobinm (circles), and Cariniana (diamonds).
Note that the axes for absolute biomass growth and SA have a log scale, and the axis for TLA a
square root scale.

An individual-based approach

We used an individual approach to evaluate the factors driving variation in growth
among tropical forest canopy trees. By combining individual traits and species in
one statistical model, we were able to separate the effect that individual traits have
on individual growth, from the variation caused by evolutionary differences among
species (Clark et al. 2011). Our focus is on individuals because they are the units
that grow and respond to their environment (Clark et al. 2011), rather than species.
While other studies show that differences in growth and other traits among
individuals of the same species even exceed the differences in average growth or
traits among species (Bolnick et al. 2003, Clark 2010, Messier et al. 2010), this was
not the case in our study. Possible explanations are that we used four species from

different ecological growing strategies, and selected fully exposed canopy trees with
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reduced environmental variation among individuals. Nevertheless, we observed
tully consistent trait impacts on growth among individuals, suggesting that similar
functional relationships drive the growth variation amongst individuals for different

species.
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Figure 2.2: The relation of sapwood area (SA) with a sapwood growth, b sapwood lifespan, and
c stem basal area (BA). Regression lines are based on the multiple regression analysis (by keeping
the other predictor variables at their mean), but are only shown when the predictor variable
contributed significantly in explaining absolute biomass growth (Table 2.3). Symbols represent
four species: Sweetia (squares), Hura (triangles) and Schizolobium (circles). Cariniana was excluded
because no SA could be distinguished. Note that the axes for SA and stem BA have a log scale.

Sapwood is the major driver of growth, not crown traits
Contrary to expectations, we found that none of the traits, except for SA, explained
variation in growth of individual canopy trees. Many studies have found an
important positive role of leaf traits such as TLA, SLA and N, for species
performance (Sterck et al. 2006, 2014), especially for saplings and small trees
(Poorter 1999, Poorter and Bongers 2006). These traits indeed vary strongly among
species and partially explain species-level growth responses of smaller trees, where
a high TLA, SLA and N, may strongly increase the light interception and
photosynthesis per unit plant mass and therefore drive growth. The importance of
such crown traits may be different for canopy trees that have full access to light and
better developed crowns, with optimally distributed leaves that compensate for
possible effects of leaf traits such as SLA and N, on the light capture and carbon
gain (McMurtrie et al. 2008, Sterck and Schieving 2011). Similar to our results,
Staudhammer et al. (2013) found no effect of TLA on basal area growth of adult
trees (although TLA did increase reproductive output). Thus, crown traits cannot
explain the variation in stem growth among emergent tropical canopy trees.
Sapwood area was clearly the most important variable explaining aboveground

biomass growth of individual trees in our study. A high amount of living wood may

37



Chapter 2

increase respiration costs (Ryan et al. 1994), especially when air temperature is high,
and pose a negative effect on growth. Interestingly, a positive effect of large SA
was superior to its high respiration costs (Table 2.3, Fig. 2.1), probably because tall
trees can be water limited and SA improves the water supply to the crown. This
relation could not be explained by larger trees that have both a high biomass
growth and large sapwood area, since growth rate was not related to tree height
(Table 2.3, Fig. 2.2) and neither to basal area (Appendix 2.2a). We added a
structural equation model (Fig. 2.3) to summarize the relative effects of SA, TLA
and tree height on growth when taking correlations among predictors into account.
Even though the effect of TLA on growth was marginally significant as compared
to the linear model (Table 2.3), the analysis confirmed that sapwood area is

superior to any other effect on growth.

Tree height ~< Beta = 0.125
~~.P=0392

455 S~
.007

~

Beta = 0.364 ~~ _

Sapwood area SSULE \) Absolute biomass growth

.275 -~
.082 -~

-

_ =~ Beta = 0.240

Total leaf area P <0076

Figure 2.3: Structural equation model for the effects of tree height, sapwood area (SA) and total
leaf area (TLA) on absolute biomass growth. For each variable, the species mean was subtracted
from the individual measurements in order to exclude differences in intercept among species, as
were found in previous analysis (Table 2.3). The one-headed arrows show regressions between
variables, whereas the two-headed arrows between the predictor variables show correlations
between variables. Black arrows show significant effects and dashed arrows show non-significant
effects. For each relation, the coefficient (3 or r) and significance (P) are given, based on an n of
43. Note that the model is saturated (i.e. all possible arrows between boxes are drawn), therefore
we cannot test the fit of the overall model. We nevertheless present this model in order to
evaluate the relative strengths of size variables on growth while correcting for interrelatedness

among predictor variables. The model was evaluated using the se function of the /Javaan package
in R (Rosseel 2012).

Growth and sapwood: chicken and egg?

A question that arises from the positive relation between sapwood area and growth,
is whether sapwood has a positive functional effect on growth, or is merely a
passive consequence of growth (Galvan et al. 2012). In other words, does large
sapwood area increase growth, or does fast growth increase sapwood area? To
better understand these relations, we evaluated some factors that may explain

variation in sapwood area. A tree can have a lot of sapwood because of fast
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sapwood growth, long sapwood lifespan, and/or because the tree has a large basal
area and consequently a large sapwood area. We found that all these three factors
positively affect sapwood area (Table 2.3, Fig. 2.2). The positive effect of basal area
on sapwood area indicates that larger trees have more sapwood area, but basal area
did not affect growth (see Appendix 2.2a). The positive effect of sapwood growth
and sapwood lifespan on sapwood area (Table 2.3, Fig. 2.2) suggests that trees can
achieve a larger sapwood area by increasing sapwood growth and/or sapwood
lifespan. However, the negative correlation between sapwood growth and sapwood
lifespan (Appendix 2.3) suggests that trees with fast sapwood growth, which
increases sapwood area, also have short sapwood lifespan, which decreases
sapwood area. Hence, the sapwood area should not necessarily increase as a result
of tree growth. Moreover, since the average sapwood lifespan is 30 years, average
annual sapwood growth should at least be an order of magnitude smaller than the
total sapwood area of the tree. Hence, it is unlikely that this small part of the
sapwood area that is directly related to annual growth causes the strong positive
relation between sapwood area and growth. These results imply that sapwood area
is not only a passive consequence of growth, but that the positive effect of
sapwood area on growth may be attributed to a functional role of sapwood
underlying growth.

Why does sapwood area increase growth?

The functional role of sapwood is to supply water with nutrients to the crown, and
this is likely how sapwood area increases biomass growth in our study trees.
Sapwood assures water supply in two ways: by water transport from the roots to
the leaves (Goldstein e al. 1998, Meinzer ez al. 2001), and by water storage to buffer
the use of soil water and allow more persistent water supply to the crown during
the course of the day (e.g. during hot afternoons) or the dry season (Wullschleger ez
al. 1998). Our canopy trees were all emergent and thus most likely not primarily
limited by light, but their high stature (on average 26.2 m) may have caused
hydraulic limitation for the supply of water to the crown. We found a positive
effect of sapwood area on total leaf area (Fig. 2.4), without differences in slope and
intercept between species. This suggests that a large sapwood area indeed supports
a large total leaf area, and that, independent of species, a certain sapwood area is
associated with a certain total leaf area. A positive relation between sapwood area
and total leaf area was also found for two mountain ash species in south-east
Australia (Vertessy et al. 1995), and a strong relation between sapwood area and

water flow rate was found for five tropical canopy trees in Panama (Goldstein et al.
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1998). These studies and our results thus suggest that the water supply to the crown
may limit the total leaf area and growth of these tropical forest trees.

The sapwood age (i.e. sapwood lifespan) of our trees ranged between 5.7 and
88.6 years with an average of 29.8 years (Table 2.2). We did not find other studies
with data on sapwood lifespan for tropical trees, but Spicer and Holbrook (2007)
found ages between 7.6 and 50 years for three temperate tree species, and Sterck et
al. (2008) found ages between 25 and 50 years for Pinus sylvestris (a coniferous
species) in an alpine valley. Compared to these studies, trees in our study varied
strongly in sapwood lifespan, with some having remarkably old sapwood. Since
water transport efficiency decreases with sapwood age (Spicer and Gartner 2001), it
is unlikely that all 30 years of the sapwood have an equally important contribution
to water transport. Instead, the oldest sapwood rings may be used to store water
and nutrients in living cells and extracellular spaces (Goldstein et al. 1998), rather
than to transport water. Goldstein et al. (1998) found that the majority of the
stored water in large trees was used in the morning to supplement water that had
been lost through transpiration during the previous day, before the soil water could
reach these depleted sites. The stored water may act as a buffer to complement
water supply to the upper leaves, which reduces the risk on drought-induced
cavitation of the vessels, and simultaneously increases photosynthesis by allowing
more water to be withdrawn for transpiration (Scholz et al. 2007).
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Total leaf area (m?)
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Figure 2.4: The relation of sapwood area (SA) with total leaf area (TLA), based on a regression

analysis. Symbols represent four species: Sweetia (squares), Hura (triangles), Schizolobium (circles),

and Cariniana (diamonds). Note that the axis for SA has a log scale and the axis for TLA a square

root scale.
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The whole-tree hydraulic conductance can be evaluated by using the ratio
between total leaf area and sapwood area. This ratio determines the water supply
per unit leaf area and, hence, may affect actual rates of photosynthesis and growth
(Whitehead et al. 1984, McDowell et al. 2002). For our trees, however, the ratio
between sapwood area and total leaf area did not relate to growth (linear model
with species as fixed factor; t = -1.33, P = 0.891). Probably, the sapwood area
available per leaf is not a good indicator of water reaching the leaves for large trees,
because of the reduced transport activity of the old sapwood. McDowell e a.
(2002) showed that the ratio between leaf area and sapwood area decreases with
tree height, indicating that for large trees the hydraulic conductance becomes
relatively less important than their capacity to store water (Phillips et al. 2003).
Given the old age of the sapwood in our trees (5.7-88.6 yr), the lack of effect of
hydraulic conductance (the ratio between total leaf area and sapwood area) on
growth, and the expected hydraulic limitations during periods of low water
availability, we speculate that an increased sapwood area positively affects growth
by improving water storage, rather than water transport.

We show that sapwood area may be one of the most important traits atfecting
growth of tropical canopy trees. Few studies have focussed on the role of sapwood
for biomass growth (but see Galvan et al. 2012), and no studies have done so for
tropical trees. Our results suggest that the positive functional effects of sapwood
area on growth largely offsets possible negative impacts of increasing respiration
costs. We speculate that this is attributable to an increasing capacity for water
storage that sustains water supply to the leaves, even in times of high evaporative

demand and/or drought.
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Appendices

Appendix 2.1: Results for the comparisons of basal area (in m”) among the four sampling
heights in the tree: breast height (1), just below the first major branch (2), and at two heights in
the crown below the first leaves (3 and 4; see figure on the right). For each height, the mean,
minimum, maximum, and standard deviation (Stdev) of the basal area are given. A two-way
ANOVA showed no interaction between species and height, and we therefore used a one-way
ANOVA with TukeyHSD multiple comparisons to compare basal area at the four heights
(letters indicate different groups at P < 0.001). N was 43 for all comparisons.

Height Mean Min Max Stdev TukeyHSD*

1 0.40 0.13 131 024 a
2 0.23 0.06 0.68 013 b
3 0.24 0.04 098 0.18 b
4 0.21 0.03 095 017 b

Appendix 2.2: Evaluation of the effect on the analyses when (a) including predicted sapwood
area for Cariniana (as used in the manuscript) and basal area instead of tree height, and (b) when
excluding Cariniana from the analyses. All subset regression analyses were used with absolute
growth rate as response variable and all traits, stem basal area and species as predictor variables,
and model averaging was applied over all models that differed less than 2 AIC from the ‘best’
model (which is considered a not significantly different fit). Empty rows indicate that the variable
was excluded by the analysis. These results also show the effect of including stem basal area
instead of tree height (Appendix 2.2a vs. Table 2.3). The standardized coefficient (Beta),
adjusted standard error (SEadj), z-value and P-value are given for each predictor

variable. N = 43 for the model with predicted sapwood area for Cariniana, and N = 34 for the
model without Cariniana.

a) Including Cariniana b) Excluding Cariniana
Predictor variable Beta SEadj z-value P-value Beta SEadj z-value P-value
log(SA) 0.74  0.15 4.77 <0.001 0.91 0.19 4.71 <0.001
Intercept Sweetia 0 0 0 0
Intercept Hura -0.28  0.20 1.44 0.149 -0.54  0.25 2.19 0.029
Intercept Schizolobinm ~ 0.56  0.14 3.94 <0.001 040  0.17 2.39 0.017
Intercept Cariniana 0.07 0.13 0.55 0.585
SLA -0.16  0.10 1.60 0.110 -0.13  0.11 1.22 0.224
Nsapw 0.13  0.09 1.47 0.142 0.08 0.09 0.91 0.365
sqrt(TLA) 0.17  0.12 1.46 0.146
Nleaf -0.12  0.14 0.84 0.401
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Appendix 2.3: Pearson correlations among a) the predictor variables used to explain variation

among trees in absolute biomass growth, and b) the predictor variables used to explain variation

among trees in sapwood area.

a)

b)

log(SA) sqrt(TLA) SLA  Niaft Nsapw  log(BA) log(sapwood
growth)
0.504 0.461 0.340 0.325  -0.090 Height
0.699 0.474 0.511  -0.204 log(SA)
0.500 0.394  0.090 sqrt(TLA)
0.599  0.095 SLA
0.007 Nieaf
0.314 log(sapwood
growth)
0.478 -0.547 log(sapwood
lifespan)

Appendix 2.4: Results from the linear model for basal area growth, including the same
predictor variables as used for absolute biomass growth (see Table 2.3). Only the predictor
variables are presented that were included in the best models (based on all subset regression
analysis), and statistics are based on averaging of these ‘best’ models (i.e. that differed less than 2
AIC units). The standardized coefficient (Beta), standard error (SE), t-value, P-value, and relative
variable importance are given for each predictor variable. The statistics for the species are based

on their intercept.

Predictor variable = Beta SEadj t-value P-value Relative importance
log(SA) 0.56 0.12 4.73 <0.001 1

Intercept Sweetia 0 0 1*

Intercept Hura 0.15 0.17 0.91 0.362

Intercept

Schizolobium 0.79 0.11 691 <0.001

Intercept Cariniana  0.35 0.10 3.48 0.001

SLA -0.10 0.08 1.29 0.199 0.30

Nyt -0.13 0.12 1.10 0.272 0.23

* Relative importance was given for the variable ‘species’. Therefore no importance value is

shown for the intercepts of the individual species.
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Appendix 2.5: Results of the linear regression for absolute biomass growth, using stepwise
exclusion of variables (based on AIC), in order to compare these with the results based on all
subsets regression analysis and model averaging (Table 2.3). All traits, tree height and species
were initially included as predictor variables. All continuous variables were scaled prior to
analysis, by subtracting the mean and dividing by the standard deviation, to obtain standardized
coefficients (Beta). Furthermore, standard error (SE), t-value and P-value are given for each
predictor variable. The significance of the intercepts of the different species are relative to the
intercept of Sweetia.

Predictor variable Beta SE t-value P-value
log(SA) 0.80 0.14  5.70 <0.001
SLA -0.15 0.09  -1.63 0.113
N 0.13 0.08 1.58 0.124
Intercept Sweetia -0.15 026 -0.60 0.555
Intercept Hura -0.74 038  -1.57 0.126
Intercept Schizolobium 1.13 0.30 4.21 <0.001
Intercept Cariniana 0.00 0.29  0.52 0.607

Appendix 2.6: Results of the reduced linear model for aboveground biomass growth,
including only sapwood area (SA), total leaf area (TLA), tree height and species as predictor
variables (without exclusion of variables). All continuous variables were scaled prior to analysis,
by subtracting the mean and dividing by the standard deviation, to obtain standardized
coefficients (Beta). Furthermore, standard error (SE), t-value and P-value are given for each
predictor variable. The significance of the intercepts of the different species are relative to the
intercept of Sweetia.

Beta SE t-value P-value
log(SA) 0.58 0.19 3.10 0.004
sqrt(TLA) 0.08 0.11 0.70 0.486
Height 0.08 0.10  0.76 0.455
Intercept Sweetia -0.19 0.28 -0.69 0.493
Intercept Hura -0.71 0.41 -1.26 0.215
Intercept Schizolobium — 1.13 032 417 <0.001
Intercept Cariniana -0.02 0.30  0.57 0.573
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Chapter 3

Abstract

Tropical forests store and sequester large amounts of carbon in above- and
belowground plant biomass and soil organic matter (SOM), but how these are
driven by abiotic and biotic factors remains poorly understood. Here, we test the
effects of abiotic (soil fertility and light availability) and biotic (species richness and
trait composition) factors on biomass stocks (aboveground and fine root), SOM,
and productivity in a Guyanese tropical rainforest. This forest grows on nutrient
poor soils and has few species that contribute most to total abundance, and we
therefore expected strong effects of soil fertility and species’ traits that determine
resource acquisition and conservation, but not of species diversity. We evaluated 6
years of data for 30 0.4-ha plots and tested hypotheses using structural equation
models. Soil phosphorus (P) increased aboveground biomass and productivity,
whereas soil nitrogen (N) increased fine root biomass, possibly because N is
needed for P absorption by roots. In contrast to expectations, acquisitive trait
values (e.g., high leaf P) increased biomass stocks possibly because they indicate
higher nutrient absorption and thus higher biomass build-up. However, under
harsh conditions where biomass increase is slow, acquisitive trait values may
increase respiration and vulnerability to physical and biotic hazards and therefore
increase biomass loss. As expected, species richness did not increase productivity
and biomass stocks. We conclude that soil fertility — especially P — strongly limits
forest biomass productivity and stocks; low P availability may cause strong
environmental filtering, which in turn results in a small set of dominant species. As
a result, community trait composition but not species richness determines
productivity and stocks of biomass and SOM in tropical forest on poor soils.

Keywords: biodiversity-ecosystem functioning, diversity, disturbance, fine root

biomass, functional traits, mass-ratio hypothesis, niche complementarity, soil
organic matter
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Introduction

Tropical forests store about 25% of global terrestrial carbon (Bonan 2008) and
account for 34% of terrestrial gross primary productivity (Beer et al. 2010), and
their storage and productivity per hectare is even expected to increase with rising
atmospheric CO, and climate change (King et al. 1997). Tropical forests are thus
important in the global carbon cycle and for climate change mitigation options.
This carbon is divided over different stocks, such as above- and belowground living
biomass, and soil organic matter (SOM) (Malhi et al. 2009, Quesada et al. 2011).
However, the factors driving such carbon fluxes and pools are yet pootly
understood.

Biomass stocks in living plant biomass (i.e., in roots, stems and crowns) vary
greatly among tropical forests (Cairns et al. 1997, Baker et al. 2004b). Although
most studies evaluate drivers of aboveground biomass stocks (e.g., Poorter et al.
2015), on average 32% of living biomass is found in the roots (Robinson 2007).
Additionally, SOM represents another important stock of carbon in tropical forests,
storing about half the amount of carbon (up to 1 m depth) as compared to all living
above- and belowground plant biomass combined (Malhi et al. 1999, Robinson
2007). Here, we evaluate how abiotic and biotic factors directly and indirectly affect
aboveground biomass productivity, and stocks of aboveground biomass, fine roots,
and SOM for a tropical rainforest in Guyana (see the conceptual model, Fig. 3.1),
to better understand underlying drivers of carbon fluxes and stocks and, hence,
their role in the global carbon cycle. To our knowledge, no studies have
simultaneously evaluated abiotic and biotic drivers of carbon stocks and fluxes in
tropical forests.

Abiotic effects on biomass productivity and stocks

Although mature tropical forests store most biomass per hectare, forests that have
suffered from human disturbances (such as logging) cover more than half of the
wortld’s tropical forest area (FAO 2010), sequester more carbon, and are therefore
important in the global carbon cycle. Such disturbances directly reduce above- and
belowground biomass stocks, but they may increase ecosystem productivity
because of increased light levels reaching the lower tree strata (Fig. 3.1a) (Pefa-
Claros et al. 2008).

At large spatial scales (e.g., across different tropical forest types), climate may
be a strong driver of productivity and biomass stocks (Toledo et al. 2011, Duran et
al. 2015), but at smaller spatial scales (e.g., 1 ha or smaller), soil conditions instead
of climate may vary more strongly (Burrough 1983). Soil fertility should positively
affect biomass productivity especially in forests growing on very poor soils (Baker
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et al. 2009), such as on the old and leached soils of the Guiana shield (Quesada et
al. 2011) that are very nutrient poor (van Kekem et al. 1996).

Biotic effects on biomass productivity and stocks

The richness and composition of the tree community can also be an important
biotic predictor of ecosystem functions such as biomass productivity and stocks
(Fig. 3.1a) (Hooper et al. 2005). For example, the presence of many different
species in a system (L.e., high species richness) can increase the resource use
efficiency because of niche complementarity or facilitation among species (Tilman
1999). For different systems and at different scales, positive effects (Vila et al. 2013,
Poorter et al. 2015) but also no or negative effects (Adler et al. 2011, Zhang et al.
2011) on biomass productivity and stocks have been found (Chisholm et al. 2013).
We expect that niche complementarity may be weak when conditions are harsh and
few species with well-adapted strategies are abundant, as in this Guyanese forest on
poor soils. The abovementioned contrasting results of diversity effects may partly
be explained by the fact that species richness does not provide information on the
functional traits of the species.

a) Disturbance Soil fertility

Species richness Trait composition

1. Aboveground biomass
2. Belowground biomass
b) 3. Productivity

Litter quantity Litter quality

4. Soil organic matter

Figure 3.1: Expected direct and indirect effects of disturbance, soil fertility, species richness and
trait composition on productivity and above- and belowground living biomass (a), and the
(in)direct effects of disturbance, aboveground productivity, leaf litter quantity and leaf litter
quality on soil organic matter (b). Expected positive (+) and negative (-) effects are given. The
expected effect of disturbance is negative for above- and belowground biomass but positive for
productivity. Disturbance and soil fertility favour species with acquisitive trait composition (e.g.,
high specific leaf area, low wood density), and an acquisitive trait composition increases
productivity but decreases biomass stocks. High litter quality means that nutrient concentrations
are high, which increases decomposition rates and thus decreases soil organic matter stocks.
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Species’ traits are morphological or physiological plant characteristics that
represent species’ strategies to acquire and use resources, and thus determine their
growth, reproduction and survival (Poorter and Bongers 2006, Violle et al. 2007,
Baker et al. 2009). Consistent with Grime’s mass-ratio hypothesis (Grime 1998), we
expect that the dominant trait values in a community (i.e., the community average
leaf and stem trait values weighted by species’ basal area, here called the ‘trait
composition’), are a better predictor for biomass stocks and productivity than
species richness. In temperate grasslands, the number of functional groups has a
more important effect on productivity than species richness (Tilman et al. 1997),
and in modelled single-species forests, wood density increases and specific leaf area
decreases biomass stocks (Falster et al. 2011). However, such relations may be
different in more diverse natural tropical forests where species differ in abundance
and in trait values, and in forests where biomass productivity and stocks are
strongly determined by abiotic factors (Ruiz-Jaen and Potvin 2011, Zhang et al.
2012, Conti and Diaz 2013).

Abiotic and biotic effects on soil organic matter stocks

Abiotic and biotic factors are thus important determinants for productivity and
living biomass, but what factors would drive SOM stocks (i.e., all carbon in non-
living organic stocks, including decomposing litter)? SOM stocks are mainly
balanced by input via plant litter production and output via decomposition
(Amundson 2001, De Deyn et al. 2008). Plant litter production is determined by
the turnover rate of living biomass and should thus relate to gross productivity of
the forest. Decomposition, on the other hand, directly depends on environmental
conditions, litter quality, and the decomposer community (Aerts 1997, Parton et al.
2007, Cornwell et al. 2008). High litter quality, meaning high concentrations of
nutrients such as nitrogen and phosphorus that increase palatability for
decomposers, increases decomposition rates (Melillo et al. 1982, Wardle et al. 2002)
and should therefore reduce SOM stocks. SOM may also be affected by
disturbance. Shortly after disturbance, litter input increases and so does the activity
of the microbial community, and the more open vegetation leads to higher
temperatures and lower humidity which may slow down decomposition and as a
result increase SOM stocks (van Dam 2001). Years after disturbance, however, the
activity of the microbial community should have stabilized and the canopy should
have closed, resulting in weaker effects of microbial activity, temperature and
moisture on SOM. Soil fertility may indirectly affect SOM, through increasing
productivity and thus litter production (De Deyn et al. 2008). Hence, SOM stocks
may depend on litter quantity, litter quality, environmental conditions (Fig. 3.1b),
and the decomposer community.
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Conceptual framework: abiotic and biotic effects on productivity and

stocks of biomass and soil organic matter

We ask two questions; First, how do abiotic factors (disturbance and soil fertility)
and biotic factors (species richness and trait composition) affect aboveground
productivity and aboveground and fine root biomass stocks? We expect that
productivity is positively affected by disturbance, soil fertility, species richness and
an acquisitive trait composition (e.g., relatively high specific leaf area and leaf
nitrogen concentration). Biomass productivity tends to increase with biomass
stocks within sites (Chisholm et al. 2013), and therefore aboveground and fine root
biomass stocks would also increase with soil fertility. However, aboveground and
fine root biomass stocks would decrease with disturbance, because of biomass
removal, and with an acquisitive trait composition, because of increased tissue
turnover and decreased residence time of the biomass. The Guiana shield is very
nutrient poort, and thus soil fertility may be the strongest predictor. Moreover, few
species account for the majority of the abundance (ter Steege and Hammond 2001),
and diversity may therefore be of limited importance. Second, how do disturbance,
litter quantity and litter quality affect SOM? We expect that SOM should increase
with litter quantity because this represents the organic matter input, decrease with
litter quality because more palatable leaves speed up decomposition and therefore
decrease SOM stocks, but show little effect of disturbance because too much time
has passed and microbial activity and the microclimate should already have
readjusted.

Methods

Research site

This study was based on 15 1.96 ha permanent sample plots at Pibiri creek in
Central Guyana, located 50 km south of Mabura Hill (5°13’N 58°38’W). This site
receives on average 2772 mm rainfall per year (van Dam 2001). The relatively dry
periods are from September to November and from March to April, although
monthly rainfall is always higher than 100 mm. Mean annual temperature is 25.9 °C
(ter Steege et al. 1996). The 15 plots are all positioned up to 1.5 km apart on brown
sand ferralsols (van Kekem et al. 1996, van der Hout 1999) with very low
phosphorus availability (Quesada et al. 2010). The forest is a mixed Greenheart —
Morabukea forest with an average canopy height of 30-40 m (Houter and Pons
2005) and is classified as a moist tropical forest. It has a few very dominant species,
with the 8 most abundant ones accounting for 45% of the trees (>5cm DBH)
(Arets 2005).
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Permanent sample plots

The 15 permanent sample plots were set up in 1993 as part of the Tropenbos
Guyana Programme (van der Hout 1999) and are currently managed by the Guyana
Forestry Commission. The plots are 1.96 ha (140*140 m) with a buffer zone of
50m surrounding the plot. In the whole plot (excluding buffer zone), trees larger
than 20cm DBH were measured and identified. The central 1 ha (100¥*100 m) was
subdivided into 25 20*20 m subplots, and in each subplot one 10¥10 m subplot
was established in the South-West corner in which trees larger than 5 cm DBH
were measured and identified (composing 0.25 ha per plot).

In 1994, the plots were experimentally logged, resulting in five different
treatments (3 repetitions per treatment): control (no logging), logging of 4 trees
ha', 8 trees ha', or 16 trees ha, and one silvicultural treatment with logging of 8
trees ha”, followed by post-harvest liberation thinning (van der Hout 1999). The
logging treatments caused a reduction in basal area between 1.5-35%. The plots
were completely re-measured in 1995, 1997 and 2000.

Aboveground biomass productivity and stocks

To determine aboveground productivity and aboveground living biomass stocks,
we used the post-logging censuses of 1995 and 2000. We used this 5-year interval
because over shorter time intervals productivity may be obscured by stochastic
variation especially for slow growing forests, such as our study site, and because the
relative effect of measurement error increases. We split each central 1-ha plot into 2
subplots of 10040 m (i.e., 0.4 ha each) separated by a buffer zone of 100*20 m.
This plot size allowed us to assess the role of smaller-scale variation in soil fertility
(see ‘Fine root biomass, soil organic matter, soil fertility, and litter’) while keeping
sufficiently large plots to reliably estimate biomass and productivity (Chave et al.
2004). Because we aimed to evaluate natural processes, we excluded all trees from
the dataset that died as a delayed result of logging and silviculture activities. All
trees between 5-20 cm DBH, which were measured on a subsample of V4 of the
plot, were considered four times to scale this diameter group to the whole plot. Per
tree and per census, we calculated living aboveground biomass (AGB) using the
equation from Chave et al. (2014a):

AGB = exp[-1.803 - 0.976*(E) + 0.976*In(WD) + 2.673*In(DBH) - 0.0299%(In(DBH))  (Eq. )
where E is a measure of environmental stress of the site, which depends on
temperature seasonality and water deficit and has a value of -0.1092452 at the Pibiri

site (extracted from http://chave.ups-tlse.fr/pantropical_allometry/readlayers.r
with the retrieve_raster function in R). DBH is the diameter at breast height (cm)
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and WD is the wood density (g cm™), which was based on local wood density if
available (see explanation under Wood sampling), and otherwise on wood density
data obtained from the Global Wood Density Database from DRYAD (Chave et
al. 2009, Zanne et al. 2009). Biomass stock per 0.4-ha plot was calculated by
summing the biomass of all live trees in 1995, summing the biomass for all live
trees in 2000, and averaging these two values per plot to obtain a value that better
represents the census period. Average biomass stock per 0.4 ha was multiplied by
2.5 to express per ha.

To calculate productivity (Mg ha™ yr') between 1995 and 2000, we summed
the growth of all trees that were present in both censuses, and the growth of trees
that were newly recruited in 2000. Growth of trees that were present in both
censuses was determined by subtracting the biomass of a tree in 1995 from the
biomass of the same tree in 2000. To calculate the growth of recruits between 1995
and 2000, we subtracted the biomass of that individual with a DBH of 5 ¢m from
its biomass in 2000. Hence, we assumed that recruits grew from 5 cm at the start of
the census interval until the diameter that was measured at the end of the interval.
Assuming that recruits started growing from 5 cm DBH slightly underestimates
growth, because in reality most recruits will have reached the diameter limit later.
However, it still yields more accurate recruitment estimations than assuming that
recruits started growing from 0 cm at the start of the census interval, which
strongly overestimates growth (Talbot et al. 2014). All growth values per tree were
summed per 0.4-ha plot, divided by the time in between the two census periods for
the 0.4-ha plots (on average 5.65 years) to obtain annual productivity, and
multiplied by 2.5 to obtain annual productivity per hectare. Hence, with
productivity we refer to aboveground biomass growth by trees that recruit and
trees that survive, and do not include mortality and belowground productivity.

Fine root biomass, soil organic matter, soil fertility, and litter

The plots are located on slightly undulating sedimentary interfluves (i.e., relatively
flat surfaces in between drainage tributaries) and thus spatial variation in soil
conditions should be small. For that reason, we used two sampling points per 0.4-
ha plot: one towards the north and one towards the south end (van Kekem et al.
1996, van der Hout 1999, Soil Survey Manual 1993). Per sampling point, soil
samples were taken between 0-5 cm for bulk density, root biomass and
wi)> and the ratios between
) and nitrogen and phosphorus (N:P
biomass was additionally collected at an intermediate point in each plot (ie., 3

concentrations of carbon, nitrogen (N, ), phosphorus (P

carbon and nitrogen (C:N ). Fine root

sol sol

sampling points per 0.4 ha plot). In addition, fine root biomass was sampled at 15-
20 cm soil depth. Soil organic matter was averaged per plot and scaled to Mg ha™ in
the 10 cm topsoil, and fine root biomass was scaled to Mg ha™" in the 20 cm topsoil
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(using an exponential function, see Appendix 3.1), in order to compare values with
aboveground productivity and biomass stocks (also in Mg ha'). At the two
sampling points per plot, fragmented litter mass was determined and scaled to Mg
ha''. Compared to fresh litter, nutrients in this fragmented litter may already partly
have mineralized, and we may therefore expect weaker effects of litter nutrient
concentrations on soil organic matter. The coefficient of variation (CV) in soil
variables, based on 2 (or 3 for fine root biomass) sample points per plot, was within
the range found for other published results in tropical forests (Metcalfe et al. 2008).
The within-plot CV of soil organic matter was 24% (vs compared to 7-51% for
other published studies), of N, ; was 19% (vs. 9-52%), and P_; was 49% (we found
no studies to compare this with). The higher CV for P
very low values that quickly result in strong relative differences. The CV of litter

«i 18 probably caused by the
mass was 29% (vs. 13-60%), of litter nutrient concentrations was between 19 and
25%. We are aware that we have not sampled the full soil and litter heterogeneity,
and therefore that the relations of soil and litter variables with biomass stocks and
productivity may be more conservative and that the chance to find significant
effects may be lower (Metcalfe et al. 2008). More details about the collection of fine
root biomass, soil organic matter, soil fertility and litter can be found in Appendix
3.1. Correlations between soil variables can be found in Appendix 3.2.

Disturbance
Relative disturbance (in %) was computed as a continuous measure per 0.4-ha
subplot, based on the basal area of all trees that were logged or died during the
census interval due to (post-)logging activities, divided by the total basal area of the
subplot before harvesting

Logging disturbance took place in 1994 and the aboveground data (ie.,
biomass productivity and stocks, species richness and trait composition) were
collected in 1995-2000, but belowground data (i.e., root data, litter data, SOM, and
soil fertility) could not be collected during this time and were collected in 2013.
Hence, time-lag may affect some of the relations between below- and aboveground
data, and between disturbance and belowground data. Shortly after disturbance
(e.g., 1-5 years, which is the timeframe of the aboveground data), differences
among plots may be large, whereas during later years of recovery, plots may again
become more similar. Hence, we may find strong variation among plots in their
aboveground variables (1995-2000), but less variation among plots in belowground
variables (2013). Our relations between below- and aboveground variables and
between disturbance and belowground variables may therefore be rather
conservative.
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Leaf and wood traits
We used 6 leaf traits that we expected to be good predictors for productivity and
above- and belowground biomass stocks (Table 3.1). Specific leat area (SLA)
increases light interception efficiency and should therefore increase productivity,
but it also relates to a high turnover rate which decreases biomass retention and
therefore biomass stocks (Shipley 20006). High specific force to punch (FPs; a
measure for leaf toughness) increases leaf defence and should decrease
productivity, but tough structures may increase biomass retention and biomass
stocks (Kitajima et al. 2012). Leaf nitrogen (N, and leaf phosphorus (P, are
used in photosynthesis and growth (Mercado et al. 2011), and should in this way
stimulate productivity but decrease longevity and therefore biomass stocks. High
o and nitrogen : phosphorus (N:P

decomposition rate and can indicate which nutrient is relatively more limiting. Since

ratios of leaf carbon : nitrogen (C:N o) decrease

lea lea

we expect strong nutrient limitation in our forest but were not sure what element
or ratio is most limiting, we used concentrations and ratios.

Leaf traits were determined for the 33 most abundant tree species, composing
on average 78% of the basal area (> 5cm DBH) in the 30 0.4-ha plots over the two
census years. For 5 individuals per species, between 7 and 17cm DBH, we sampled
5 healthy and young but mature leaves growing at the outer side of the crown (thus
in relatively high light conditions, but mostly in the understory).

Besides leaf traits, we measured wood density and wood dry matter content to
also define the species’ functional strategy in terms of their stem characteristics, as
leaf and stem economics spectra can vary independently for large rainforest trees
(Baraloto et al. 2010). Wood density and stem dry matter content increase wood
defence and should therefore decrease productivity, but they enhance tree longevity
and therefore biomass stocks (Baker et al. 2004b). We sampled wood traits for 25
species and 3 individuals per species. For more details on leaf and stem trait
collection, see Appendix 3.3.

Species richness and trait composition

We calculated rarefied species richness, to account for variation in stem number
among plots that could affect species richness. Rarefied richness (hereafter referred
to as ‘species richness’) was calculated as the number of species per 100 randomly
drawn stems for all live individuals per 0.4-ha plot and per census, using the rarefy
function from the zegan package in R (Oksanen et al. 2014). We used species
richness, because this measure is often used in biodiversity-ecosystem function
research (e.g., Balvanera et al. 2006), and we used no other species diversity indices
to limit the number of possible variables for the structural equation models.
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Table 3.1: All trait composition indices with abbreviation, description, units (the variables
expressed in % are mass-based), what it indicates, and the average (Avg), minimum value (Min)
and maximum value (Max) across the 0.4-ha plots.

Abbreviation Variable description Units Indicator of: Avg Min Max
SLLA Specific leaf area cm? gl Light interception ~ 127.55 119.44 140.07
efficiency
Nieaf Leaf nitrogen content % Photosynthetic 1.78 1.64 1.94
capacity
Plear Leaf phosphorous % Growth capacity 0.05 0.04 0.05
content
C:Nicar Leaf carbon : nitrogen Relative nutrient 27.86 25.87 29.74
ratio limitation
N:Piear Leaf nitrogen : Relative nutrient 37.74 34.21 40.58
phosphorous ratio limitation
FPs Specific force to punch N cm2 Leaf defence 263.37 24317 284.42
WD Wood density gcm3 Volume growth, 0.89 0.83 0.95
wood defence
WDMC Wood dry matter ggl Wood defence 0.74 0.71 0.76
content

For trait composition, we calculated the community-weighted mean (CWM)
for all leaf and stem traits (i.e., the trait value of an average tree in the community)
per plot and per census, by multiplying each species’ trait value by its relative
dominance in the plot (in terms of basal area), and summing all species occurring in
the subplot for which traits were measured. Hence, for each subplot at each census,
we used the formula:

S
CWM = Z wi * xi
i=1
where »; 1s the relative basal area of species i, x; is the trait value of species i, and S
is the total number of species. Species richness and all trait composition variables
of the two censuses were averaged to obtain one value per subplot.

Note that for trait composition, we used mean trait values per species. Hence,
differences in CWM trait values among plots are only due to differences in species
composition, not due to intraspecific differences caused by acclimation to local
environmental conditions. We did not include intraspecific trait variation, because
interspecific differences generally explain most variation in trait values (78%;
Rozendaal et al. 2006), and sapling traits and adult traits are strongly correlated
(Poorter 2008). Moreover, we collected traits in 2013, and used species
composition of 1995-2000 to calculate CWM traits values. We thus assume that
species ranking in average trait values remains constant over time. Correlations

between community-weighted mean leaf and stem traits can be found in Appendix
3.2.
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To evaluate the importance of environmental filtering (Keddy 1992) on
functional trait diversity, we calculated functional trait dispersion (Fdis). Fdis is a
multivariate trait diversity measure weighted by species basal area, and based on the
mean distance in the multidimensional trait space of all individual species to the
centroid of all species (Pakeman 2014). We chose this measure because other
(unweighted) multivariate trait measures are more sensitive for an underestimation
of diversity when traits are not sampled for all species.

Statistical analyses
Our aim was to evaluate the effects of abiotic and biotic factors on productivity
and stocks of biomass and SOM (i.e., the ‘response variables’), as shown in Fig. 3.1.
One could think of many variables and interactions between variables to affect the
response variable. However, to limit the number of possible models and the
number of explanatory factors per model, we only evaluated the framework
corresponding to our a priori hypotheses (see Fig. 3.1). To test this framework, we
used structural equation modelling (SEM), which is based on regression analyses
and allows to test multivariate and hierarchical relations (Laughlin et al. 2007). For
each response variable, multiple models with different combinations of variables
representing the abiotic and biotic factors were possible; we had one variable to
represent species diversity and disturbance, but multiple variables for soil fertility
and trait composition. From these combinations per response variable, we selected
one SEM with the combination of variables that resulted in the highest explained
variation (R?) of the response variable. For details on model selection and
refinement, see Appendix 3.4.

To understand the importance of environmental filtering, we evaluated effects
of the four soil fertility variables (N, ;, P,.;, C:N;, and N:P
functional trait dispersion (Fdis), using ‘all subsets regression analysis’ followed by

) and disturbance on

soil> + soil> soil> soi

model averaging (see Appendix 3.4). All analyses were performed in R 2.15.2.
Structural equation modelling was performed using the sez function of the /avaan

package (Rosseel 2012).
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Results

Aboveground biomass productivity and stocks of biomass and soil organic matter
(SOM) varied strongly among plots, with an average aboveground productivity of 6
+ 1.5 Mg ha yr' (average T standard etror), an average aboveground biomass of
367 £ 90 Mg ha™', an average belowground fine root biomass (in the top 20 cm of
the soil) of 17 + 4 Mg ha™, and an average SOM (in the top 10 cm of the soil) of 66
+ 14 Mg ha' (Table 3.2).

We evaluated the effects of abiotic and biotic factors on productivity and
stocks of biomass and SOM (Fig. 3.1). For results on model selection and
refinement, see Appendix 3.4. For leaf and soil, we pre-selected 1 or 2 variables for
each model with highest relative importance value (Appendix 3.6). For

aboveground productivity, P, was the only selected soil variable, and SLA and P,

were selected as leaf variables in the SEM. N, had a relative importance value
slightly lower than P, and was not evaluated in the SEM. The best selected SEM
(with the highest R® for productivity) showed a negative effect of SL.A and positive
effects of P

For aboveground biomass stocks, only P, and P,,; were evaluated in the

; and disturbance on productivity (Fig. 3.2a, Table 3.3).

SEM, and showed positive effects of P, and P, and a negative effect of
disturbance on aboveground biomass stocks (Fig. 3.2b, Table 3.3).

For fine root biomass, only N, and C:N,.,; were evaluated in best SEM and
showed a positive effect of N ;, but negative effects of disturbance, C:N,,; and
species richness on fine root biomass stocks (Fig. 3.2¢c, Table 3.3). All these three

soil>

models showed a positive effect of soil fertility on species richness and a negative
effect of disturbance on species richness. For SOM, Ny, was included in the SEM
and was the only variable significantly reducing SOM (Fig. 3.2d, Table 3.3).

The test for environmental filtering on functional trait diversity showed that
P, and N:P_; significantly positively related with Fdis (Appendix 3.5).

Table 3.2: The four response variables (aboveground productivity, aboveground biomass, fine
root biomass, and soil organic matter) with description, units, mean and standard deviation (SD).

Response variable Description Units Mean SD

Aboveground Gross biomass increase Mgha'y' 6.3 1.5

productivity

Aboveground biomass Stem and crown biomass Mg ha'' 367.4  89.7

Fine root biomass Root biomass in top 20 cm of the Mg ha 17.3 3.9
soil

Soil organic matter Soil organic matter in top 10 cm of ~ Mg ha' 66.3 14.4
the soil
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Table 3.3: Results for the four structural equation models (SEMs) of aboveground productivity,
aboveground biomass, fine root biomass, and soil organic matter (see also Fig. 3.2), to evaluate
the effects of various abiotic and biotic factors. The regression coefficients (Coef), standardized
regression coefficients (Std. coef), Z-values and P-values are given for all regressions (i.e., all
arrows in Fig. 3.2), and the R? of the endogenous variables (i.e., variables that are affected by
other variables: productivity and stocks of biomass and soil organic matter, species richness, and
trait composition)). All four models were accepted (P = 0.87, 0.86, 0.07, 0.99, and X2: 0.03, 0.03,
3.3, 0.30 for productivity, aboveground biomass, fine root biomass, and soil organic matter,
respectively; Appendix 3.7). For trait abbreviations, see Table 3.1.

SEM response variable =~ SEM predictor variable  Coef Std. coef Z P
Abovegronnd biomass productivity
Productivity Disturbance 0.01 0.39 2.70 0.007
Poil 58.46 0.51 3.35 0.001
Richness -0.01 -0.14 -0.85  0.396
SLA -0.02 -0.27 -2.02  0.043
Richness Disturbance -0.11 -0.34 -2.18  0.029
Psoit 71438  0.42 2.70 0.007
SLA Disturbance 0.02 0.04 0.21 0.831
Psoit 98.79 0.05 0.25 0.803
R2 Productivity 0.45
R? Richness 0.29
R2 SLA <0.01
Abovegronnd biomass
Aboveground biomass Disturbance -0.02 -0.70 -6.87  <0.001
Psoit 31.81 0.28 2.01 0.009
Richness -0.01 -0.14 -1.27 0203
Preat 0.06 0.49 5.10 <0.001
Richness Disturbance -0.11 -0.34 -2.18  0.029
Poil 71438  0.42 2.70 0.007
Pleas Disturbance 0.00 0.02 0.12 0.905
Poil 66.43 0.07 0.38 0.701
R2 Aboveground biomass 0.73
R? Richness 0.29
R2 Prest 0.01
Fine root biomass
Fine root biomass Disturbance -0.01 -0.36 =272 0.007
Nsoil 4.09 0.47 3.38 0.001
Richness -0.03 -0.44 -2.97  0.003
C: Neoil -0.13 -0.48 -3.84  <0.001
Richness Disturbance -0.10 -0.31 -2.11 0.035
Nioi 57.61 0.48 3.25 0.001
C: Nioil Disturbance 0.03 0.28 1.63 0.104
Nioi -3.03 -0.10 -0.56  0.578
R? Fine root biomass 0.57
R? Richness 0.35
R2 C:Nieat 0.09
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Soil organic matter

Soil organic matter Disturbance 0.00 0.11 0.68 0.500
Litter quantity 0.01 0.13 0.76 0.450
Niitrer -0.04 -0.37 -2.19  0.028
Litter quantity Productivity -0.23 -0.17 -0.94  0.346
Niiccer Productivity -0.12 -0.09 -0.52  0.606
R? Soil organic matter 0.16
R? Litter quantity 0.03
R? Nijgeer 0.01
a) Disturbance Soil fertility (P;) b) Disturbance Soil fertility (P,
0.42%% Ty 0.42% Ty

Species richness Trait composition (P,

Trait composition (SLA) ~ Species richness

=~ ~~ 0.49%%
Aboveground biomass productivity Aboveground biomass
R2=045 R2=0.73
c) Disturbance Soil fertility (N,;) d) Aboveground biomass productivity

-2y &= RN
Trait composition (C:N,,,) ~ Litter quantity Disturbance Litter quality (N,

0.48%*
Species richness

-0.36%  0.47%%

-0.48%**

-0.37*

ey

Fine root biomass Soil organic matter
R2=0.57 R2=0.16

Figure 3.2: Structural equation models for aboveground biomass productivity (a), aboveground
biomass (b), fine root biomass (c), and soil organic matter (d). For aboveground biomass
productivity, aboveground biomass and fine root biomass, direct and indirect effects of
disturbance, soil fertility, rarefied species richness (per 100 stems), and trait composition (i.e., a
community-weighted mean stem or leaf trait) were evaluated. For soil organic matter, direct and
indirect effects of litter quantity, litter quality, disturbance and productivity were evaluated. All
four models were accepted (Appendix 3.7). For all relations that were significant (continuous
black lines), the beta coefficient and significance level are given (* = P < 0.05, ** = P < 0.01, ***
= P < 0.001), and for all non-significant relations (grey, dashed lines), no statistics are shown. R?
values show the explained variance of the ultimate response variables. The variables between
brackets for soil fertility and trait composition are the variables that were selected to best predict
productivity, biomass, or soil organic matter. For more statistics of the structural equation
models, see Table 3.3.
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Discussion

We evaluated the effects of abiotic and biotic factors on productivity, biomass
stocks (aboveground biomass and fine root biomass), and soil organic matter
(SOM) stocks. Soil P increased aboveground productivity, biomass stocks, and
species richness, whereas soil N increased fine root biomass stocks. Surprisingly,
species richness did not increase productivity and biomass stocks. A more
acquisitive trait composition increased biomass stocks but decreased productivity,
which is in contrast with current trait paradigms (Reich 2014). These results
indicate that mass-ratio and soil nutrient availability, rather than niche
complementarity, determine productivity and biomass in this tropical rainforest.

Soil fertility — especially P — shapes productivity and biomass stocks
Soils on the Guiana shield are old and leached, and as a result nutrient poor. We
therefore expected that soil fertility would strongly determine productivity and
biomass stocks. Soil fertility was indeed a strong predictor for productivity and
biomass stocks (Fig. 3.2 and 3.3b, f, j), indicating that, as expected, this forest is
limited by soil nutrients at the 0.4-ha scale. Average productivity among the
undisturbed plots (4.9 Mg ha” yr') was a bit lower than the average productivity of
Neotropical forests (around 5.5 Mg ha' yr'; Brienen et al. 2015), which also
supports the idea that in Guyana low soil fertility limits productivity. At the 1-ha
scale, we found weaker effects of soil fertility on various biomass stocks in this
forest (results not shown) and in a Bolivian moist forest (chapter 4), possibly
because at the 1-ha scale, smaller-scale heterogeneity in soil fertility is averaged out
and plots do not strongly differ anymore in their average soil fertility. However,
across 0.1-ha plots in a secondary forest in Brazil, forest type also strongly
determined plot basal area and species diversity (Martins et al. 2015). Soil effects on
biomass productivity and stocks are thus scale-dependent and it is therefore of
paramount importance to define the relevant scale for the ecological question at
hand. Other studies also show positive effects of soil fertility on productivity and
aboveground biomass across Neotropical forests (Malhi et al. 2004, Baraloto et al.
2011) and on fine root biomass in temperate forests (Valverde-Barrantes et al.
2015).

Both nitrogen (N) and phosphorus (P) are important for plant growth
(Santiago et al. 2012), but the relation between these nutrients remains largely
unclear. The old and leached soils in Guyana may be particularly limited in
phosphorus (P ), as visible from the low P_; in our forest (0.0014% in organic
and easily available forms, measured by the Bray method) and other Eastern
Amazonian forests (Quesada et al. 2010). Quesada et al. (2010) argue that when P

soil
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is very low, most of the soil nitrogen (N_;) cannot be used and gets lost, eventually
, availability, the
lignin concentration of the litter is high and the litter decomposition rate is low
(Hirobe et al. 2004), leading to a low rate at which N becomes available. Hence,

low P could lead to N deficiency. However, N,-fixing tree species are relatively

sol

resulting in a N deficiency. This can happen because at low P

sol

abundant in forests of the Guianas (Roggy and Prévost 1999), and therefore N

soil

may be more readily available than P_;. N,-fixing species produce more N-

soil*
requiring phosphatases, which help to mineralize organic P. Moreover, N,-fixing
species can sustain larger colonies of mycorrhizal fungi that help to absorb P
(Nasto et al. 2014). In line with this idea, Ter Steege et al. (2006) found that the
proportion of trees belonging to ectomycorrhizal genera is higher in Guyana
compared to the rest of the Amazon. Hence, rather than P determining N
availability, it may be that N stimulates P uptake from the soil.

P-limitation rather than N-limitation in this forest, is further supported by
three findings: 1) the N:P of soil is higher than that of litter (718 vs. 54), indicating
that relatively more P than N is taken up by plants and other organisms; 2) the N:P
of litter is higher than that of green leaves (54 vs. 38), indicating efficient P
resorption before leaf senescence (Vitousek 1984, McGroddy et al. 2004, Zhang et
al. 2015); and 3) the % plot basal area covered by Fabaceae species (of which many
can fix N,) is strongly positively correlated with community-weighted mean (CWM)
P (¢t = 0.65, P < 0.001) but not with CWM N, (r = 0.12, P = 0.52). This
suggests that a higher abundance of N,-fixing species allows for more nitrogen
fixation which is used to support mycorrhizae that enhance P uptake and storage in
leaves. For a site close to our study area, Raaimakers (1994) also showed that P
limits growth. Interestingly, P ; was the most important soil fertility variable for
aboveground productivity and aboveground biomass stocks, whereas N_; was
more important for belowground biomass stocks in fine roots (Fig. 3.2). This
supportts the idea that P is the most limiting element in this forest, but that it is N
that stimulates root biomass which is needed for P absorption. Thus, in this
Guyanese forest, it is most likely that P rather than N limits productivity and
biomass stocks.

Soil fertility increases, but disturbance decreases diversity

At high soil fertility, the few most competitive species should outcompete other
species and thus diversity would be low (Huston 1979). Contrary to this hypothesis,
we found that soil fertility increased species richness. However, even the most
tertile plot in this forest is still relatively nutrient poor. Possibly, an increase in soil
fertility provides the opportunity for non-N,-fixing species to establish, and
therefore has a positive effect on species richness.
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Figure 3.3: Bivariate relations of disturbance (a, e, i), soil fertility (b, f, j) and litter quantity in the
case of soil organic matter (n), trait composition (c, g, k, o) and rarefied species richness per 0.4
ha plot (d, h, I) with aboveground biomass productivity (a-d), aboveground biomass (e-h), and
fine root productivity (i-1), and soil organic matter (m-o0). Each dot is one 0.4 ha plot. Regression
lines are given for the relations that were significant in the structural equation models (Fig. 3.2),
but are based on simple regressions and meant for illustration purposes only. SLA = specific leaf
cand N, =

area; P «i = soil phosphorus and nitrogen concentration, respectively; P, and C:N_,; =

soi

leat phosphorus concentration and leaf carbon : nitrogen ratio, respectively. Note that the y-axes
are in In-scale.
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The intermediate disturbance hypothesis predicts that species richness shows
a hump-backed relationship with disturbance (Grime 1973, Connell 1978, Huston
1979), although this relation is generally weak for wet tropical forests (Bongers et
al. 2009). We found a negative effect of disturbance on species richness, which may
indicate that the disturbance intensity applied to our stands is beyond the optimum
for species richness. Alternatively, the availability of more light due to disturbance
should favour pioneer species that are able to make use of the extra light, but such
species may be prohibited to grow well in this forest due to the low nutrient
availability, or have not yet reached the 5 cm limit in the six years after logging.

Diversity has no or sometimes negative effect on productivity and

biomass stocks

We expected that species richness would lead to facilitation and niche
complementarity (or to reduced negative plant-soil feedback; Mangan et al. 2010),
which would increase productivity, and hence accumulated (above- and
belowground) biomass. However, this effect could be weak for this forest in
Guyana, where soil fertility and growth rates are low and relatively few species are
very abundant. On the other hand, an increased number of N,-fixing species,
which facilitate uptake and availability of P for the whole community, could
stimulate stand-level productivity and biomass stocks. We found that species
richness did not have a significant effect on aboveground productivity and biomass
stocks, and it even had a significantly negative effect on fine root biomass stocks
(Fig. 3.2 and 3.3d, h, I). This contradicts with positive effects of richness on
productivity for various ecosystem types (Tilman et al. 2001, Balvanera et al. 20006,
Paquette and Messier 2011), a positive effect of species richness on aboveground
biomass stocks across a wide range of Neotropical forests (Poorter et al. 2015), and
a positive effect of phylogenetic diversity on fine root biomass stocks in temperate
forests (Valverde-Barrantes et al. 2015). It could be that a positive effect of
diversity is present at large spatial scales (e.g., regional and continental) where
variation in species richness is stronger (Chisholm et al. 2013, Poorter et al. 2015),
in systems where diversity is very low and less redundancy may occur, such as in
temperate forests (Walker 1992), and in systems where growth rate is higher and
diversity reduces species competing for resources.

When evaluating the single effect of species richness on fine root biomass
(e.g., in a single regression analysis), its effect is not significant (see also the weak
relationship in Fig. 3.3]). This indicates that, to understand processes in the field
where many variables are at play, a multivariate approach should be taken (see
conceptual Fig. 3.1) to disentangle the contribution of species richness to
ecosystem functioning. The negative effect of richness on belowground fine root
biomass stocks in the structural equation model (SEM) may be caused by relatively
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few species that can cope well with low nutrient availability and produce high
amounts of fine root biomass. This idea is supported by the positive effect of soil
tertility on species richness, indicating that more species are able to occur when soil
conditions are less limiting.

Mass-ratio effects drive productivity and stocks of biomass and soil

organic matter

Trait composition, i.e. the traits of an average tree in the forest, should reflect
abiotic and biotic conditions and ultimately drive the biomass stocks and growth of
the forest, as predicted by the mass-ratio hypothesis (Grime 1998). Trait values
representing ‘acquisitive’ strategies (e.g., high leaf nutrient concentrations and low
wood density) increase resource use efficiency and should result in higher
productivity. We indeed found that trait composition affected all four response
variables (Fig. 3.2 and 3.3c, g, k, o). Surprisingly, however, productivity decreased
with community-weighted mean (CWM) specific leaf area (SLA), indicating that
forests with high abundance of ‘conservative’ (i.e., the contrast of acquisitive)
species attained a higher productivity (Fig. 3.2a and 3.3c). This is contrary to our
expectations, and to other studies that show positive effects of CWM SLA or other
acquisitive trait values on productivity (Baker et al. 2009, Finegan et al. 2015).
Compared to other Amazonian forests, this forest in Guyana is nutrient poor
(Quesada et al. 2010), composed of a small number of dominant species (Arets
2005), and possesses on average very conservative trait values (ter Steege and
Hammond 2001). Such conservative trait values allow trees to retain scarce (soil)
resources and enhance nutrient residence time in the plants (Zhang et al. 2015).

Conservative trait values (such as low N, may result in less respiration (Poorter

lea
and Bongers 2000) and in this way enhance net carbon gain. Conservative trait
values such as high wood density also protect the plants better against physical and
biotic hazards, thus enhancing plant survival (van Gelder et al. 2006) and therefore
also stand productivity. In a tropical dry forest, a conservative trait composition
also increased productivity (Prado-Junior et al. 2016). Hence, whereas current trait
paradigms (which predict that acquisitive trait values increase ecosystem process
rates) may hold for most tropical forests, these relations may be contrary — with
conservative traits enhancing productivity — for tropical forests growing under
limiting resource availability (nutrients, water, light). Additionally, these trait
paradigms might hold across large regions with very wide variation in site
conditions and traits, but not within a particular site.

Acquisitive trait values are associated with short lifespan of tissues (leaves,
roots), and should therefore lead to increased turnover and decreased biomass
stocks (Reich 2014). Surprisingly, we found that acquisitive trait values result in

66



Drivers of biomass stocks and productivity in a tropical rainforest

increased biomass stocks; P, had a positive effect on aboveground biomass stocks
and C:N,¢ (i.e., high relative C content) had a negative effect on fine root biomass
stocks. This finding is in agreement with some studies (Conti and Diaz 2013, Loiola
et al. 2015) but in contrast with others (Falster et al. 2011). Acquisitive trait values
can decrease biomass stocks due to a higher turnover, and hence, shorter residence
time of the biomass (Galbraith et al. 2013), or they can increase biomass stocks due
to higher potential build-up caused by a higher productivity (Chisholm et al. 2013).
This last option may be relevant especially when (soil) resources are strongly
limiting and acquisitive trait values (such as high nutrient concentrations) indicate
an increased availability and/or uptake of nutrients, and thus an increase in the
build-up of biomass. The importance of P, for aboveground biomass stocks and
of C:N,,r for fine root biomass stocks is in line with the findings for the soil
nutrients, and indicate that P may mainly limit aboveground biomass processes
because it is the most limiting element, whereas N may limit belowground biomass
processes because it is needed for P uptake by the roots.

Environmental filtering through low soil fertility?

The importance of mass ratio (i.e., the traits of the dominant species) for biomass
stocks and productivity can indicate that there is strong environmental filtering
(Keddy 1992), which means that co-occurring species share similar trait strategies
because of strong environmental constraints (ter Steege and Hammond 2001). We
indeed found that P_; and N:P
relative N availability select for low multivariate trait diversity. This result,

«i Increase Fdis, suggesting that low absolute P and
combined with the low P_; and P, values, and the strong effects of soil fertility
and leaf trait composition on productivity and stocks of biomass and SOM,
indicate that our forest is severely constrained by P availability, and that this
strongly limits the number and type of species that are abundant.

High litter nutrient concentrations decrease soil organic matter

Soil organic matter (SOM) stock was only explained by litter quality (Fig. 3.2d and
3.30), which is in line with the mass-ratio hypothesis. Litter N had a negative effect
on SOM, because litter with high N is easily decomposed, resulting in a reduction
of litter and organic matter in the soil (Melillo et al. 1982, Wardle et al. 2002).
Disturbance could have a positive effect on SOM (as disturbance can increase
decomposition, which in turn increases stabilization of physically or chemically
protected SOM fractions, and hence, the residence time of SOM; von Liitzow et al.
2006, Hoosbeek and Scarascia-Mugnozza 2009), or a negative effect on SOM (as
disturbance leads to more open forests that are drier and to a disruption of the

microbial community, which would reduce decomposition and therefore increase
SOM; van Dam, 2001). Instead, we found that disturbance had no effect on SOM,
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perhaps because disturbance effects are time-dependent. In our forest, disturbance
happened 20 years before the collection of SOM data, and therefore the forest
canopy should have closed and the microbial community should have recovered.
SOM did also not depend on the litter quantity that can potentially reach the soil as
SOM. Hence, SOM is determined by decomposition rates that are in turn driven by
litter quality, as predicted by the mass-ratio hypothesis.

Conclusions — mechanisms driving productivity and stocks of biomass

and soil organic matter

Soils on the Guiana shield are highly weathered and nutrient poor, and the forests
are relatively mono-dominant with a conservative trait composition (ter Steege &
Hammond 2001). We evaluated which abiotic and biotic factors drive variation in
forest productivity and stocks of biomass and SOM. P, strongly increased
aboveground productivity and aboveground biomass stocks, whereas N ; increased
belowground biomass stocks in fine roots. This indicates that P is the most limiting
element in this forest, and that N availability stimulates root biomass and P
absorption. Moreover, an acquisitive trait composition increased biomass stocks,
possibly because it indicates higher availability of soil nutrients and thus increases
biomass build-up, but it decreased productivity, possibly because conservative trait
values result in less respiration and biomass loss under harsh conditions. Species
richness, on the other hand, did not increase productivity and biomass stocks.
Hence, we found evidence for the mass-ratio hypothesis but not for the niche
complementarity hypothesis. All these results indicate that this forest is severely
constrained by P availability, which may impose strong environmental filtering and
as a result limit the number and type of species that are abundant. Hence, soil
fertility and species traits, but not species diversity, drive productivity and stocks of
biomass and SOM in this Guyanese tropical rainforest.

Acknowledgements

The research leading to these results has received partial funding from the European Union Seventh
Framework Programme (FP7/2007-2013) under grant agreement n° 283093 — The Role Of
Biodiversity In climate change mitigatioN (ROBIN). This research is part of the strategic research
program KBIV (KB-14) “Sustainable spatial development of ecosystems, landscapes, seas and
regions”, funded by the Dutch Ministry of Economic Affairs and carried out by Wageningen
University & Research centre (project code KB-14-003-030). We are grateful to the Guyana Forestry
Commission for logistical support and support of the fieldwork, and to the Environmental Protection
Agency for providing the necessary fieldwork permits. Specifically, we thank Benedict Harry for field
assistance and species identification, Karlon Warde for logistical support of the fieldwork, and Rehaaz
Mohamed for helping with the collection of soil, root and litter samples. We furthermore thank MSc
students Jemberu Biru for help with the collection of leaf traits, and Tereza Némcova for the
collection of soil, root and litter samples. And last, we thank Eef Velthorst for doing all chemical
analyses of solil, root and litter in the laboratory at Wageningen University, the Netherlands.

68



Drivers of biomass stocks and productivity in a tropical rainforest

Appendices

Appendix 3.1: Collection and calculation of soil organic matter, fine root biomass, nutrient

concentrations, and litter variables.

The plots are located on slightly undulating sedimentary interfluves (i.e., relatively flat surfaces in
between drainage tributaries), allowing two sampling points per 0.4 ha plot: one towards the
north and one towards the south end (van Kekem et al. 1996, van der Hout 1999, Soil Survey
Manual 1993). Root biomass was additionally collected at an intermediate point in each plot. Soil
samples were collected in October-November 2013. Per sampling point, three soil samples were
taken between 0-5 cm for root mass, bulk density, and nutrient concentrations, and also one
between 15-20 cm for root mass, using bulk density rings of 100 cm3 volume (r = 2.5 cm and h
= 5.093 cm). We did not collect data for the decomposer community.

The two samples for fine root mass at each sampling point (at 0-5 and 15-20 cm depth)
were sieved to 1 mm, oven-dried for 48 hours at 70 °C, and weighted. Fine root mass at each
sampling point was expressed in g cm”. For each 0.4-ha plot, we estimated the fine root biomass
in the top 20 cm of the soil by applying an exponential formula to the six sampling points (two at
each depth, for three points per 0.4-ha plot), and integrating that formula to calculate the root
biomass between 0 and 20 cm depth. For this we assumed an exponential decline in root mass
with depth rather than a linear decline (Gale and Grigal 1987, Jackson et al. 1996) using the

formula a * e? * @epth

, with depth in cm. Per plot, we estimated the unknown a and b using the
R function nls and integrated the formula using the R function integrate, both from the stats
package (R Core Team 2014). This value of root mass per plot was scaled to Mg ha" of 20 cm
depth (2000 m3), in order to compare values with aboveground productivity and biomass stocks
that are also expressed in Mg ha ™.

For soil organic matter (SOM) and soil fertility, we used two samples from the upper soil
layer (0-5 cm) at the two sampling points per 0.4-ha plot. One soil sample per point was oven-
dried for 48 hours at 104 °C, after which dry mass was measured. Dry mass was divided by 100
cm3 to obtain bulk density in g cm”. The second sample of each sampling point was stored in
zip-lock bags under cool temperatures (in a small creek) before they were shipped to the soil lab
at Wageningen University, the Netherlands. Here, soil samples were analysed for concentrations
of total organic carbon (C) and nitrogen (N) and organic and easily available phosphorus (P). For
C and N analyses, sub-samples were crushed by hand and roots were removed. No carbonates
were present in the soil. C and N were determined with an elemental analyzer (Interscience EA
1108) (van Lagen 1996). For P analyses, samples were first digested by addition of a selenium-
sulphuric acid mixture and peroxide while heated to 330 °C (Gerhardt Kjeldatherm digestion
system), after which they were diluted and P was determined colorimetrically (spectrophotometer
Mechatronics Starrcol SC-60-S at 720 nm), following the description by Novozamsky et al.
(1983). This method is comparable to the Bray method for P analyses. Soil carbon, nitrogen and
phosphorus concentrations (C_;, N, and P, respectively) were expressed in % and averaged
per 0.4-ha plot. We used Nsoil, Psoil, and the ratios between C_;: N, and N
for soil fertility, because total organic N ; represents the N that is available for mineralization,

soil> soil>

soil - il | Py as proxies

soil
Psoil in organic and easily available forms represents the potential pool of P for mineralization,
and the ratios may indicate relative nutrient limitation (Koerselman and Meuleman 1996).

Bulk density (g cm™) was first scaled to a 0-10 cm soil depth increment, and then scaled to
represent Mg ha™'. This value was multiplied by the fraction of carbon in the soil to obtain Mg C
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ha' in the 10 cm topsoil. The two sampling points per subplot were averaged and multiplied by
1.9 to scale from C content to SOM (Nelson and Sommers 1982).

At the same two sampling points per plot, also litter was collected. A circular frame with an
inner diameter of 19 cm was placed on a representative piece of the forest floor (within a radius
of 50 cm from the sampling point), pushed down onto the mineral soil, and litter was vertically
cut to include only litter inside the frame. Recent and fragmented litter was hand-picked and
stored in zip-lock bags under cool temperatures before they were shipped to the lab at
Wageningen University, the Netherlands. Here, litter samples were oven-dried for 48 hours at 70
°C, weighted, analysed for concentrations of carbon, nitrogen and phosphorus as described
above. Litter dry mass was expressed in Mg ha" and litter carbon, nitrogen and phosphorus
concentrations (Clitter, Nlitter and Plitter, respectively) in %. Due to the relatively low quantity
and high spatial variability of recent litter, only fragmented litter was included in further analyses.
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Appendix 3.2: Spearman correlations between soil variables (left graph) and community-
weighted mean trait variables. Black circles indicate positive correlations and gray circles indicate
negative correlations. The size of the circle indicates the strength of the correlation. For
abbreviation of soil and trait variables, see Table 3.1.
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Appendix 3.3: Leaf and stem trait collection

Leaf trait collection:

We sampled leaves for the 33 most abundant tree species in terms of basal area, composing on
average 78% of the basal area (> 5cm DBH) in the 30 0.4-ha plots over the two census years. For
5 individuals per species, between 7 and 17cm in DBH, we sampled 5 healthy and young but
mature leaves growing at the outer side of the crown (thus in relatively high light conditions, but
mostly in the understory).

Directly after collecting, we measured for each leaf the leaf area using a desktop scanner,
the leaf thickness using a Mitotuyo micrometer, and the chlorophyll content using a SPAD meter
(Minolta SPAD 502 Chlorophyll Meter, Spectrum Technologies Inc., Plainfield, 1L, USA). For
each leaf we also measured leaf toughness, which is a measure of investment in defence
structures, using a penetrometer that measures the mass needed to punch the flat-ended part of a
nail through the leaf (Bakker et al. 2011). The fresh mass was measured after rehydrating the
leaves overnight, and the dry mass was measured after oven-drying the leaves for 48 hours at 70
o), phosphorus
(P9 and nitrogen (N,o. Sample digestion was done using the kjeldahl digestion method, and

°C. Leaves were pooled per species and analysed for concentrations of carbon (C,
detection was done using the Nessler's reagent by UV-VIS spectrophotometer for N, and the

molybdenum-blue method by UV-VIS spectrophotometer for P . C,; were determined using a

lea
Interscience elemental analyzer EA 1108.

We calculated leaf area (cm?), including the rachis in case of compound leaves, using the
software Image]. Specific leaf area (SLA; cm” g) was then calculated by dividing the leaf area by
the leaf dry mass. The values for C, N

analyses. Leaf nutrient ratios were calculated by dividing C,,; by N,,; (C:N

. and P, (in %) were obtained from the chemical
) and by dividing N
by P, (N:P_,). Chlorophyll content per unit leaf area (Chl) was calculated by translating the
SPAD units into chlorophyll content per unit leaf area (ug cm-2), using the formula of Coste et
al. (2010): Chl = (117.1 * SPAD) / (148.84 — SPAD). The force needed to punch the leaf (in
Newton) was calculated by multiplying the mass (in g) to punch the leaf with 0.00981. The
specific force to punch (FPs; N m™), was then calculated by dividing the force by the product of

lea

the circumference of the nail (in m) and the thickness of the leaf (in m), to correct for the
fracture area on which pressure is exerted.

Stem trait collection:

We took wood samples for 25 of the 33 species using an increment borer, because wood of the
remaining 8 species was too tough to sample and was therefore excluded. For three individuals
per species, we took one wood core at breast height, from the outer sapwood until the pith. We
aimed to select individuals that were between 20 and 40 cm in diameter, to include possible radial
gradients in wood density, which have been found for many tropical tree species (Woodcock and
Shier 2002, Plourde et al. 2014) and obtain an average wood density that more accurately
describes the whole radius of the tree. However, for some species that did not grow this big or
that had too tough wood at large sizes, we sampled trees of around 12-20 cm in diameter.
Directly after collecting, the length of each core was measured and multiplied by its known radial
surface to obtain fresh volume, and fresh mass was measured. The dry mass was measured after
oven-drying for 48 hours at 70 °C. Wood Density (WD) was calculated by dividing the dry mass
of the whole core by its fresh volume (g cm™). Species-specific WD was calculated by averaging
the WD of the three individuals per species. To calculate stem dry matter content (SDMC; g g7),
we divided the dry mass by the fresh mass per core, and averaged these per species.
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Appendix 3.4: Selection and refinement of structural equation models

Procedure:

To test our hypothesized framework (Fig. 3.1 in the main text), we used structural equation
modelling (SEM). For each response variable (i.e., aboveground productivity, aboveground
biomass stocks, fine root biomass stocks, or soil organic matter; SOM), multiple models with
different combinations of variables representing the abiotic and biotic factors were possible.
From these combinations per response variable, we finally selected one SEM with the
combination of variables that resulted in the highest explained variation (R?) of the response
variable (see Fig. 3.2 in the main text). Here we describe how we selected this one model per
response variable.

To limit the number of possible variables to use for the factors soil fertility and trait
composition, we first made a pre-selection of 1-2 variables for each factor and per response
variable. To do so, we applied ‘all subsets regression analysis’ (i.e., a statistical method that tests
all possible combinations of predictor variables) for each of the four response variables
(productivity, and stocks of aboveground biomass, belowground biomass, and SOM; Appendix
3.6). These four analyses initially included disturbance, rarefied species richness, all possible trait
composition variables, and all possible soil fertility variables. C,,; was a-priori excluded from this
analysis because it differed less than 5% among plots. We then averaged all possible models
weighted by their Akaike Information Criterion. This method provides more reliable model
outcomes compared to using only the single best model, because this single best model can
contain other variables or variable parameters than other well-fitting models (Burnham and
Anderson 2002). Based on these averaged models, for further analyses we selected the trait
composition variable and soil fertility variable that had the highest importance value (which can
vary between 0 and land which is obtained by summing the ‘Akaike weights’ for all models
where the specific variable occurred; Barton, 2015). If the two best trait composition variables or
the two best soil fertility variables differed less than 0.1 in variable importance, then we decided
that their importance was rather similar and both variables were selected. For SOM, a similar
analysis was performed, but using different explanatory variables: disturbance, litter quantity, and
Piers C: Ny and NP, ). For litter quality, also the one
or two variables with the highest relative importance were selected. The four response variables,

all variables for litter quality (i.e., N

litter> - litter> litter>

i.e., biomass productivity and stocks of biomass and SOM, were In-transformed to obtain equal
variances and normal distribution of the residuals.

For the carbon cycle elements for which multiple trait composition and/or multiple soil
fertility variables were selected, multiple SEMs were built to evaluate all selected variables. The
overall fit of these models was first evaluated using a chi-square test. The models that were not
rejected (i.e., with a P-value larger than 0.05), were compared based on the R® of the response
variable (Appendix 3.7), because these are our main variables of interest and we want to find the
model that best explains them. We did not include other possible relations, such as an effect of
soil fertility on SOM, because our sample size was too low to include more variables, and because
we expected that this effect would work via productivity. All subsets regression analysis followed
by model averaging was also used for the effect of soil fertility and disturbance on functional trait
dispersion.

We used the Im function for the linear regression models, and the dredge function and the
model.avg function of the MuMIn package (Barton 2015) for the all subsets regression analyses
and model averaging, respectively.
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Results:

We evaluated the effects of abiotic and biotic factors on productivity and stocks of biomass and
soil organic matter (SOM) (Fig. 3.1 in the main text). First, one or two variables were selected for
trait composition and for soil fertility, based on relative variable importance obtained after ‘all
subsets regression analysis’.

lea:
and P, as soil fertility variable (Appendix 3.6). The two possible structural equation models
(SEMs) were accepted, but the model including SI.A was selected because it gave a higher R* for
productivity, which was our response variable of interest (Appendix 3.7).

For aboveground productivity, P, and SLA were selected as trait composition variables

For aboveground biomass stocks, P, was selected as trait composition variable and P
soil fertility variable (Appendix 3.6). This SEM (with disturbance, P
was accepted (Appendix 3.7) and thus used as final model.

For fine root biomass stocks, C:N,.; was selected as trait composition variable and N ; as
soil fertility variable (Appendix 3.6). The SEM was accepted (Appendix 3.7) and used as final
model. For SOM, N, was selected as litter quality variable (Appendix 3.6), and this model was
accepted (Appendix 3.7) and used as final model.

| as

soi

species richness, and P,

soil>

Appendix 3.5: Results of all subsets regression analysis for the effects of disturbance and soil
fertility (N3, P C:Ny;, and N:P_ ) on functional trait dispersion (Fdis; Pakeman (2014)),
followed by model averaging of all possible models (for more explanation, see Methods).
Standardized regression coefficient (Std. coeff), adjusted standard error (SEadj), z-value, P-value,
and relative variable importance (Rel. imp.) are given.

soil> soi

Predictor variable Std. coeff SEadj z-value P-value Rel.imp.

Disturbance 0.08 0.19 043 0.667 0.1
N, 0.16 022  0.72 0474  0.26
P, 0.55 028  1.98 0.047 070
CN., 0.20 018  1.11 0269 034
N:P_, 0.58 028  2.07 0039 075
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Appendix 3.6: Results of all subsets regtession analyses for aboveground productivity,

aboveground biomass, fine root biomass, and soil organic matter (i.e., the response variable),

followed by averaging of all possible models. Per model, multiple indices for soil fertility and trait

composition were included. The one or two soil fertility indices and trait composition indices

with the highest relative variable importance (Rel. imp.), i.e., the variables in bold and italics, were

selected for further analyses using structural equation modelling. Furthermore, standardized

regression coefficient (Std. coeff), adjusted standard error (SEad)), z-value and P-value are given.

Response variable  Predictor variable Estimate SEadj z-value P-value Rel. imp.

Aboveground

productivity Disturbance 0.41 0.18 2.32 0.020 0.86
Nioil -0.34 0.17 1.97 0.049 0.65
Psoir 0.71 0.27 2.61 0.009 0.98
C:Nsoil 0.05 0.17 0.31 0.760 0.13
N:Psoi 0.46 0.24 1.89 0.059 0.62
Richness 0.02 0.29 0.06 0.956 0.19
SLA -0.40 0.30 1.31 0.190 0.45
Nicaf -5.32 6.21 0.86 0.391 0.36
Prear 5.50 6.93 0.79 0.427 0.37
C:Nieat 0.21 0.49 0.44 0.660 0.21
N:Pieas 6.62 7.07 0.94 0.349 0.32
FPs -0.05 0.24 0.19 0.851 0.16
WD 0.01 0.30 0.03 0.976 0.16
WDMC -0.18 0.22 0.79 0.430 0.20

Aboveground

biomass Disturbance -0.64 0.12 5.23 <0.001 1.00
Nioil -0.11 0.13 0.90 0.370 0.22
Py 0.23 0.14 1.70 0.089 0.52
C:Nioil -0.11 0.12 0.97 0.333 0.23
N:Psoi -0.20 0.14 1.42 0.156 0.40
Richness -0.13 0.15 0.87 0.382 0.23
SLA 0.13 0.25 0.54 0.590 0.18
Nieat 0.19 1.16 0.16 0.870 0.25
Plear 0.54 0.65 0.82 0.412 0.79
C:Nicat 0.17 0.52 0.33 0.739 0.20
N:Pieat 0.03 1.19 0.03 0.980 0.28
FPs 0.14 0.21 0.68 0.498 0.20
WD 0.09 0.19 0.48 0.634 0.21
WDMC 0.18 0.15 1.21 0.227 0.33

Fine root biomass Disturbance -0.27 0.23 1.18 0.238 0.72
Nsoir 0.28 0.25 1.10 0.270 0.69
Psoi -0.02 0.10 0.16 0.875 0.18
C:Nioil -0.01 0.07 0.09 0.926 0.15
N:Psoi 0.06 0.14 0.43 0.668 0.29
Richness -0.19 0.25 0.77 0.443 0.51
SLA 0.01 0.12 0.11 0.912 0.17
Nicaf -0.22 0.90 0.25 0.804 0.41
Pleat 0.01 0.65 0.01 0.989 0.22
C:Niear -0.67 0.71 0.94 0.347 0.77
N:Pieat -0.04 0.68 0.06 0.949 0.23
FPs -0.03 0.13 0.21 0.838 0.19
WD 0.00 0.11 0.00 0.999 0.16
WDMC 0.00 0.10 0.04 0.968 0.16
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Soil organic matter ~ Disturbance 0.11 0.19 0.57 0.572 0.23
Litter quantity 0.11 0.20 0.54 0.593 0.23
Niiceer -0.38 0.26 1.45 0.146 0.61
Piiceer -0.19 0.40 0.47 0.639 0.29
C:Niitter -0.03 0.22 0.14 0.891 0.21
N:Piiceer -0.06 0.42 0.14 0.893 0.25

Appendix 3.7: Statistics showing the model fit of structural equation models (SEMs) for
productivity, aboveground biomass, fine root biomass, and soil organic matter. For aboveground
productivity, two possible SEMs were evaluated because two trait composition variables (SLA
and P, gave comparable fit in the all subsets regression analysis (Appendix 3.6), and the SEM
with highest R” for the response variable (i.e., productivity) was selected (see Fig. 3.2). Note that
other variables (i.e., disturbance and species richness) were included in all SEMs as shown in Fig.
3.2. For each model, model Chi-squared value and P-value are based on the fit of the whole
model, and the R gives the explained variation of the response variable. A P-value > 0.05
indicates that the model is accepted.

Trait Soil Model R’ of
Response composition fertility  Chi- Model response
variable variable variable squared P-value variable
Aboveground SLA P 0.027 0.869 0.454
productivity

P il 0.031 0.860 0.425
Aboveground P wil 0.031 0.860 0.730
biomass
Fine root biomass ~ C:N,.; N, 3.296 0.069 0.574
Soil organic matter - Niier 0.303 0.990 0.163
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Chapter 4

Abstract

Tropical forests play an important role in the global carbon cycle, but the drivers of
net forest biomass change (i.e., net carbon sequestration) are pootrly understood.
Here, we evaluate how abiotic factors (soil conditions and disturbance) and biotic
factors (forest structure, diversity and community trait composition) shape three
important demographic processes (recruitment, growth, and mortality) and how
these underlie net biomass change. To test this, we evaluated 9 years of biomass
dynamics using 48 1-ha plots in a Bolivian tropical moist forest, and measured the
most abundant species for eight functional traits that are important for plant
carbon gain and loss. Demographic processes were related to the abiotic and biotic
factors using structural equation models. Net biomass change was most strongly
determined by stand-level mortality, but mortality itself was highly stochastic at this
scale. Contrary to expectations, we found that species richness — as proxy for the
niche complementarity theory — and trait composition — as indicator for the mass-
ratio theory — had little effect on the demographic processes. Biomass recruitment
increased with higher resource availability (i.e., water and light) and resource use
efficiency (through high species richness), whereas growth of larger, established
trees increased with higher sand content (which may facilitate root growth of larger
trees to deeper soil layers). Growth of larger trees also increased with plot basal
area, due to the presence of more biomass that can grow. In sum, niche
complementarity and mass ratio are of limited importance in this complex and
species-rich forest, and demographic processes are most strongly determined by
soil texture, soil water availability and forest structure. Only by simultaneously
evaluating multiple abiotic and biotic drivers of demographic processes, better
insights can be gained into mechanisms playing a role in the carbon sequestration
potential of tropical forests and natural systems in general.

Keywords: biomass growth, Bolivia, disturbance, ecosystem functioning,
functional diversity, functional traits, mortality, productivity, recruitment, soil
conditions, species diversity, structural equation modelling
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Drivers of net biomass change in a moist tropical forest

Introduction

Tropical forests play an important role in global carbon storage (Saatchi et al. 2011)
and sequestration (Malhi 2012), and hence, in climate change mitigation strategies
(e.g., Reduced Emissions from Deforestation and forest Degradation; REDD+).
Yet, it is still poorly understood what factors are driving the net forest biomass
change and, thus, the net carbon sequestration (Malhi 2012). At the stand level, net
biomass change is the result of three underlying demographic processes:
recruitment, growth, and mortality. These demographic processes should be
analysed individually to understand net biomass change, as each process may be
driven by different biotic factors (e.g., the diversity and trait composition of the
forest) and abiotic factors (e.g., soil properties and light availability) (see the
conceptual framework in Fig. 4.1).

To explain biotic effects on demographic processes, two competing theories
have been described: the niche complementarity theory (Tilman 1999) and the
mass-ratio theory (Grime 1998). According to niche complementarity theory, high
diversity increases the overall resource use efficiency of a community, leading to
increased growth rates. A positive effect of species diversity on productivity (L.e.,
growth) was found for herbaceous communities (Tilman et al. 2001) and forest
ecosystems (Balvanera et al. 2006, Paquette and Messier 2011). However, rather
than number of species, the identity of species and their traits are thought to
provide a more direct and mechanistic link with forest processes (Violle et al.
2007). Variation in plant traits positively affected productivity in grasslands (Tilman
et al. 1997) and temperate forests (Butterfield and Suding 2013), but its effect may
be different for diverse tropical forests where trait redundancy between species may
not further enhance forest growth (Walker 1992).

Mass-ratio theory predicts that the most abundant species drive ecosystem
processes (Grime 1998). This is reflected in the ‘trait composition’, i.e., the basal
area-weighted leaf and stem trait values of the community. Few studies have
simultaneously evaluated the relative importance of taxonomic diversity (i.e.,
species diversity), trait diversity and trait composition on demographic processes in
natural communities. Mokany et al. (2008) found in temperate grasslands that trait
composition is a stronger driver of productivity than taxonomic diversity. Similatly,
Finegan et al. (2015) found across three tropical forests that trait composition, and
not trait diversity, determined productivity, whereas Lohbeck et al. (2015) found
that during secondary forest succession, neither trait composition nor trait
diversity, but aboveground biomass had a positive effect on productivity. Hence,
the relative importance of taxonomic and trait effects in natural systems is yet
pootly understood and may depend on various factors, such as local abiotic and
biotic factors.
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Abiotic factors are strong drivers of demographic processes as they determine
resource availability for plant growth and survival (Fig. 4.1). For example, soil
conditions are key drivers of tropical forest growth across the Amazon (Quesada et
al. 2012) and locally (Paoli et al. 2005), and disturbance can increase light availability
and therefore the opportunity for recruitment and growth (Pefia-Claros et al. 2008).
Abiotic factors can also have an indirect effect on demographic processes, via their
effects on biotic factors (Fig. 4.1). For example, in African forests, sandy soils,
compared to clayey soils, had a higher abundance of species with high wood
density that are more drought tolerant and better survive on sandy and resource-
limited soils (Fayolle et al. 2012). In our study forest, disturbance due to logging
treatments changed the trait composition of demographic groups towards more
acquisitive trait values (e.g., high specific leaf area and low wood density) that are
typical of pioneer species that benefit from higher light levels (Carrefio-Rocabado
et al. 2012). Moreover, disturbance alters the forest structure (e.g., decreases plot
basal area), which may in turn result in a change in species diversity (Armesto and
Pickett 1985). Consequently, forest structure can determine demographic processes
directly, but also indirectly via its effects on the diversity and trait composition of
different demographic groups (Vila et al. 2013). These studies show that abiotic
factors can affect the biotic factors, but they did not evaluate how the biotic factors
in turn affect demographic processes (but see Vila et al. 2013). We are not aware of
studies evaluating such combined effects of abiotic and biotic factors on
demographic processes that underlie net biomass change in forest systems.

We address two questions. First, how are demographic processes
(recruitment, growth and mortality) driven by abiotic factors (soil conditions and
disturbance) and biotic factors (forest structure, taxonomic and trait diversity, and
trait composition)? We expected that i) survival and growth increase with light
availability and hence, with an open forest structure and disturbance, whereas
mortality is mostly a stochastic process and therefore not strongly driven by abiotic
and biotic factors; i) recruitment and growth increase with species richness (as
predicted by niche theory) and with an acquisitive trait composition (as predicted
by mass ratio theory); and iii) trait composition has a stronger effect on
demographic processes than diversity because the bulk of these processes are
determined by the dominant species. Secondly we ask: how do these demographic
processes determine net biomass change? We expected that net biomass change is
most strongly determined by mortality, to a lesser extent by growth of surviving
trees, and least by recruitment because mortality would have highest absolute
values and thus contribute most to net biomass change, followed by growth and
recruitment. We tested these hypotheses using long-term data of 48 1-ha forest
plots in a tropical moist forest in Bolivia, that provided strong gradients in
demographic processes and abiotic and biotic factors.
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Soil Disturbance

Demographic processes
(biomass recruitment,
biomass growth,
biomass mortality)

Figure 4.1: Conceptual framework showing the expected relations of abiotic factors (disturbance
and soil resource availability) and biotic factors (forest structure, diversity and trait composition)
on demographic processes (biomass recruitment, growth, and mortality). Forest structure (e.g.,
plot basal area, tree density) is based on all alive trees in the 1-ha plots, whereas diversity and trait
composition are based on the individuals of that demographic group only (i.e., recruits, survivors,
or trees that died). Hypothesized positive effects are indicated by + signs and hypothesized
negative effects are indicated by - signs. The effect of and on trait composition depends on the
trait considered; acquisitive trait values (e.g., high specific leaf area and leaf nitrogen
concentration) will increase with disturbance and positively affect demographic processes,
whereas conservative trait values (e.g., high leaf toughness and wood density) will decrease with
disturbance and negatively affect demographic processes. Soil resource availability and
disturbance can decrease diversity because of a competitive advantage of few, light-demanding
species, or they can increase diversity because of the creation of more niches. Forest structure
would decrease recruitment because of light-limitation but would increase growth because of
more standing biomass that can grow.

Methods

Research site and plots

Research was carried out in the moist, semi-deciduous forest of L.a Chonta, Santa
Cruz, Bolivia (15°47°S, 62°55°'W). Mean annual rainfall is 1580 mm, with a dry
season from April until September when precipitation is <100 mm, and mean
annual temperature is 24.3 °C. The forest is located on ultisols, with sandy-loam
soils that are neutral in pH and rich in nutrients (Pefia-Claros et al. 2012), and
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topography is homogeneous (Pefia-Claros et al. 2008). On average, the forest has
367 stems (>10 cm DBH), 59 species per ha, and a canopy height of 25 m (Pefa-
Claros et al. 2012).

For this study, we used 48 one-hectare (100¥100 m) permanent sample plots
of the Long-Term Silvicultural Research Program (LTSRP) managed by Instituto
Boliviano de Investigacién Forestal (IBIF), in which all trees larger than 10 cm in
diameter at breast height (DBH) were first recorded between September 2000 and
December 2001. After the initial census, four treatments were applied, each
replicated on 12 plots. The treatments varied in the intensity of logging and
silvicultural practices applied, from an unlogged control treatment to an intensive
silvicultural treatment with post-logging activities such as girdling to liberate trees
from overtopping non-commercial trees (see Pefia-Claros et al. 2008 for more
details on treatments). The most recent census was done for 16 plots in 2009, for
16 plots in 2010, and for 16 plots in 2011 (each time for four plots per treatment).

Demographic processes
We calculated three demographic processes: biomass recruitment by recruiting
trees, biomass growth by surviving trees, and biomass mortality by dying trees (in
Mg ha' yr'). Henceforth, these will be referred to as recruitment, growth, and
mortality, respectively. We calculated demographic processes between the pre-
logging census and the last post-logging census. We used a long census interval of
8-10 years to reduce the effect of stochastic variation in biomass dynamics. Palms
were excluded from the analyses because they do not have radial growth and thus
their growth is hard to estimate, and because they have outlying trait values that
would affect the relation between trait composition and demographic processes.
Since we focus on natural demographic processes, we excluded all trees that were
logged or that died due to logging activities (e.g., due to damage caused by logging
operations or due to post-logging silvicultural treatments). We also excluded trees
that died due to fire that took place in 2004 in 4 of the plots. These excluded trees
were also excluded for calculations of other variables (i.e., forest structure, diversity
and trait composition), but used to calculate the disturbance intensity (see
‘Disturbance’).

For each tree and each of the two census years, we calculated the
aboveground biomass using the equation from Chave et al. (2014):

Biomass = exp(-1.803 - 0.976*(E) + 0.976*1og(WD) + 2.673*lsg(DBH) - 0.0299%(log(DBH))"2)

where DBH is the diameter at breast height (in cm) and WD is the wood density
(in g cm”, see explanation in Appendix 4.1). E is a measure of environmental stress
experienced at the site, which depends on temperature seasonality and water deficit.
We calculated the E-value (see Chave et al. 2014) for 26 sites across Bolivia for
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which we had accurate rainfall data (using data from Toledo 2010), and predicted
the E-value of La Chonta based on the relation between locally available annual
rainfall and the E-value for these surrounding Bolivian sites (E gia= 0.776 -

0.000356*precipitation; R*= 0.79). This resulted in the E-value 0.25 for La Chonta.

Recruitment, growth, mortality, and net biomass change

Recruitment (Mg ha' yr') was based on trees that recruited after the first census.
Per individual, biomass recruitment was calculated as its biomass in the last census
minus its biomass for a DBH of 10 cm. In this way, we assumed that the recruits
were 10 cm DBH just after the initial census, and calculate growth based on the
increase in diameter from 10 cm until its measured diameter in the last census. This
may slightly underestimate biomass recruitment, as most trees may have reached
the 10 cm limit later during the census interval, but it should yield more accurate
estimations than assuming that recruits were 0 cm DBH (which would lead to
stronger overestimations of growth), and similar estimations as using the tree’s
growth rate during other censuses to predict when it reached the 10 cm limit
(Talbot et al. 2014). Total annual recruitment per plot was calculated by summing
the recruitment per plot and dividing this by the census length.

Growth (Mg ha yr') was based on the growth of trees that were present at
the first census and survived until the last census. It was calculated by subtracting
the biomass of a tree in the last census from the biomass of the same tree in the
first census. By summing all growth values per plot and dividing it by the census
length (in years), we obtained annual growth per hectare.

Mortality (Mg ha™ yr') was based on trees that died between the first and last
census. It was calculated as the biomass of the tree in the initial census when it was
still alive, minus its biomass for a DBH of 10 cm, to be able to compare biomass
loss (i.e., mortality) with biomass gain (i.e., recruitment and growth) (Talbot et al.
2014). Annual mortality was obtained by summing mortality per plot and dividing
this by the census length. Net biomass change was calculated per plot by summing
recruitment and growth, and subtracting mortality.

Soil

For each plot, soil variables were collected in 2005 from the top 30 cm of the soil
at 20 fixed locations distributed in the plot systematically. Collection was done after
logging (which occurred in 2001) but samples were taken from areas that were not
affected by logging, to represent pre-logging variation in soil conditions among
plots. All samples were pooled per plot and brought to the Soil Laboratory of the
Centro de Investigacion Agricola Tropical (CIAT), Santa Cruz, Bolivia, for analyses
of the following soil nutrients and conditions: calcium, magnesium, potassium,
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sodium, cation exchange capacity as the sum of all exchangeable cations and acidity
(all in cmol kg™), total available phosphorus (mg kg™) using the Olson method,
total nitrogen using the micro-Kjeldahl method (%), pH, and soil texture (sand
content and clay content) (for more explanation, see Toledo 2010). Dry season soil
water potential per plot (MPa), a measure for minimum soil water availability, was
obtained from L. Markesteijn (unpublished data). Soil water potential was measured
during the peak of the dry season (July 2007) (Markesteijn et al. 2010). One sample
per plot was taken from the first 10 cm of the soil, and soil water potential was
determined using the filter paper method (for a more extensive description, see
Markesteijn et al. 2010).

Disturbance
We developed a continuous measure for disturbance, based on the basal area of all
trees that died due to fire or logging (i.e., that were logged or died due to logging
and post-logging activities between the first and last census) relative to the total
initial basal area of that plot, in %. The disturbed plots ranged from 0.1-40.3% in
basal area loss.

Forest structure

We wanted to evaluate the effect of forest structure, as a measure of biotic
competition for resources and space, on the diversity and trait composition of the
demographic groups and on demographic processes (Fig. 4.1). We therefore
calculated several structural variables (based on trees >10 cm DBH), per plot and
per census (all after disturbance), that would indicate abiotic competition for light
and other resources: total plot basal area (m* ha™), tree density (# ha"), average
diameter at breast height (cm), and the basal area of “large trees” (all trees > 60 cm
DBH; m* ha™). The values of the two censuses per plot were averaged to obtain
one value per plot that would better represent the whole monitoring period.

Diversity

Niche complementarity theory predicts that diversity increases resource use
efficiency and as a result the overall productivity of the forest stand. We used
taxonomic richness and functional trait richness to evaluate diversity in functioning
among species. The indices were calculated based on all trees belonging to each
specific demographic group (i.e., recruitment, growth and mortality), and calculated
per plot and per census. We described taxonomic richness using rarefied species
richness, as the number of species found in a random sample of 50 individuals (as
this number of individuals is found in all demographic groups per plot). We used
rarefied richness to prevent that differences in stem number among plots would
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determine differences in species richness. Functional trait richness (Frich) was

described as the amount of multivariate trait space occupied by species in the plot
(Mason et al. 2005, Mouillot et al. 2005), and was based on all traits (Table 4.1).

Values for taxonomic richness and trait richness of the initial and final census were

averaged to obtain values that would better represent the whole census interval.

Taxonomic richness was obtained using the zegan package (Oksanen et al. 2014),
and trait richness using the dbFD function of the D package in R (Laliberté et al.
2015). Taxonomic and trait richness are hereafter collectively called ‘diversity’.

Table 4.1: Overview of the leaf and stem traits that were used to calculate community-weighted

mean values per plot (i.e., the trait composition), with abbreviation, variable description, units, for

what function they are an indicator, and literature.

Variable  Abbreviation Variable Units Indicator for Literature
group description
Leaf traits SLA Specific leaf area  cm? g! Light interception Poorter and
efficiency Remkes 1990,
Schieving and
Poorter 1999
Ninass Leaf nitrogen % Photosynthetic Evans 1989,
concentration capacity, metabolic Mercado et al. 2011
rate
Ponass Leaf phosphorus % Photosynthetic Mercado et al. 2011
concentration capacity, metabolic
rate
Chl Chlorophyll pg ecm?  Light harvesting Evans 1989
content capacity
FPs Specific force to . N cm? Leaf defense Kitajima and
punch Poorter 2010,
Onoda et al. 2011
LMFm Leaf mass ggl Light interception Walters and Reich
fraction of the efficiency 1999, Lusk 2004
metamer
Stem WD Wood density g cm? Volume growth, stem  Baker et al. 2004b,
traits defense Chao et al. 2008,
Chave et al. 2009
DBHmax Maximum stem  cm Tree longevity and Kohyama et al.

diameter at
breast height

life history strategy

2003, King et al.
2006a
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Trait collection

We selected six leaf traits and two stem traits that are important components of the
leaf- and stem economics spectra (Baraloto et al. 2010) and that are important for
demographic processes (Table 4.1). Specific leaf area (SLA) and leaf mass fraction
of the metamer (LMF ) indicate the light interception efficiency per leaf
investment and metamer investment, respectively, and leaf nitrogen (N, and
phosphorus (P, .. concentration and chlorophyll content (Chl) are important for
photosynthetic capacity and growth capacity. All these traits would therefore
increase the rate of the demographic processes. On the other hand, high specific
force to punch (FPs; a measure for leaf toughness) and wood density (WD) are part
of the shade-tolerant traits that increase survival (i.e., reduce mortality) but reduce
photosynthetic rates (Selaya and Anten 2010) and possibly growth. Maximum
diameter (DBH, ) is a measure for tree longevity and life-history strategy, with
high values indicating species that can benefit from high light levels in the upper
canopy and have the capacity to grow fast.

All traits were determined for 161 tree species that together made up on
average 97.5% of the basal area across the 48 permanent sample plots in the first
and last census year. The community-mean trait value weighted by species’ basal
area can be accurately determined if it is based on the species that together
compose at least 80% of the abundance (Pakeman and Quested 2007), but a higher
coverage is needed to accurately determine trait diversity (Pakeman 2014). Traits
were measured on individuals between 10 and 20 cm DBH that were exposed to
direct sunlight or high lateral light levels. See Appendix 4.1 for a more detailed
description of trait data collection.

Trait composition indices

Grime’s (1998) mass ratio theory states that ecosystem processes are driven by the
characteristics of the most dominant species in the community. We calculated the
trait composition (or average trait values) of the stand as the sum of the trait values
of all species multiplied by their relative basal area, which is also known as the
community-weighted mean (CWM, Pla et al. 2012). We used species’ basal area
rather than tree abundance because basal area scales better with biomass than
abundance (Poorter et al. 2015), and hence, with biomass-driven demographic
processes. For these calculations only the species were used for which trait data
were available, which together made up 93-100% of the basal area in the plots
(averaged for the two census years). We calculated the CWM values based on the
subset of trees belonging to the specific demographic group (i.e., trees that
recruited, trees that survived, and trees that died), since their traits drive their
biomass dynamics. The CWM values were calculated per plot and per census for
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each of the 8 traits, and values of the initial and final census per plot were averaged
to represent the average trait composition of the community during the monitoring

period.

Statistical analyses

We evaluated how demographic processes that underlie net biomass change were
affected by abiotic factors (soil conditions, disturbance) and biotic factors (forest
structure, trait composition, and diversity). We therefore developed one structural
equation model (SEM) for each of the three demographic processes (Fig. 4.1). This
approach allows to take the direct and indirect effects and (cor)relations among
variables into account, and has the additional advantage that it can test whether the
overall model is “correct” (i.e., statistically accepted) and provides an accurate
description of the data.

Per demographic process, we selected one variable for each abiotic and biotic
factor in Fig. 4.1, depending on which combination of variables best explained
variation in the demographic process (i.e., the combination of variables providing
the highest R?. See Appendix 4.2 for a more detailed description of model
building.

The relative strengths of the effects of the three demographic processes on
net biomass change were evaluated using a multiple linear regression. Recruitment
and mortality were In-transformed to meet the assumptions of equal variances and
normal distribution of the residuals (also in previous analyses).

We performed all analyses in R 2.15.2. Linear models were evaluated using the
Im function, and structural equation modelling was performed using the sem
function of the lavaan package (Rosseel 2012).

Results

Across all plots, average net biomass change was 1.68 Mg ha™ yr' + 0.30 (average
+ standard error), recruitment was 0.78 Mg ha” yr' + 0.05, growth of surviving
trees was 3.78 Mg ha™' yr' + 0.20, and mortality was 2.88 Mg ha™ yr' £ 0.22.

The structural equation model for recruitment showed a strong negative effect
of plot basal area (i.e., forest structure) on biomass recruitment. Disturbance
enhanced recruitment directly, and also indirectly by reducing the basal area and
thus reducing the negative effect of basal area on recruitment (Fig. 4.2a, Appendix
4.3a). High taxonomic richness increased recruitment, whereas high sand content
decreased recruitment (Fig. 4.3a, d, g, j, m).

The model for growth showed that plot basal area (i.e., forest structure) had a
strong positive effect on growth (Fig. 4.2b, Appendix 4.3b), whereas soil water
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potential had a negative effect on growth, indicating that plots on wetter soils had
slower biomass growth. Disturbance had an indirect negative effect on growth by
decreasing the basal area of the growing stand (Fig. 4.2b, Fig. 4.3b, e, h, k, n). None
of the abiotic and biotic variables had a significant effect on mortality (Fig. 4.2c,
Fig. 43¢, f, 1, 1, o, Appendix 4.3c).

In all three SEMs, disturbance negatively affected forest structure. Other
abiotic factors did not consistently relate to biotic factors. We only found a
negative effect of disturbance on community-weighted mean (CWM) leaf
toughness (i.e., trait composition) of recruiting trees (because disturbance may
increase the abundance of light-demanding species that generally have low leaf
toughness) and a negative effect of tree density (i.e., forest structure) on rarefied
taxonomic richness of trees that died during the monitoring period.

All three demographic processes significantly explained net growth, with the
strongest standardized coefficient for mortality (-0.72), followed by growth (0.65)
and recruitment (0.18; Fig. 4.2c, Appendix 4.4, Fig. 4.4).

Discussion

We evaluated how abiotic and biotic factors drive three stand-level demographic
processes, and how these underlie net biomass change. We show that mortality
most strongly predicted net biomass change but was unpredictable itself.
Surprisingly, niche complementarity (i.e., taxonomic and trait diversity) and mass
ratio (i.e., community-average trait values) had little effect on recruitment and
growth. Plot basal area (i.e., forest structure), and soil factors strongly determined
recruitment and growth, indicating that vegetation quantity and abiotic factors
matter most for ecosystem processes in this Amazonian tropical forest.

The strongest predictor of net biomass change is unpredictable

We hypothesized that net biomass change would be more strongly affected by
growth and mortality than recruitment because of their higher absolute values. We
found that all demographic processes significantly affected net growth (Fig. 4.2, 4.4,
Appendix 4.4), and that natural mortality indeed had the strongest effect. This is in
agreement with a modelling study, showing that mortality is a key driver of
variation in aboveground biomass stocks across the Amazon (Delbart et al. 2010).
This and our study indicate that mortality is a crucial process determining forest
structure and dynamics, and we should therefore aim to better understand what
drives stand-level mortality. We show, however, that mortality was unpredictable
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Figure 4.3: Bivariate relations of the three demographic processes (recruitment: left column, Fig.

a, d, g, j, m; growth: middle column, Fig. b, e, h, k, n; and mortality: right column, Fig. c, f, I, 1, 0)
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with the five abiotic and biotic factors in rows (see also Fig. 4.1 and 4.2): relative basal area
removed (i.e., disturbance, Fig. a-c), soil conditions (Fig d-f), forest structure (Fig g-i), diversity
(Fig. j-1), and community-weighted mean trait composition (Fig. m-o) for 48 1-ha plots in the
tropical moist forest of L.a Chonta. See Fig. 4.2 and Appendix 4.3 for results of multivariate
structural equation models. Regression lines are given for the relations that were significant in the
structural equation models (Fig. 4.2), but are based on simple regressions and meant for
illustration purposes only. Note that the axes for recruitment (Fig. a, d, g, j, m), mortality (Fig. c,
f, 1,1, 0), and soil water potential (e) are in In-scale.
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Figure 4.4: Bivariate relations of net biomass change with recruitment (a), growth (b), and
mortality (c) for 48 1-ha plots in the tropical moist forest of La Chonta. Regression lines are
based on the multiple regression analysis (by keeping the other predictor variables at their mean),
see Appendix 4.4. Note that the axes for recruitment (a) and mortality (c) are in In-scale.

and not explained by any of the abiotic or biotic factors included in our model (Fig.
4.2¢, Fig. 4.3c, 1, j, 1, o), apart from a weak positive effect of taxonomic richness
(Appendix 4.3c). We did not measure direct causes of mortality, but we expected
that certain trait values (e.g., high wood density) would lead to lower risk of
mortality by causes such as diseases, wind storms and herbivory (Putz et al. 1983,
Poorter et al. 2004). The lack of effects on mortality supports our hypothesis that
mortality is a stochastic process at this scale. Although mortality may be well
predictable at the individual-scale (Chao et al. 2008), species-scale (Poorter et al.
2008) and across stands at regional-scale (Quesada et al. 2012), mortality across
stands at local-scale may be more stochastic as it can, for example, be strongly
determined by the death of one large tree or the local effect of strong winds.
Hence, the strongest predictor of net growth is unpredictable itself.

Dense forests increase growth but decrease recruitment
We hypothesized that recruitment and growth would be most strongly affected by
the direct effect of disturbance. Recruits would face more light limitation than
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survivors, which would be reflected by a stronger positive effect of disturbance and
a negative effect of stand basal area on recruitment growth. We indeed found that
stand basal area was the most important driver for both processes, with a negative
effect on recruitment and a positive effect on growth (Fig. 4.2a vs. b, Fig. 4.3¢g vs.
h). Plot basal area is mainly composed of the basal area of surviving trees, and a
higher initial basal area of surviving trees will, therefore, result in higher growth
rates, especially since many of these trees are large and contribute most to growth
(Stephenson et al. 2014). For recruiting trees in lower canopy layers, however, high
plot basal area decreases growth probably because of low light availability (Poorter
1999). Similarly, disturbance had no effect on growth but increased recruitment due
to more light availability. Canopy trees are less limited by light and do not benefit
from increased light levels due to disturbance, which mostly increases light levels in
lower canopy layers (IBIF, unpublished data).

Water availability increases recruitment but decreases growth of larger trees
For a wide range of ecosystems, soil fertility is an important driver of productivity
and demographic processes (e.g., chapter 3), partly via its effect on species
composition (Waide et al. 1999). In this forest, water availability is more important
for recruitment and growth than soil fertility, and it affects these two demographic
processes in a contrasting way (Fig. 4.2a vs. b, Fig. 4.3d vs. e). Soil sand content
had a negative effect on recruitment, indicating that a community of recruits grows
slower on drier soils. In contrast, survivors grow faster on soils that are drier in the
dry season (as indicated by the negative effect of, minimum soil water potential on
growth). Recruits root less deeply than surviving trees, and may therefore not
experience watetlogged conditions and/or the facilitating effect of sand on root
growth, but rather experience the negative effect of decreased water holding
capacity of the upper soil layers and thus more water stress during the dry season
(Markesteijn et al. 2010).

The finding that drier soils increase growth of survivors is in contrast with
studies showing that species increase their growth with increasing soil water
availability (Baker et al. 2003, Sterck et al. 2011). Possibly, a high soil water
potential in the dry season indicates that these microsites are waterlogged and
anoxic in the wet season, thus hampering growth especially for large trees with
deep roots that suffer more from waterlogged conditions (Ferry et al. 2010, Aubry-
Kientz et al. 2015). However, van der Sande et al. (2015) (chapter 2) showed for
our study site that growth of large canopy trees was most strongly driven by their
(water transporting) sapwood area, indicating that large trees can be strongly limited
by water supply. Large trees have a high evaporative demand and probably rely on
deep groundwater especially during the dry season (Nepstad et al. 1994). When we

replaced soil water potential by sand content in the structural equation model, we
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found that sand content had a positive effect on growth. Possibly, sandy soils
facilitate the growth of roots to deeper soil layers, thus stimulating the use of
groundwater in drier periods.

Interestingly, soil conditions were important for recruitment and growth but
they did not affect diversity and trait composition, as found eatlier for the same site
(Pena-Claros et al. 2012). This is in contrast with studies showing that soil texture
affects the trait composition of African forests (Fayolle et al. 2012) and soil fertility
affects trait composition across the Amazon basin (Fyllas et al. 2009), and with
studies showing that soil fertility affects species richness positively in a Guyanese
tropical rainforest (chapter 3) but negatively in Costa Rican forests (Huston 1980).
This suggests that the effects of soil conditions and disturbance on diversity and
trait composition are site-specific depend on the length of the soil gradient
considered, and the amount of species turnover observed. The lack of soil effects
on biotic factors could also be caused by the way we selected the structural
equation models (Appendix 4.2): we used variables for soil conditions, trait
composition and diversity that best explained the demographic process in which we
were interested, but it could be that other soil variables had a stronger effect on our
intermediate variables, trait composition and diversity.

What drives recruitment and growth?: niche theory vs. mass-ratio theory
We evaluated the role of two theories on growth and recruitment: the niche
complementarity theory (Tilman 1999), which predicts that high diversity leads to
facilitation and/or high resource use efficiency and increased growth and
recruitment, and the mass-ratio theory (Grime 1998), which predicts that growth
and recruitment are driven by the traits of an average tree in the forest. Taxonomic
richness (as an indicator of the niche theory) was important for recruitment but not
tfor growth, and trait composition was not important for any of the two processes
(Appendix 4.3, Fig. 4.2a, b). Niche complementarity is thus more important than
mass ratio for recruits, probably because they experience strong competition for
light, and therefore higher taxonomic diversity may decrease competition and
increase the growth of the recruiting community. Hence, recruitment depends
strongly on light availability and light use efficiency — through high disturbance, low
plot basal area, and high taxonomic diversity — and less on their own trait
composition. In contrast, growth does not depend on diversity nor traits.

Several studies find a positive effect of diversity or trait composition on forest
productivity (Paquette and Messier 2011, Vila et al. 2013), but few have
simultaneously evaluated the role of the two theories. The few studies that
evaluated both theories for tropical forests, partly agree with our results. For a
secondary forest in Mexico (Lohbeck et al. 2015), biomass instead of trait
composition or trait diversity was important for growth, which is in agreement with
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our results for growth. However, in contrast with our results, across three
Neotropical mature forests (Finegan et al. 2015), trait composition but not trait
diversity affected growth and only biomass affected recruitment, and for a tropical
rainforest in Guyana (chapter 3), trait composition but not taxonomic richness
determined productivity. These studies and our study differ in various aspects, such
as forest type and environmental conditions, diversity and trait composition indices
used, sample size, and percentage of species for which traits were known. So far,
results on the relative importance of both theories for tropical forests are not
conclusive. Experimental grassland studies have advanced our knowledge on how
diversity and trait composition could affect productivity and ecosystem functioning
(e.g., Tilman et al. 1997), but more studies are needed in natural and more complex
systems at various spatial scales, to unravel mechanisms of various processes, under
varying conditions and across a spectrum of species diversity. Possibly, the effect of
niche complementarity is most important for recruits because they experience
strong interspecific competition for resources, at local scales (e.g., our study) where
interspecific interactions take place, and in forests where environmental filtering is
less important than interspecific competition. Mass-ratio effects, on the other hand,
may be important at regional scales (e.g., Finegan et al. 2015) where variation in
trait composition is stronger and better represents functional differences among
forests, and in forests where environmental filtering and thus the selection for
specific traits is strong (e.g., chapter 3).

Taxonomic richness outperforms trait richness

Taxonomic richness was selected as the best ‘diversity’ variable in two of the three
SEMs, and it had a significantly positive effect on recruitment. Taxonomic diversity
was, surprisingly, a better predictor for recruitment than trait diversity (also called
functional diversity or variety, e.g. Mason et al. 2005, Finegan et al. 2015), which
should be more mechanistically linked to recruitment. Taxonomic richness and trait
richness were significantly positively correlated (r = 0.57, n = 48 plots, P < 0.001,
for recruiting trees in the plot), indicating that higher taxonomic richness partly
translates into higher richness in the eight traits that we measured. However,
taxonomic richness better predicted recruitment, possibly because a high number
of species increases the diversity of more traits or a different set of traits than we
measured, such as leaf phenology or the ability to fix nitrogen. It could also be that
a higher number of tree species leads to a lower concentration of species-specific
soil pathogens, which allows species to maintain productivity compared to low
diversity stands that suffer from pathogen attack, as has been found in temperate
grasslands (Schnitzer et al. 2011, de Kroon et al. 2012). The positive effect of

taxonomic richness may also be explained by only one or a few traits, and may
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therefore partly be concealed when calculating multivariate trait richness based on
more but less relevant traits.

Drivers of demographic processes, a matter of scale?

The relative contribution of different drivers on demographic biomass processes
may vary with the spatial and organizational scale considered (Chisholm et al.
2013). At large spatial scales, climate effects vary strongly and may overrule other
effects (e.g., pantropical, Phillips et al. 2010, Banin et al. 2014), whereas at regional
ot local scales, soil conditions may determine demographic processes (Paoli et al.
2005, Baribault et al. 2012). We found that soil sand content and soil water
potential overruled soil fertility. Possibly, soil fertility is more heterogeneous at
larger spatial scales due to variation in parent material (Malhi et al. 2004, Baker et al.
2009, Toledo et al. 2011), or at smaller spatial scales such as smaller plot sizes (e.g.,
chapter 3) or the projection area of tree crowns, due to plant-soil feedback effects
(Ehrenfeld et al. 2005, Liu et al. 2012), but is relatively homogeneous when
compared among averaged samples of 1-ha plots.

Organizational scales such as communities and species represent different
units of measurements, and their demographic processes may therefore be
predicted by different factors. For example, traits and forest structure may predict
the mortality rate of individual trees (Chao et al. 2008) or species (King et al. 2006b,
Iida et al. 2014), but for a whole stand stochastic processes, such as the death of
one very large tree or the local occurrence of heavy winds, may strongly determine
variation in biomass loss (Gale and Barfod 1999). Furthermore, recruitment and
growth can be well explained by traits at the individual or species level (e.g., Poorter
and Bongers 2000, van der Sande et al. 2015, see also chapter 2), but not by trait
composition at the 1-ha stand level (this study). Species-level demographic changes
in growth are a function of the species’ growing strategy and average environmental
conditions that the species experience, whereas community-level differences in
demographic processes are a function of multiple species’ strategies, species
abundances, and local environmental conditions. These discrepancies between
spatial and organizational scales highlight the importance for studies explicitly
evaluating the drivers of demographic and other ecological processes at various
scales.

Conclusions

We evaluated how three demographic processes underlying net biomass change
(recruitment, growth and mortality) are determined by abiotic and biotic factors.
Variation in net biomass change, and thus net carbon sequestration, was most
strongly determined by stand-level mortality, implying that understanding the
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drivers of mortality is of crucial importance for the understanding of ecosystem
carbon sequestration. However, we show that mortality itself is stochastic, and thus
that the major part of variation in net biomass change cannot be predicted.

We expected that recruitment and growth would be driven by diversity (as
predicted by the niche complementarity theory) and community-weighted mean
traits (as predicted by mass-ratio theory). In contrast to what has been found for
grassland experiments, both theories explained nothing or little of demographic
processes in this diverse tropical forest. Biomass growth of recruits increased with
soil water availability and light availability, whereas biomass growth of larger,
established trees increased on dry soils (that may experience less waterlogging in
the wet season) and on sandy soils that may facilitate root growth to deeper soil
layers. These results highlight the importance of simultaneously testing multiple
theories for demographic processes in naturally complex, species-rich systems at
various (spatial and organizational) scales. This approach will yield better insights
into mechanisms playing a role in the biomass dynamics, and hence in the carbon
sequestration and mitigation potential of natural systems.
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Appendices

Appendix 4.1: Trait collection and calculation

Trait collection:

Leaf trait data were obtained from previous studies (Rozendaal et al. 2006, Carrefio-Rocabado et
al. 2012, van Gils 2012), and additional species were collected to obtain trait values for a larger
part of the trees in the plots, using the same protocol. We collected leaves from 5 individuals
between 10 and 20 cm DBH that were exposed to direct sunlight or high lateral light levels, and
from each individual we selected 5 young and healthy leaves from the outer side of the crown. By
using this standardized protocol, we could compare traits across species. We sampled the whole
metamer, that is, the leaf, its petiole and corresponding internode (twig section between two
leaves). Wood samples were collected for 58 species on trees between 20-40 cm DBH (Poorter
2008). For three trees per species, a sample of the youngest sapwood was taken of about 2*2*2
cm.

Trait calculations:

Directly after the leaves were collected, we separated the leaves from their petiole and internode
and measured their surface area using a desktop scanner, their chlorophyll content using a SPAD
meter (Minolta SPAD 502 Chlorophyll Meter, Spectrum Technologies Inc., Plainfield, IL, USA),
the leaf thickness in between the veins using a micrometer, and leaf toughness using a
penetrometer that measures the force needed to punch the flat-ended side of a nail through the
leaf. After rehydrating the leaves overnight, their fresh mass was determined. After oven-drying
the leaves, petioles and internodes for 48 hours at 70 °C, we measured the dry mass of each part
separately. For a more extensive description of trait collection, see Rozendaal et al. (2000).

We then calculated SLA by dividing the leaf area by the dry mass (cm” g); FPs by dividing
the force by the product of the circumference of the nail and the thickness of the leaf (N cm™) to
correct for the fracture area on which pressure is exerted; LMFm by dividing the leaf dry mass by
the sum of the dry masses of the leaf, petiole and internode (g g); and Chl by translating the
SPAD units into ug cm” using the formula of Coste et al. (2010) for rainforest trees: Chl =
(117.1*SPAD) / (148.84 - SPAD). Last, leaves (without petioles and internodes) were pooled petr
species and analysed for nitrogen and phosphorous concentrations (% of dry mass) at CIAT,
Santa Cruz, Bolivia. Nitrogen was analysed using the micro-Kjeldahl method, and phosphorus
was analysed using digestion by HSO4 and detection using ammonium molybdate solution and a
spectrophotometric reading at 882 nm.

As stem traits, we used wood density (WD) (also known as wood specific gravity,
Williamson and Wiemann 2010) and maximum stem diameter (DBHmax). For WD, the fresh
volume of a sample was measured directly after collecting, using the water displacement method.
After oven-drying for 48 hours at 70 °C, dry mass was determined. WD could then be calculated
by dividing the dry mass by the fresh volume (g cm™). For more details on wood collection or
WD calculation, see Poorter (2008). Based on the relation between WD of the youngest wood
and the average WD of the whole radius of the stem that was available for 32 Bolivian tree
species (WDradius = 0.0037 + 1.0607*WDouter; R*=0.90), we predicted average WD of the
whole radius for all species. DBHmax (cm) per species was calculated as the 95" percentile of all
trees >10 cm DBH at initial and final census.
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Appendix 4.2: Building procedure and results of structural equation models

Model building procedure:

For each abiotic and biotic factor in Fig. 4.1 (except for the demographic processes, disturbance
and diversity), we had more than two possible candidate variables, but could only include one at a
time in the SEMs. To reduce the number of variables per abiotic and biotic factor, and thus the
number of possible SEMs to choose from, we performed for each demographic process an all-
subsets regression analysis for the candidate variables per factor (Burnham and Anderson 2002),
and based on this pre-selected one or two variables. All subsets regression analysis evaluates all
possible combinations of potential predictor variables, and provides statistics for all relations and
Akaike Information Criterion (AIC) for each combination. Because our main goal was to explain
variation in biomass dynamics, we used the demographic process as response variable in all cases.
Hence, for each of the demographic groups this resulted in three all subsets regression models
with respectively as predictors: soil variables, forest structure variables, or trait composition
variables (Appendix 4.5). All subsets regression analysis was followed by averaging of the models
that differed less than two AIC units from the model that was selected as ‘best” (because these
models are considered to not be significantly different). Based on this averaged model for each of
the abiotic and biotic factors (i.e., the 3 models per demographic process), we selected two
variables per factor (in case the average model was composed of more than two variables) with
the highest relative variable importance (by summing the ‘Akaike weights’ for all models where
the specific variable occurred; Barton 2012). In the case that more than two variables had the
importance value 1 (i.e., the maximum), then the two variables with highest absolute regression
coefficients were selected. Per demographic group, we thus had a maximum of two possible
variables for three of the abiotic and biotic factors and two possible variables for diversity, which
resulted in 24 = maximum 16 possible models.

The overall fit of these 16 models was first evaluated using a chi-squared (x°) test, and the
models that were not rejected (i.e., with a P-value higher than 0.05), were compared based on the
R2 of the demographic process (Appendix 4.6). If needed to obtain non-rejected models,
pathways that were not important (i.e., not significant and low standardized coefficient) were
removed stepwise, starting with removing the pathways with the lowest P- value. We did not use
AIC to compare models, because this technique is not well developed for SEM (Daniel Laughlin,
personal communications). Instead, we selected the model that best explained variation in the
demographic processes (i.e., with the highest R® for the demographic process), since
understanding what drives variation in demographic processes is one of the main aims of this
study.

All subsets regression and model averaging were evaluated using the dredge function and
the model.avg function, respectively, of the MuMIn package (Barton 2015).

Model building results:

Based on the all-subsets regression models, we developed 16 potential structural equation models
(SEMs) for recruitment, and selected the SEM that was not rejected and had the highest R? for
recruitment, which was our variable of interest (Fig. 4.2a, Appendix 4.3a).

All 16 possible SEMs for growth were initially rejected. To simplify the models, we
removed some pathways representing effects on biotic variables that were less important, but
aimed to keep all pathways representing direct (significant and non-significant) effects on growth.
First, we removed the effect of disturbance and forest structure on diversity because surviving
trees were already established before disturbance took place and the forest structure was changed,
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so diversity might be minimally affected. Similarly, we removed the effects of disturbance and
forest structure on trait composition because its effects were not significant. As all 16 reduced
models were still rejected, soil effects on diversity and trait composition were also removed
because these effects were not significant and generally the weakest (in terms of beta coefficient).
From these 16 further reduced models (Appendix 4.6), one model was accepted (Fig. 4.2b,
Appendix 4.3b).

The all subsets regression models yielded 8 potential SEMs for mortality (Appendix 4.6),
and the selected SEM with the highest R2 for mortality is shown in Fig. 4.2c.

Appendix 4.3: Results of the three structural equation models that evaluate the effects of
various abiotic and biotic factors on biomass recruitment (a), growth (b), and mortality (c). The
models are also shown in Fig. 4.2a-c. The regression coefficient (Coef.), standardized coefficients
(Std.Coet.), standard error (SE), Z-value and P-value are given for all regressions (i.e., all arrows
in Fig. 4.2a-c), and variation explained (R?) are given for all endogenous variables (i.e., variables
that are related to predictor variables). All three models were accepted (P = 0.206, 0.640, and
0.110 for a, b and c, respectively; Appendix 4.6). Recruitment, mortality and soil water potential
(SWP) were In-transformed. WD = community-weighted mean wood density and FPs =
community-weighted mean specific force to punch (Table 4.1).

Z- P-
Response variable Predictor variable | Coef. Std.Coef. SE  value value
a
)

Ln biomass Disturbance 0.01 0.25 0.01 2.51 0.012

recruitment Sand content -0.04 -0.34 0.01 -4.00 0.000
Plot basal area -0.06  -0.40 0.01 -4.20 0.000
Taxonomic 0.04 0.29 0.01 3.29 0.001
richness
FPs -0.01  -0.16 0.00 -1.70 0.090

Plot basal area Disturbance -0.12  -0.37 0.04 -2.66 0.008
Sand content 0.01 0.01 0.10 0.05 0.961

Taxonomic richness Disturbance -0.08 -0.24 0.05 -1.55 0.120
Sand content 0.02 0.03 0.10 0.19 0.847
Plot basal area -0.27  -0.26 0.15 -1.73 0.084

FPs Disturbance -0.49  -0.36 0.19 -2.61 0.009
Sand content -0.35  -0.12 0.38 -0.90 0.367
Plot basal area 1.02  0.24 0.59 1.74 0.082

R2 Ln biomass 0.667

recruitment

R2 Plot basal area 0.135

R2 Taxonomic richness 0.080

R2 FPs 0.239

b)

Biomass growth Disturbance 0.02  0.15 0.02 1.27 0.203
SWP 1.35 0.39 0.40 3.38 0.001
Plot basal area 024 057 0.05 4.92 0.000
Trait richness 0.23 0.14 0.22 1.09 0.276
WD 0.07 0.20 0.04 1.63 0.103

Plot basal area Disturbance -0.11  -0.35 0.04 -2.48 0.013
SWP -0.67  -0.08 1.14 -0.59 0.554

R? Biomass growth 0.444

R2 Plot basal area 0.141

99



Chapter 4

c
)

Ln biomass mortality Disturbance -0.01  -0.18 0.01 -1.20 0.230
Sand content 0.02 0.19 0.01 1.38 0.169
Tree density 0.12  0.12 0.15 0.82 0.413
Taxonomic 0.03 0.27 0.02 1.92 0.055
richness
FPs 0.01 0.18 0.01 1.35 0.178

Tree density Disturbance -0.02  -0.39 0.01 -2.84 0.004
Sand content -0.01  -0.05 0.01 -0.38 0.705

Taxonomic richness Disturbance 0.01 0.02 0.06 0.16 0.875
Sand content -0.01  -0.01 0.12 -0.07 0.942
Tree density =276 -0.32 1.26 -2.19 0.028

FPs Disturbance 0.09 0.07 021 0.44 0.658
Sand content -0.39  -0.14 0.42 -0.93 0.354
Tree density 0.92 0.03 449 0.21 0.837

R2 Ln biomass 0.164

mortality

R? Tree density 0.145

R2 T'axonomic tichness 0.111

R2 FPs 0.026

Appendix 4.4: Results of the multiple regression model for the effects of the three
demographic processes (recruitment, growth and mortality) on net biomass change. Standardized
regression coefficients, standard errors (SE), t-values and P-values are given for each of the
predictor variables.

Std. Coefficient SE t-value P-value
Rectruitment 0.18 <0.01 5.27*E”~11  <0.001
Growth 0.65 <0.01 1.94*E”~10 <0.001
Mortality -0.72 <0.01 -2.18*E™12 <0.001
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Appendix 4.5: Results of 9 all subsets regression analyses followed by averaging of all models
that differed less than 2 AIC from the best fitting model. For each of the three demographic
processes (recruitment, growth, and mortality), one analysis was done for three of the abiotic and
biotic factors for which we had more than two candidate variables: soil variables, forest structure
indices (based on all alive individuals in the plot), and trait composition indices (i.e., the
community-weighted mean traits based on the specific demographic group). Each analysis
contained all candidate predictor variables for the abiotic and biotic factor. Statistics are shown
for the variables that were selected in the 9 averaged models. For each selected predictor variable,
standardized regression coefficients (‘Std. coet.’), P-values, and relative importance values (‘Rel.
imp.’) are given. Relative importance values were calculated by summing the AIC weights for all
models where the specific variable occurred (Barton 2015), and were used to select 1-2 variables
per model to develop structural equation models (see variables in bold and Appendix 4.4). For
abbreviations of trait composition variables, see Table 4.1.

Recruitment Growth Mortality
Abiotic Predictor variable Std. P- Rel. | Std. P- Rel. | Std. P- Rel.
or biotic coef. value imp | coef. value imp | coef. value imp
factor
Soil Ca -0.60  <0.01 0.77 | 0.34 0.11 0.42 | 0.27 0.20 0.18
Mg 0.08 0.61 0.04
Cation exchange capacity  -045  <0.01 023 | 0.28 0.12 0.31 | 0.28 0.18 0.21
N 0.14 0.29 0.08 | 0.23 0.12 0.57
P -0.20  0.25 0.06 | 0.14 0.35 0.03 | -0.29  0.17 0.44
Ph 0.29 0.08 0.40 | -0.26  0.16 0.32 | 0.16 0.29 0.16
Clay % 0.11 0.43 0.06
Sand % -0.36 <0.01 1.00 | 0.18 0.17 0.43 | 0.22 0.14 0.46
Soil water potential -0.30  0.01 0.82 | -0.31  0.02 1.00 | 0.12 0.43 0.09
Forest Plot basal area -0.63  <0.01 0.67 | 0.48 0.07 0.57
strtuctute  Tree density 0.21 0.16 043 | -0.29  0.18 0.51 | 0.11 0.48 0.30
Tree density > 60cm 0.20 0.33 0.14 | -035 0.14 0.23
DBH
DBHayer -0.22 0.17 0.26 | 0.35 0.06 0.34
Trait SLA -0.17 0253  0.16 | 0.08 0.595  0.12
compositi
on Ninass 0.32 0.173  0.10
Pinass -024 0295 021
Chl 0.27 0.176 ~ 0.12 | 0.08 0.578  0.22
FPs -0.36 0.014 1.00 | -024  0.189 0.44 | 0.08 0.589  0.21
LMF -021 0267 025 .
WD 0.24 0214 0.28 | 0.25 0.267 040
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Appendix 4.6: Results of multiple candidate structural equation models (SEMs) per
demographic process. Variables for all abiotic and biotic factors were selected based on all
subsets regression analyses (Appendix 4.5), except for disturbance and diversity, for which we
had respectively only one and two candidate variables. For recruitment and growth, these resulted
in 16 possible variable combinations, and for mortality in 8 possible variable combinations. For
recruitment and mortality, the results are based on full SEMs (as shown in Fig. 4.1), but for
growth, the arrows from soil, disturbance and forest structure to diversity and trait composition
were excluded in order to find accepted models (i.e., model P-value > 0.05). In all cases, we had
only one possible variable for disturbance, and thus this variable was included in all SEMs and
therefore not shown here. For all possible combinations per demographic process, some
combinations were accepted (i.e., model P-value > 0.05 and low model y°), from which the
model with the highest R? for the demographic process was selected and used in the manuscript
(see variables and values in bold, and Fig. 4.2). Biomass recruitment and biomass mortality were
In-transformed. For abbreviations of trait composition variables, see Table 4.1.

R2 of
Demographic Forest Trait Model demographic
process Soil structure  Diversity composition Model > P-value process
Biomass Sand Plot basal Taxonomic FPs 1.600 0.206 0.667
recruitment content  area richness WD 3.483 0.062 0.663
Trait richness  FPs 1.305 0.253 0.654
WD 0.110 0.741 0.656
Tree Taxonomic FPs 12.140 0.016 0.448
density richness WD 1.866 0.172 0.568
Trait richness  FPs 3.339 0.068 0.562
WD 0.857 0.349 0.563
SWP Plot basal Taxonomic FPs 1.357 0.244 0.569
area richness WD 7.212 0.027 0.476
Trait richness  FPs 3.538 0.060 0.592
WD 1.195 0.274 0.682
Tree Taxonomic FPs 0.149 0.669 0.588
density richness WD 0.242 0.623 0.489
Trait richness  FPs 1.938 0.164 0.498
WD 3.187 0.074 0.508
Biomass N Plot basal  Taxonomic FPs 5.622 0.060 0.365
growth area richness WD 6.339 0.042 0.532
Trait richness  FPs 1.517 0.468 0.309
WD 0.409 0.815 0.399
Tree Taxonomic FPs 11.522 0.003 0.151
density richness WD 11.637 0.003 0.187
Trait richness  FPs 0.947 0.623 0.157
WD 4.882 0.087 0.221
SWP Plot basal ~ Taxonomic FPs 7.587 0.023 0.558
area richness WD 2.838 0.242 0.419
Trait richness  FPs 0.891 0.640 0.444
WD 10.290 0.006 0.150
Tree Taxonomic FPs 11.020 0.004 0.165
density richness WD 0.668 0.716 0.145
Trait richness  FPs 0.965 0.326 0.510
WD 5.295 0.071 0.173
Biomass P Tree Taxonomic Chl 1.717 0.190 0.096
mortality density richness FPs 3.565 0.059 0.130
Trait richness  Chl 4.935 0.026 0.139
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Taxonomic
richness
Trait richness

FPs
Chl
FPs
Chl
FPs

8.014
3.136
2.549
4.784
7.433

0.003
0.077
0.110
0.029
0.006

0.241
0.115
0.164
0.131
0.243
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Chapter 5

Abstract

Tropical forests account for 25% of the global carbon storage and 34% of the
terrestrial productivity. Few studies have teased apart the relative direct and indirect
importance of environmental conditions and forest attributes — including species
diversity and community-mean traits — for ecosystem functioning, especially for the
tropics. Here, we relate aboveground biomass (AGB), net biomass productivity,
and its underlying demographic drivers (biomass recruitment, growth and
mortality) to forest attributes (basal area, tree diversity, and community-weighted
mean (CWM) traits) and environmental conditions (water availability, soil fertility
and disturbance). We use data from >92,000 trees, 201 one-ha plots and 206 sites
distributed across the main forest types in the lowland Neotropics. For each site we
quantified water availability using annual rainfall and climatic water deficit, and soil
fertility using pH and cation exchange capacity. For each plot we quantified the
CWM of three key traits (specific leaf area, wood density, and maximum stem
diameter) that we expected to be important for biomass stocks and productivity.
We used structural equation models to test the hypothesis that species richness,
CWM traits, basal area, and environmental conditions have independent, positive
effects on biomass stocks and dynamics. We found that forest attributes were
stronger drivers (significant in 73% of the relationships in the models) of biomass
stocks and dynamics than environmental conditions (significant in 50% of the
relationships). Increased resource availability in terms of water and soil fertility had
positive effects on biomass stocks and dynamics, although they affected different
components. Rarefied tree species richness had consistent positive effects on
biomass stocks and dynamics, probably because of niche complementarity, but did
not affect net biomass change. CWM trait values were good predictors of biomass
stocks and dynamics because they reflect how species are filtered out by the
environment through their response traits, and how they directly affect ecosystem
processes through their effect traits. In sum, forest attributes — including species
diversity and community-weighted mean traits — have independent and important
effects on AGB stocks, dynamics, and ecosystem functioning, not only in relatively
simple temperate ecosystems, but also in structurally complex hyper-diverse
tropical forests. Furthermore, water availability has a strong positive effect on
biomass stocks and productivity components, and a future predicted increase in
(atmospheric) drought may therefore potentially reduce carbon storage.

Keywords: biomass, carbon stocks, carbon sequestration, functional traits,
mortality, productivity, rainfall, REDD+, species richness
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Introduction

Across the globe, there are marked spatial gradients in environmental conditions
that have consequences for the diversity and composition of plant communities
and the functioning of ecosystems. Insights in the mechanisms underlying these
relationships are crucial to understand and predict how ecosystems will respond to
climate change and species loss. Most large-scale studies assume that ecosystems
are under strong environmental control. Macro-ecologists have shown that large-
scale gradients in environmental conditions shape biodiversity (e.g., Brown et al.
1995), while ecosystem ecologists and earth system scientists have demonstrated
that these environmental gradients determine ecosystem functioning (e.g.,
Fernandez-Martinez et al. 2014). Yet, these latter studies ignore the fact that
ecosystems are also under strong control of vegetation attributes, as both
biodiversity (Tilman et al. 2001) and biogeography (Hoorn et al. 2010) can have
strong and direct impacts on ecosystem functioning. The strong focus on
environmental control has perhaps also a methodological reason; it is not only
more difficult and labour intensive to quantify the biotic community (as it requires
full species identification and characterization), but also the species composition in
disparate ecosystems and biomes differs strongly and are therefore difficult to
compare.

To facilitate comparison of disparate ecosystems and improve understanding
of ecosystem functioning, plant traits have emerged as a promising tool. Such traits
(or ‘functional traits’) allow for quantitative expression of plant form and function
using the same yardstick (Westoby 1998, Violle et al. 2014). Functional traits are
any measurable plant characteristic that affect the growth and survival of
individuals (Violle et al. 2007), and hence, the functioning of communities and
ecosystems (Garnier et al. 2004, Finegan et al. 2015). Here we evaluate the relative
importance of environmental conditions and forest attributes on ecosystem
functioning of 26 Neotropical forests occurring along large-scale gradients in
environmental conditions. We focus 1) on biomass stocks and dynamics as key
ecosystem functions, as biomass to a large extent drives local and global
biogeochemical cycles in carbon, nutrients and water (Chapin et al. 2011, Lohbeck
et al. 2015), and 2) on tropical forests because they play a large role in the global
carbon cycle (Beer et al. 2010) but the role of forest attributes on carbon stocks and
dynamics in such diverse systems remains yet largely unknown. We analyse biomass
dynamics in terms of biomass growth of recruiting and surviving trees and biomass
loss due to mortality)

Biomass stocks and dynamics depend on environmental conditions, in terms
of resource availability (water, nutrients, and light), and on forest attributes (or
biotic conditions), in terms of vegetation quantity and quality (Lohbeck et al. 2015).
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Vegetation quantity refers to the amount of photosynthetically active leaf area
present (as indicated by stand basal area) and vegetation quality refers to species
diversity and to the “average” traits of the community (the community-weighted
mean; CWM). Disturbances may modify the vegetation quantity, by removing
biomass and opening up the forest canopy, leading to an increased light availability,
and hence, enhanced rates of carbon gain in the remaining forest stand (Toledo et
al. 2012, Fig. 5.1). To analyse biomass stocks and dynamics, we use the conceptual
framework of Poorter et al. (2015, Fig. 1a) and expand this to include effects of
community-weighted mean traits and evaluate besides biomass stocks also the
biomass dynamics.

Most of our knowledge on biomass dynamics of tropical forests comes from a
large network of forest plots in the Amazon basin. The eastern part of the Amazon
consists of extremely old and nutrient poor soils and the western part consists of
young soils enriched by alluvial deposits. Biomass dynamics are strongly driven by
soil fertility (e.g., phosphorus, Quesada et al. 2012) and associated variation in
CWM wood density, with forests on low fertility soils being dominated by tough,
long-lived tree species (Galbraith et al. 2013) with high WD (ter Steege et al. 20006),
leading to a high aboveground standing biomass (Baker et al. 2004b, Malhi et al.
2006, Quesada et al. 2012). Forests on high fertility soils have, however, high
biomass dynamics, which seem to be more driven by resource availability than by
species traits (Baker et al. 2009). Yet, the Amazon is climatically and
biogeographically a relatively homogeneous region; therefore, the question is
whether different relationships emerge when the full environmental and
biogeographical range of lowland Neotropical forests is considered. With larger
gradients, other variables such as water availability, species richness, and different
traits (e.g., specific leaf area rather than wood density) may emerge as the main
drivers of biomass stocks and dynamics.

High species diversity may enhance biomass stocks and dynamics through
niche complementarity because species occupy different niches or facilitate each
other, leading to a more efficient resource use at the community level, resulting in
higher biomass growth. This higher biomass growth may increase biomass build-up
and thus increase biomass stocks (Chisholm et al. 2013). A large body of
experiments has shown that species diversity indeed enhances productivity
(reviewed in Cardinale et al. 2011), but the question is whether the effect is also
ecologically relevant and strong enough to be observed in the field. It is difficult to
empirically assess the independent effect of species diversity on biomass stocks and
dynamics in the field, as both diversity and biomass stocks and dynamics can
respond in a similar way to environmental conditions. Few studies have
simultaneously looked at the independent effects of environmental conditions and
diversity on biomass stocks and dynamics. In Canada, functional tree diversity had
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a strong positive effect on productivity in climatically harsh boreal forest, but a
weaker effect in climatically more benign temperate forests (Paquette and Messier
2011). In Europe, tree diversity had a significant positive effect on biomass
productivity for four out of 11 forest types (Vila et al. 2013). For hyper-diverse
tropical forests, diversity might be less relevant because of a saturation effect, but
similar studies have only been done at the local-scale (chapters 3 and 4, Barrufol et
al. 2013, Prado-Junior et al. 2016), for biomass stocks (Poorter et al. 2015), or have
only considered some of the drivers (Finegan et al. 2015). Insights into the
mechanisms underlying the effects of climate, diversity, and other forest attributes
on ecosystem functioning in tropical forests are important to understand how
ecosystems may respond to climate change, species loss and shifts in species
composition.

Here we use dynamic data from >92,000 trees, 201 one-ha plots and 26 sites
distributed across the main forest types in the lowland Neotropics. For each site we
quantified water availability by using annual rainfall and climatic water deficit
(CWD), and soil fertility by using pH and cation exchange capacity (CEC). For
each plot we quantified the CWM of three key traits (specific leaf area, wood
density, and maximum diameter) that we expected to be important for biomass
stocks and dynamics (Conti and Diaz 2013).

The aim of this study is to analyse how environmental conditions and forest
attributes drive biomass stocks and dynamics of Neotropical forests (Fig. 5.1). We
address two questions. First, how do environmental conditions drive biomass
stocks and dynamics? We hypothesize that biomass stocks and dynamics increase
with water availability, soil fertility, and disturbance, and that biomass stocks and
dynamics are most strongly affected by rainfall (as this is the main driver of spatial
variation in biomass and diversity in the lowlands, ter Steege et al. 2003, Poorter et
al. 2015), and to a lesser extent by soil fertility and disturbance. Second, how do
forest attributes that are related to vegetation quality (e.g., species richness and
community-weighted mean traits) and vegetation quantity (e.g., basal area) affect
biomass stocks and dynamics? We hypothesize that high species diversity enhances
biomass stocks and dynamics because of niche complementarity, and that
communities with productive trait values (e.g., high CWM specific leaf area) have
high biomass dynamics, whereas communities with conservative trait values (e.g.,
high CWM wood density) have longer-lived tissues and trees, and hence, large
biomass stocks.
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Environmental conditions Forest attributes Biomass variables
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Climate Species diversity

Community-weighted

Soil .
mean traits
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Disturbance
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Figure 5.1: Conceptual framework linking environmental conditions and forest attributes to

Biomass stocks and dynamics

Structural a. ributes

biomass variables (biomass stocks and dynamics).

Methods

Study sites

We used data from 201 1-ha plots in 26 sites distributed across the Neotropics,
from Mexico to Bolivia (Appendix 5.1 and 5.2). Precipitation varied from 784-3991
mm y', and the soil cation exchange capacity from 2.0-726.7 (cmol kg™). All plots
were located in mature forests, of which 47% had been subjected to timber
extraction between 14-32 years ago as part of long-term experiments on the effect

of logging.

Plot size and measurement period

We used plots established for different purposes; therefore, their size, shape and
spatial distribution varied among sites. Most of the forest inventory plots (66% of
plots) are 1-ha and square. To standardize all other plots to this size, we combined
small plots (e.g., the 50*50 m plots in Tapajés) and subdivided large ones (e.g., the
15-ha plot in Luquillo) using the same criteria as in Poorter et al. (2015).

We used data coming from two censuses to calculate biomass dynamics. The
census period ranged between 4 and 11 years with an average of 7.9 years. The
majority of the census periods (for 86% of the plots) fell between 2000 and 2015.
For each plot, a list of variables was calculated representing the different boxes in
the conceptual framework in Fig. 5.1.

Biomass stocks and dynamics

For each individual tree 210 cm stem diameter at breast height (DBH, measured at
1.3 m from the ground) present in the plots in one or two censuses, we calculated
aboveground biomass using the allometric formula of Chave et al. (2014b). For
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each site we estimated the E value, which is a measure of environmental stress,
using R (http://chave.ups-tlse.fr/pantropical_allometry/readlayers.r, with the
retrieve_raster function from the R packages raster (Hijmans et al. 2015) and #edf).
Wood density (WD, g cm™) data came from the local sites or from the Neotropical
data of the global WD database “Dryad” (Zanne et al. 2009,
http://datadryad.org/handle/10255/dryad.235). For all WD estimates we used the
data source (local or Dryad) that had the highest level of taxonomic resolution.
When the resolution was the same, we used the local data source. When no WD
information was available at the species level, we used the genus- or family-level
WD values, as WD is phylogenetically strongly conserved (Chave et al. 2000).
Other life forms (lianas and palms) were not considered in biomass calculations
because of lack of adequate allometric equations to estimate their biomass (for
palms and lianas) or because they were not consistently measured in all plots (for
lianas). For multiple-stemmed trees, all stems =10 cm in DBH were included in the
calculations of biomass. With the aboveground biomass (AGB) at individual tree
level, we calculated five variables of biomass stocks and dynamics at the plot level
(in Mg ha™ y"):

AGB growth of survivors (AAGBsurv) is the annual change in biomass produced
by the growth of all the stems in a plot that survived from census 1 to census 2.
Biomass growth of each stem was calculated as the difference in biomass between
census 1 and 2, divided by the time interval in years between the two censuses;

AGB growth of recruits (AAGBrecr) is the annual increment of biomass obtained
from trees that recruited between census 1 and 2. Biomass of each new stem = 10
cm DBH was calculated as the difference between the biomass when first measured
in census 2 and the biomass as if the stem had a2 10 cm DBH at census one, divided
by the average time between the first and second census for that specific plot. This
assumes the tree recruited immediately after the first census (Talbot et al. 2014);

AGB loss due to mortality (AAGBmort) is the annual loss of biomass due to
stems dying between census 1 and 2. To be consistent with the calculations done
for the recruits, the biomass of the each dead stem was calculated as the difference
between the biomass at census 1 and the biomass of this stem as if it had a 10 cm
DBH, divided by the average time between the first and second census for that
plot. Mortality was only based on natural tree death, not on death due to logging
activities or consequences of these activities;

Net AGB change (AAGB) is the annual net change in biomass between census
1 and 2. It was calculated as the difference between biomass stock in census 1 and
census 2. We also calculated AAGB as the difference between biomass growth
(AAGBsurv + AAGBrecr) and biomass loss (AAGBmort). Both ways of calculating
AAGB were highly correlated (Pearson r = 0.96, P < 0.001). Because we did not
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have data on biomass dynamics for one of the sites (San Emilio), we further use
AAGB based on the first method;

Abovegronnd biomass stock (AGB) is the sum of biomass of all live trees in one
census. For plots that did not receive logging disturbance, we used the average
AGB of the first and second census For plots that received logging disturbance, we
used a pre-logging census to calculate biomass stocks.

For each of these biomass variables, we developed a separate model as shown
in Fig. 5.1, using structural equation modeling (see Appendix 5.6 for sample size
used for each biomass variable). For many of the boxes of the environmental
conditions and forest attributes, we had multiple possible variables to use (e.g.,
multiple species diversity indices).

Species diversity

For each plot, three species diversity measures were calculated for each census:
species richness (number of species per plot), Shannon diversity, and rarefied
species richness. Species richness is most often used, whereas Shannon diversity
also incorporates information on species abundances. Species richness was
calculated as the number of species per ha, based on all trees = 10 cm DBH.
Shannon diversity was calculated as H = -X(p; In(p))), where p, = the proportion of
individuals of species i in the plot. Rarefied species richness is the number of
species when a certain number of trees is randomly drawn from a plot, removing in
this way the confounding effect of tree density on species richness. We calculated
rarefied species richness as the number of species at a random draw of 200 stems,
as this number of individuals was found in all plots. Multiple-stemmed individuals
were counted as one individual for species diversity calculations. Calculations were
done either using EstimateS 9.1.0 (Colwell 2011) or the R package vegan (Oksanen
et al. 2014). Species diversity measures for the first and second census were
averaged to obtain one value per plot that would better represent the species
diversity experienced during the census period.

Community-weighted mean traits

It could also be that not the diversity in species but rather the most dominant
species and their traits determine ecosystem functioning. The central tendency of
the trait values can be described with the community-weighted Mean (CWM; the
“average” trait value of individuals in the community). The CWM is a univariate
trait index which was calculated for each plot, each census year, and for each of the
three traits by weighing species trait values by species basal area (in m? in the plot.
Effects of CWM traits on ecosystem functioning are in line with the mass-ratio
hypothesis of Grime (1998), which predicts that ecosystem functioning is
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determined by the trait values of the most dominant species in the community. We
selected eight traits that have been found to affect productivity at the species level
(Appendix 5.3). From the eight traits, only three were available for 24 (out of 20)
sites: specific leaf area (SLA), wood density (WD) and maximum diameter
(DBHmax). Traits were mostly measured following standardized protocols (Pérez-
Harguindeguy et al. 2013), although site differences occurred because different sites
collected traits initially for different aims. In general, traits were measured for 3-10
trees per species, for trees > 10 cm DBH. Per tree 3-20 leaves growing in the outer
canopy were collected. Leaf area was measured and leaves were oven-dried at 70
°C. SLA was calculated as leaf area divided by leaf dry mass, generally excluding the
petioles. Stem samples were taken with an increment corer for 3-5 trees per species
at 0.5-2 m height aboveground. Volume of the stem sample was measured with the
water displacement method, after which they were oven-dried for 2 days at 101-104
°C. Wood density was measured as wood mass over wood volume. To calculate
maximum diameter, we first pooled for each species all trees in a site. We then
calculate the 95" percentile of stem diameter for each species.

For each plot and each census, we calculated the CWM trait values based on
all species for which trait data were available. To obtain accurate estimates, CWM
trait values should be calculated based on the most dominant species that
contribute to at least 80% of the total basal area in the plot (Garnier et al. 2004).
This criterion was met, as the average basal area covered in the plots was 89% for
specific leaf area, 93% for wood density, and almost 100% for maximum diameter.
Calculations were done with the software FDiversity (Casanoves et al. 2011,
http://www.FDiversity.nucleodiversus.org/) or R (using the dbFFD function of the
FD package). The CWM trait values were averaged between the two census years
per plot.

Structural attributes

For each plot and census year, three structural attributes were calculated: total tree
density (= 10 cm DBH), density of trees = 50 cm DBH, and stand basal area (in
m?). For total tree density and density of trees > 50 cm DBH, multiple-stemmed
individuals counted as one individual. For multiple-stemmed trees, all stems = 10
cm DBH were included in the calculations of stand basal area. Also for structural
attributes, the average between the two censuses was used per plot.
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Environmental conditions

For each site, mean annual rainfall was obtained from the nearest climatological
station and climatic water deficit (CWD) was obtained based on the coordinates of
cach plot from http://chave.ups-tlse.fr/pantropical_allometry/readlayers.r (with
the retrieve_raster function from the R packages raster and nedf, as was done to
calculate the E value). CWD is based on the water loss during the dry months
(when evapotranspiration exceeds rainfall) and may more accurately reflect drought
conditions than total annual rainfall (e.g., van Mantgem et al. 2009). CWD of 0
indicates very wet conditions, whereas large negative CWD indicates very dry
conditions.

We searched for soil data per site, ideally collected at the plot level in the first
20-30 cm of the soil. Unfortunately, sites differed largely in the soil data available
and in the extraction methods used (e.g., for phosphorus). Consequently, we
decided to focus on pH and CEC as indicators of soil fertility because they were
partly locally available and could otherwise be obtained from the Harmonized
World Soil Database (HWSD version 1.2; Nachtergaele et al. 2010). pH is no direct
measure of soil fertility, but is often positively related with concentrations of soil
nutrients and cations (Quintero-Vallejo et al. 2015). We used locally available data if
present, and otherwise used data from the HWSD.

Disturbance

For the logged plots (47% of total), logging disturbance was estimated by summing
the basal area of trees that were removed from the plot due to timber extraction, or
that died due to logging damage and application of additional silvicultural
treatments. Disturbance was then calculated as basal area that was removed or died
as a percentage of the total basal area of the plot.

Statistical analyses

To evaluate direct and indirect causal effects of environmental conditions and
forest attributes on each of the biomass variables as presented in Fig. 5.1, we
developed structural equation models (SEMs) (Shipley 2004, Grace 20006), with
plots nested within sites. Biomass growth by recruiting trees and biomass loss due
to mortality were logl0-transformed to result in normally distributed residuals and
equal variances. As measure for species diversity, we a-priori selected rarefied
species richness because 1) this variable avoids the fact that plots with a high stem
density may for this reason have a high species richness, 2) it has been shown to be
strongly related to biomass stocks across Neotropical forests (Poorter et al. 2015),
and 3) species richness is more widely used than Shannon diversity and thus allows
for comparisons. As measure of structural attribute, we a-priori selected plot basal
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area of all trees = 10 cm DBH, because this variable well represents the density and
thus the competition within the plot and it was an important predictor in other
single-site studies (e.g., chapter 4). For CWM trait values, we used three traits that
were available for most of the plots: SLA, WD and DBHmax. For climate, we used
annual rainfall because this variable was available for all sites and is often important
tfor biomass stocks and dynamics (e.g., Poorter et al. 2015), and the climatic water
deficit (CWD) at this also includes evapotranspiration. For soil conditions, we used
pH and cation exchange capacity (CEC). The number of plots and sites in each
SEM varied depending on data availability (see Appendix 5.6 for sample sizes).

Per biomass variable, we considered 12 possible structural equation models (3
possible CWM traits*2 climate variables*2 soil variables). In some cases, climate
has a hump-shaped relationship with vegetation attributes or ecosystem processes.
This can be solved by including a composite variable based on rainfall and rainfall®
or on CWD and CWD?. Consequently, we tested a-prioti whether hump-shaped
relationships needed to be included in the SEMs by relating the vegetation
attributes and the five biomass variables to rainfall and rainfall*> or to CWM and
CWM? using linear mixed models with site as random variable. Only in one case we
found a significant relationship (between CWD? and rarefied species richness,
Appendix 5.4), and therefore we did not include the quadratic terms in further
analyses. The 12 models per biomass variable were compared based on the chi-
square statistic for model fit. If the P-value of the chi-square is higher than 0.05,
then the model is accepted. If several of the 12 models were accepted, then we
selected the one with the highest R* for the biomass variable because this was our
main variable of interest. We also evaluated the effects of AAGBrecr, AAGBsurv
and AAGBmort on AAGB using a linear mixed model with site as random variable.

To evaluate bivariate relationships between vegetation attributes,
environmental conditions, and the biomass variables, we used Spearman
correlations. All analyses were performed in R 3.1.2. Correlations were evaluated
using the rorr function of the Hwmisc package (Harrell and Dunpot 2015), linear
mixed models with the /ze function of the n/me package (Pinheiro and Bates 2010),
and structural equation models with the sez function of the /avaan package (Rosseel
2012). We corrected for nesting of plots within sites in the SEMs by using the
svydesign tunction of the surwey package (Lumley 2015) and the /avaan.survey function
of the Javaan.survey package (Oberski 2013).
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Results

To evaluate our conceptual model (Fig. 5.1) we used structural equation modelling
(SEM). We selected one model for each of the five biomass variables (Fig. 5.2, and
see Appendix 5.5 for the results on model selection). The explained variation in
biomass variables ranged from 31% for net biomass change to 87% for biomass
stocks (Fig. 5.2).

Environmental conditions had direct and indirect effects on biomass stocks
and dynamics (Fig. 5.2, 5.3, Appendix 5.6). Water availability (as indicated by
rainfall or CWD) increased AAGBsurv (standardized regression coefficient § =
0.44, Fig. 5.2a, 5.42), AAGBrecr (8 = 0.33, Fig. 5.2b) and AGB (8 = 0.39, Fig. 5.2¢,
5.5b). Soil fertility (as indicated by pH and CEC) increased AAGBrecr (8 = 0.59,
Fig. 5.2b, 5.4b), AAGB (8 = 0.18, Fig. 5.2d, Fig. 5.5a) and AGB (8 = 0.39, Fig.
5.2¢). Soil fertility had, however, strong negative indirect effects on AAGBsurv
(Fig. 5.3). Additionally, disturbance increased AAGBsurv (§ = 0.20) and AAGBrecr
(8 = 0.22, Fig. 5.2a, b). All environmental conditions had also indirect effects on all
five biomass variables via forest attributes (Fig. 5.2). Figures of all bivariate
relations between environmental conditions and biomass stock and dynamics
included in Fig. 5.2 are shown in Appendix 5.7.

Forest attributes had generally strong and significant effects on biomass
stocks and dynamics; from all 15 possible relations, 11 (73%) were significant (Fig.
5.2). Species richness and CWM traits were important for four biomass variables
and structural attributes for three biomass variables. Species richness increased
AAGBsurv (3 = 0.31, Fig. 5.2a), AAGBrecr (3 = 0.30, Fig. 5.2b), AAGBmort (3 =
0.38, Fig. 5.2c) and AGB (8 = 0.22, Fig. 5.2¢), while it did not affect AAGB (Fig.
5.2d). Plot basal area increased AAGBsurv (8 = 0.43), AAGBmort (3 = 0.23) and
AGB (@ = 0.49). CWM WD had a positive effect on AGB (3 = 0.56) and,
surprisingly, also on AAGBsurv (3 = 0.39). CWM DBHmax decreased AAGBrecr
(B = -0.29), while CWM SLA increased AAGB (8 = 0.51). Figures of all bivariate
relations between forest attributes and biomass stock and dynamics included in Fig.
5.2 are shown in Appendix 5.8.

AAGB was most strongly predicted by AAGBmort (B = -0.97, P < 0.001),
followed by AAGBsurv (8 = 0.50, P < 0.001), and not by AAGBrecr (3 = 0.06, P =
0.14).
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Figure 5.2: Structural equation models for the effects of the environmental conditions (climate,
soil and disturbance) and forest attributes (rarefied species richness, community-weighted mean
(CWM) traits, and plot basal area) on each of the five biomass variables: a) biomass growth by
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surviving trees (AAGBsurv), b) biomass growth by recruiting trees (AAGBrecr), ¢) biomass loss
due to mortality (AAGBmort), d) net biomass change (AAGB) and , ¢) aboveground biomass
stocks (AGB). Standardized coefficients with significance level (ns = not significant, * < 0.05, **
< 0.01, *** < 0.001) are given for all direct relationships with the biomass variables. The
standardized beta coefficients and significance for all other relationships can be found in
Appendix 5.6. Black lines indicate significant effects, whereas dashed lines indicate non-
significant effects. Per ecosystem process, the explained variation (R? is provided. For statistics
of model fit, see Appendix 5.5. CWD = climatic water deficit, SLA = specific leaf area, WD =
wood density.
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Figure 5.3: Beta coefficients of environmental conditions and forest attributes on five biomass
variables: growth by surviving trees (AAGBsurv), growth by recruiting trees (AAGBrecr),
biomass mortality (AAGBmort), net biomass change (AAGB), and biomass stocks (AGB). The
colors represent different environmental conditions or forest attributes: blue = water availability
(rainfall or climatic water deficit), brown = soil fertility (pH or cation exchange capacity), grey =
disturbance, orange = species richness, light green = community-weighted mean (CWM) traits,
and dark green = plot basal area. The filled bars show the direct effects and the dashed bars show
the indirect effects of environmental conditions on biomass stocks and dynamics.
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Figure 5.4: Bivariate relationships of one environmental predictor (upper row) and one
‘vegetation quality’ predictor (i.e., species richness or community-weighted mean (CWM) trait
values; lower row) with biomass growth of surviving trees (AAGBsurv; left column), biomass
growth of recruiting trees (AAGBrecr; middle column), and biomass mortality (AAGBmort; right
column). The chosen environmental and vegetation quality variables were the ones that had the
strongest effect in the structural equation models (Fig. 5.2a, b, c¢). Each dot is a 1-ha plot. WD =
wood density. Note that these bivariate relationships are for illustration purposes only and may
not necessarily provide the same results as the structural equation models (Fig. 5.2a, b, c). For
plots of all bivariate relationships tested in Fig. 5.2, see Appendix 5.7 and 5.8.

Discussion

We asked how environmental conditions and forest attributes (vegetation quantity
and vegetation quality) drive biomass stocks and dynamics of Neotropical forests,
and used structural equation models to test for their independent and causal effects.
We found that 1) biomass stocks and dynamics were more strongly driven by forest
attributes (significant in 73% of the relationships shown in Fig. 5.2) than by
environmental conditions (significant in 50% of the relationships), 2) where
significant, water availability and soil fertility have a positive effect on biomass
stocks and dynamics, 3) rarefied species richness and community-weighted mean
(CWM) traits had consistent significant effects on biomass stocks and dynamics.
These results suggest that large-scale environmental gradients lead to
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biogeographically and functionally distinct forest communities with cascading
effects on biomass stocks and dynamics. Below we will discuss the underlying
mechanisms and the implications for the conservation, management, and climate
change mitigation potential of tropical forests.
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Figure 5.5: Bivariate relationships of one environmental predictor (upper row) and one
‘vegetation quality’ predictor (i.e., species richness or community-weighted mean (CWM) trait
values; lower row) with net biomass change (AAGB; left column) and biomass stocks (AGB;
right column). The chosen environmental and vegetation quality variables were the ones that had
the strongest effect in the structural equation models (Fig. 5.2d, ¢). Each dot is a 1-ha plot. CEC
= cation exchange capacity, SLA = specific leaf area, and WD = wood density. Note that these
bivariate relationships are for illustration purposes only and may not necessarily provide the same
results as the structural equation models (Fig. 5.2d, e). For plots of all bivariate relationships
tested in Fig. 5.2, see Appendix 5.7 and 5.8.

Abiotic control: rainfall and soil fertility affect different demographic

processes

We hypothesized that biomass stocks and dynamics increase with resource
availability (water availability, soil fertility, and increased irradiance due to
disturbance), and that biomass stocks and dynamics are most strongly affected by
water availability (as this is the main driver of spatial variation in biomass and
diversity in lowland tropical forests, ter Steege et al. 2003, Poorter et al. 2015), and
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to a lesser extent by soil fertility. Water availability and soil fertility indeed generally
increased biomass dynamics. In contrast to our hypothesis, they had similarly large
effect sizes and affected partly different biomass variables: water availability
increased growth of surviving trees (AAGBsurv), growth of recruiting trees
(AAGBrecr) and AGB, whereas soil fertility increased AAGBrecr and net biomass
change (AAGB).

High water availability year round increases the length of the growing season
and growth of individual trees, and therefore also the growth of whole stands
(Toledo et al. 2012, cf. Fig. 5.2a). This higher growth rate results, in turn, in the
build-up and maintenance of a larger standing biomass over time, leading to the
well-known increase in forest stature, structural complexity (Beard 1955) and
biomass (Fig. 5.2e, cf. Poorter et al. 2015) with an increase in rainfall. Several
climate change scenarios predict an increase in the intensity and frequency of
droughts. Field studies indicate that such droughts may lead to increased mortality
and reduced biomass in the short term (Phillips et al. 2010, Lewis et al. 2011). The
effect of water availability in our SEMs indicates that such droughts may also lead
to reductions in forest biomass stocks and biomass dynamics in the long-term (Fig.
5.2).

Current paradigms on the environmental drivers of biomass dynamics are
mostly based on results from the Amazon, and they show that highly fertile sites
have higher productivity because of a combination of higher nutrient availability
and selection for fast-growing pioneer species. At the same time, high nutrient
availability may speed up the life cycle of plants which, in combination with an
inherently short lifespan of pioneers, leads to high biomass mortality and lower
standing biomass stocks (Baker et al. 2009). Our results only partly support this
hypothesis. We indeed found that soil fertility increases AAGBrecr but,
surprisingly, soil fertility did not directly affect AAGBsurv, and even had a strong
indirect negative effect (through its negative effect on CWM WD) on AAGBsurv
(Fig. 5.3). Soil fertility indeed tended to decrease AGB, although this was not
because of higher mortality, as AAGBmort actually tended to be lower on fertile
soils (Fig. 5.2¢). Discrepancies between the results from our study and the
Amazonian studies can be attributed to various causes. First, our results may be
different because we consider a wider range of soil and rainfall conditions.
Especially dry forest (with rainfall between 750 and 1500 mm yr' and climatic
water deficit between -1000 and -600 mm yr') show a strong increase in biomass
dynamics with water availability, after which it tends to levels off (e.g., Fig 5.4a).
Hence, these dry forests drive most of the Neotropics-wide patterns but they are
systematically excluded from comparative Amazonian rainforest studies. Second,
we have explicitly assessed the independent effects of soil and rainfall, whereas
most of the other studies did not. Third, for many of our sites soil fertility was

121



Chapter 5

obtained from a global database rather than measured in situ. Fourth, we used only
proxies for soil fertility (CEC and pH) and we did not measure phosphorus or
nitrogen availability, which are often the main limiting factors for productivity on
old and weathered tropical soils (chapter 3, Quesada et al. 2012). Hence, we may
underestimate the role of soil fertility.

Water availability and soil fertility affect partly different processes. Water
availability is especially important for large growing trees (van der Sande et al. 2015,
see chapter 2); with their exposed crowns in the forest canopy (Pefia-Claros et al.
2008) they face higher radiation loads and vapor pressure deficits which, in
combination with longer hydraulic path lengths, lead to increased drought stress
(Koch et al. 2004, Poorter et al. 2010b, Bennett et al. 2015). Water availability and
soil fertility may be important for small recruiting trees because they face more
drought and nutrient limitation due to their small root system. Soil fertility also
increased net biomass change (cf. Quesada et al. 2012).

Logging disturbance opens up the canopy, leading to increased light levels in
the lower forest strata (cf. Peia-Claros et al. 2008). Therefore, we hypothesized and
found that logging disturbance increased AAGBsurv and AAGBrecr (Fig. 5.2a, b).
This is in line with the observation that light is a limiting factor for tree growth, not
only in wet forests (Kitajima and Poorter 2008, Ruger et al. 2012) but also in dry
tropical forests (Villegas et al. 2009, Prado-Junior et al. 2010).

Biotic control: how does species diversity affect biomass stocks and
dynamics?

We hypothesized that high species diversity enhances biomass stocks and dynamics
through niche complementarity, which would lead to a more efficient overall
resource use and higher biomass stocks and dynamics. Additionally, species
diversity may enhance biomass stocks and dynamics through the selection effect,
meaning that at high diversity there is a higher chance of including productive
species with traits that dominate and drive the system (Loreau and Hector 2001),
and through the insurance effect, meaning that species with different trait values
may buffer biomass stocks and dynamics against temporal variation in
environmental conditions (Yachi and Loreau 1999, Isbell et al. 2011). Our measure
of species diversity (rarefied species richness) had a significant, independent and
positive effect on biomass stocks and dynamics, but did not affect net biomass
change. Also other measures of species diversity had a similarly strong correlation
with biomass stocks and dynamics (Appendix 5.9). Clearly, diversity enhances the
overall carbon stocks and productivity of the forests, leading to higher biomass
dynamics, but also to higher biomass loss due to mortality, and hence no net effect
on net biomass change.
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To our knowledge, this is the first large-scale study analysing the relationships
between biomass dynamics in tropical forests and its multiple underlying drivers,
and the first to demonstrate that species diversity has a positive and independent
effect on dynamics. Most large-scale studies that looked at diversity effects ignored
confounding effects of environment (e.g., Asase et al. 2012, Chisholm et al. 2013)
or forest structure (e.g., Baker et al. 2009, Finegan et al. 2015). Poorter et al. (2015)
used a similar approach as we did, and found a positive effect of tree species
diversity on AGB across 59 Neotropical forest sites. A few single-site studies
carried out for tropical forests did find a positive and independent effect of species
diversity on productivity (Barrufol et al. 2013, during succession) whereas other
studies did not (chapter 3, Prado-Junior et al. 2016), perhaps because within forest
sites the range in diversity is smaller. Our large-scale study shows that the
importance of diversity for ecosystem functioning found by experimental studies
(Tilman et al. 2001, van Ruijven and Berendse 2005) and relatively more simple
temperate systems (Gamfeldt et al. 2013) can also be extended to hyper-diverse
tropical forests.

Biotic control: how do community-mean traits affect biomass stocks and
dynamics?

Most studies assume that trait—rate relationships observed at the species level
should also apply at the community level. We hypothesized, therefore, in line with
the mass-ratio hypothesis (Grime 1998), that communities dominated by
productive trait values (e.g., high CWM SLA, low WD) would realize a high
AAGBsurv, AAGBrecr and AAGB, whereas communities dominated by
conservative trait values (e.g., high CWM WD) would realize large AGB. We
indeed found that CWM SLA increased light capture, and hence AAGB (Fig. 5.2d,
5.5¢, cf. Reich 2014, and Finegan et al. 2015 for AAGBsurv and AAGBrecr). We
also found that CWM WD increased AGB, either directly because high WD implies
more stem biomass per volume, or indirectly because WD enhances stem longevity
and thus biomass build-up. Other comparative studies also found that regional
variation in WD and especially stem survival have strong positive effects on AGB
(Johnson et al. in press, Baker et al. 2009). Surprisingly, hich CWM WD increased
the biomass growth of surviving trees, which contrasts sharply with studies carried
out at the species level, where high WD decreased the stem diameter growth of
trees (Poorter et al. 2008, Riger et al. 2012). Although high WD implies less
volumetric growth, this does not mean that it should also lead to less biomass
growth, as high WD contributes directly to higher biomass. Finally, an increase in
CWM DBHmax decreased AAGBrect, probably because communities dominated
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by potentially large trees cast a deeper shade, leading to less recruitment in the
understory.

Other studies also found that current paradigms on trait—rate relationships at
the species level can play out differently at the community level, especially when
resources become limiting. For example, in tropical dry forests in Brazil (Prado-
Junior et al. 2016) or on nutrient poor soils in Guyana (chapter 3), conservative
CWM trait values (i.e., a low SLA) rather than acquisitive trait values increase
productivity, and acquisitive CWM trait values (i.e., a higher leaf phosphorus
concentration) rather than conservative trait values increase biomass stocks in
Guyana. The authors argue that communities dominated by trees with conservative
trait values (e.g., thick, dense, and long-lived leaves) reduce transpiration and
enhance the residence time of nutrients in plants. As a result, these communities
are more efficient in their water and nutrient use, which enhances their productivity
under limiting resource conditions.

Overall, we found that CWM trait values are good predictors of biomass
stocks and dynamics because they significantly affect four of the five biomass
variables evaluated, and have similar effect sizes as the other drivers (Fig. 5.2, 5.3).
CWM traits are good predictors for three reasons. First, these traits have a direct
and mechanistic impact on forest functioning (i.e., ‘effect traits’, Lavorel & Garnier,
2002). Second, the CWM reflects the traits of the dominant species in the
community, and especially these dominant species have a large impact on
ecosystem productivity and fluxes, simply because they account for most of the
community biomass (cf. Fauset et al. 2015). Third, these traits are not only effect
traits, but also response traits, as they reflect how species are filtered out by the
environment (see the arrows from abiotic conditions to CWM traits in Fig. 5.2).
Therefore, they also account for the indirect effects of abiotic conditions on
biomass stocks and dynamics (chapters 3 and 4).

Biomass mortality is the strongest predictor of net biomass change, but

unpredictable itself

To understand net biomass change, and thus carbon sequestration potential, we
need to look at the underlying demographic processes. Interestingly, AAGB was
the biomass variable that was least explained by our SEM models (R* = 0.31,
compared to 0.35-0.54 for the other variables of carbon dynamics). AAGB was
most strongly driven by AAGBmort (8 = -0.97), followed by AAGBsurv (8 = 0.50),
and not significantly by AAGBrecr. The question then becomes: what drives
biomass mortality? In small 1-ha plots, biomass mortality is partly a stochastic
process, as it for example depends whether a large storm hits the stand during the
monitoring period. Recent studies also show that mortality is the main driver of net
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biomass change in Bolivia (chapter 4) and of stand biomass across the Amazon
(Johnson et al. in press). Global vegetation models cannot accurately predict
standing biomass because they cannot accurately simulate mortality. Interestingly,
in our study biomass loss due to mortality did not depend on environmental
conditions or on CWM trait values (Fig. 5.2c), which makes it more difficult to
model mortality in a mechanistic way. Mortality is an absolute flux rate, and it
therefore increased with the biomass of the vegetation (as reflected in the basal
area), but also with the species richness because species-rich forests have high
AGB. Johnson et al. (in press) showed that aboveground forest biomass is more
strongly driven by tree mortality than by biomass mortality. This suggests that tree
mortality shapes the size class distribution of tropical forests (cf. Farrior et al. 2016)
which, in turn, dictates how many trees attain large sizes. As large trees contribute
disproportionally to forest biomass (Slik et al. 2013), this then ultimately determines
total above-ground biomass.

Demographic processes are shaped by different drivers

To understand net biomass change we need to look at the underlying demographic
processes, especially mortality. Demographic processes are driven by trees of
different sizes that experience different limiting resources and environmental
hazards. For example, small trees that regenerate in the understory or treefall gaps
mainly drive AAGBrecr, whereas tall canopy trees mainly drive AAGBsurv and
AAGBmort. From the understory to the canopy, irradiance, temperature, wind
exposure and atmospheric water stress increase (Yoda 1974). Hence, the
AAGBrecr of understory trees may be more limited by light (in our case reflected
by disturbance and CWM DBHmax, Fig. 5.2b) or by nutrient availability (because
of their small root systems), whereas the AAGBsurv of exposed canopy trees may
be more limited by water availability (i.e., rainfall, Fig. 5.2a). Additionally,
AAGBmort of large trees canopy may be mainly driven by strong episodic droughts
(Bennett et al. 2015) and stochastic wind disturbances, and hence, cannot be
predicted by the environmental and forest variables that we considered. If we had
analysed only net biomass change, then we would have found a somewhat different
suite of variables to be important, and all these size and process dependent drivers
would have been concealed.

Conclusions and implications

We demonstrate that biomass stocks and dynamics of Neotropical forests are
under strong control of environmental conditions and especially forest attributes.
Water availability exerts a strong effect on forest biomass and dynamics, which
indicates that forest functioning is sensitive to climate change. Increasing
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(atmospheric) drought may especially reduce biomass growth by large trees and
ultimately carbon stocks.

Tree species diversity had strong positive effects on biomass stocks, biomass
growth and biomass turnover (i.e., mortality). As a result, diversity had no effect on
net biomass change. Given our relatively small plot size (1 ha) and census period
(5-10 y) we are not sure whether patterns in net biomass change are just the result
of stochastic mortality during the monitoring period, or whether they really reflect
long-term trends. If the latter is true, then the conclusion is that diversity enhances
carbon storage and components of productivity but that it does not affect the net
carbon sequestration potential. However, biodiversity is more than only species
richness as it encompasses forest attributes in general. We show that forest
attributes — including species diversity and community-weighted mean trait values —
are very strong drivers of biomass stocks and dynamics, indicating that the
biodiversity of the vegetation strongly shapes ecosystem functioning. Additionally,
high tree diversity makes tropical forests more resilient to climate change
(Sakschewski et al. in revision). Biodiversity conservation in the broader sense —
including functional attributes — should therefore be an integral component for
global strategies such as REDD+ and the Convention of Biological Diversity.
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Appendix 5.1: Overview of sites included in the study. Main characteristics of each site,

number of plots. CWD = climatic water deficit, CEC = cation exchange capacity.

Site name Country Latitude Longitude Nr. plots Nr. Plots Rainfall CWD pH CEC
logged mmy! mmy!
AGU Brazil -18.50 -48.39 1 0 1375 -424 6.35 13.82
Chajul_FLOODED Mexico 16.12 -90.94 1 0 2844 -293 6.00 18.00
Chajul-ALLUVIAL  Mexico 16.11 -90.94 1 0 2844 -291 5.99 18.00
Chajul- KARST Mexico 16.11 -90.99 1 0 2844 =277 6.61 18.00
Chajul- LOWHILL1 Mexico 16.12 -90.95 1 0 2844 -291 5.00 18.00
Chajul- LOWILL2  Mexico 16.12 -90.94 1 0 2844 -293 420 18.00
Corinto Costa Rica  10.20 -83.87 9 6 3900 0 490 23.00
GLO Brazil -18.95 -48.20 1 0 1491 -411 490 10.33
Ilha do Cardoso Brazil -25.08 -47.93 9 0 2134 0 5.50 2.00
INPA_1 Bolivia -16.12 -61.72 16 12 1160 -651 5.00 2.00
INPA_2 Bolivia -16.12 -61.72 16 12 1160 -651 5.00 2.00
IRA Brazil -19.15 -48.15 1 0 1465 -395 474 287
La Chonta_12 Bolivia -15.78 -62.92 32 28 1580 -529 6.96 8.61
La Chonta_3 Bolivia -15.78 -62.92 16 12 1580 -529 6.92 1093
La Planada Colombia  1.15 -77.99 25 0 3991 -73 446  48.00
Luquillo Puerto Rico 18.32 -65.82 15 0 3548 -40 5.70  7.00
MON Brazil -18.75 -47.51 1 0 1124 -414 548 6.01
Nizanda México 16.66 -95.02 6 0 878 -1000  6.90  30.62
PAN Brazil -19.17 -48.39 1 0 1450 -402 5.88 8.40
Paragominas Brazil -3.52 -48.79 9 6 1805 -397 456 8.65
PER Brazil -18.93 -48.06 1 0 1469 -426 4.65 213
Pibiri Guyana 5.22 -58.63 15 12 2772 -57 343 3.00
San Emilio Costa Rica  10.81 -85.61 12 0 1740 -652 6.08 21.66
SAO Brazil -18.86 -48.23 1 0 1445 -415 4.64 3.38
Tapajos Brazil -3.32 -54.95 8 7 2000 -312 3.77 917
UBE Brazil -19.68 -48.03 1 0 1547 -366 571 5.67
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Appendix 5.2: Map of South and Mesoamerica, with the locations of the 26 study sites. Note
that the location of some sites that were very close together are shown as one plot (i.e., for INPA
and La Chonta, Bolivia, and the Chajul-sites in Mexico).

0 500 1,000 2,000

— ———— KM

Appendix 5.3: List of eight traits considered in this study because of their hypothesized

relationship (+ = positive, 0 = no or unknown relationship, - = negative) with biomass stocks
and dynamics. These traits are indicators of different plant processes. DBH = diameter at 1.30 m
aboveground.

Trait Indicator of Productivity

(Mg ha y-)

Specific leaf area (leaf area per unit leaf dry  Efficiency of leaf deployment for light +

mass, cm? g'1) capture

Leaf nitrogen concentration Photosynthetic capacity, CO2 +

(nitrogen mass per leaf dry mass, mg ') assimilation

Leaf phosphorous concentration (mg g) Photosynthetic capacity, metabolic +

activity (ATP), CO; assimilation

Leaf C:N ratio Leaf longevity -

Leaf dry matter content (leaf dry mass Leaf defense, leaf longevity (i.e., -

divided by leaf fresh mass, g g1 lifespan)

Wood density (wood dry mass per wood Wood construction cost, hydraulic -

volume, g cm-) efficiency, longevity of carbon stock

Adult stature (95 quantile of maximum Proxy for height and therefore light 0

DBH of species, cm) capture
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Appendix 5.4: Results from the linear mixed regression analyses (with site as random
factor) of rainfall and rainfall squared (rainfall’) and of climatic water deficit (CWD) and CWM
squared (CWD?) with all variables that were included as ‘endogenous’ variables in the SEMs
(i.e., that had an arrow pointing towards them). Here, only the results of the squared variable
are shown. AGB = aboveground biomass, AAGBsurv = biomass growth from surviving trees,
AAGBrecr = biomass growth from recruiting trees, AAGBmort = biomass lost due to
mortality, AAGB = net change biomass, rarSPR = rarefied species richness (at 200 randomly
pulled stems), CWM = community-weighted mean, WD = wood density, SLA = specific leaf
area, DBHmax = maximum diameter. Only for the rarefied species richness, the CWD? had a

significant effect.

Response variable Coef SE df t-value P-value
Rainfall’

AAGBsurv <0.01 <0.01 16 -1.08 0.295
AAGBrecr <0.01 <0.01 16  0.09 0.926
AAGBmort <0.01 <0.01 16 -1.77 0.096
AGB -0.07  0.04 17 -1.85 0.081
AAGB <0.01 <0.01 16 0.71 0.485
rarSPR <0.01 <0.01 17 -1.62 0.123
CWM WD <0.01 <0.01 17 -0.04 0.970
CWM SLA <0.01 <0.01 15 0.57 0.576
CWM DBHmax <0.01 <0.01 17 -1.79 0.091
Basal area <0.01 <0.01 17 -0.58 0.572
rarSPR pre-logging <0.01 <0.01 17 -1.57 0.134
CWM WD pre-logging  <0.01 <0.01 17  -0.20 0.847
CWM SLA pre-logging <0.01 <0.01 15 0.61 0.552
CWM DBHmax pre-

logging <0.01 <0.01 17 -1.56 0.138
Basal area pre-logging  <0.01 <0.01 17  -0.57 0.579

CWD’

AAGBsurv <0.01 <0.01 162 -1.34 0.184
AAGBrecr <0.01 <0.01 162 1.44 0.153
AAGBmort <0.01 <0.01 162 -0.93 0.355
AGB 0.3 091 117 0.29 0.774
AAGB <0.01 <0.01 173 0.35 0.725
rarSPR <0.01 <0.01 173 -2.10 0.037
CWM WD <0.01 <0.01 173 -0.16 0.875
CWM SLA <0.01 <0.01 141 -0.13 0.899
CWM DBHmax <0.01 <0.01 173 -1.52 0.129
Basal area <0.01 <0.01 173 -0.32 0.752
rarSPR pre-logging <0.01 <0.01 173 -1.89 0.060

CWM WD pre-logging <0.01 <0.01 173 -0.97 0.332

CWM SLA pre-logging <0.01 <0.01 141 -0.14 0.893
CWM DBHmax pre-
logging <0.01 <0.01 173 -1.07 0.285

Basal area pre-logeing  <0.01 <0.01 173 -0.44 0.659
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Appendix 5.5: Results from the 12 structural equation models (SEMs) for biomass stocks
and each component of biomass dynamics. Each SEM (i.e., each row) is a combination of one
of the two climate variables (rainfall and climatic water deficit, CWD), one of the two soil
variables (pH and cation exchange capacity, CEC), and one of the three community-weighted
mean (CWM) traits (wood density, WD; specific leaf area, SLA; maximum diameter,
DBHmax). Rarefied species richness and plot basal area are included in all models, and relative
disturbance is included in all models except the ones for aboveground biomass. Per SEM,
model fit (chi-square and accompanying P-value) and R* of the ecosystem process are given.
The SEMs in bold and italics were chosen as the ‘best’ model per ecosystem process. For other
abbreviations, see legend of Appendix 5.4.
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Response variable  Climate Soil CWM trait  Chi-square = P-value R?
AAGBsurv Rainfall pH WD 6.51 0.09 0.51
AAGBsurv Rainfall pH  SLA 5.50 0.14 0.45
AAGBsurv Rainfall pH  DBHmax 5.34 0.15 0.44
AAGBsurv Rainfall CEC WD 3.89 0.27 0.47
AAGBsurv Rainfall CEC SLA 4.17 0.24 0.44
AAGBsurv Rainfall CEC DBHmax 4.63 0.20 0.42
AAGBsurv CWD pH WD 5.77 0.12 0.45
AAGBsurv CWD pH  SLA 3.76 0.29 0.43
AAGBsurv CWD pH  DBHmax 5.11 0.16 0.42
AAGBsurv CWD CEC WD 2.85 0.42 0.45
AAGBsurv CWD CEC SLA 2.17 0.54 0.44
AAGBsurv CWD CEC DBHmax 3.77 0.29 0.40
log(AAGBrecr) Rainfall pH WD 6.51 0.09 0.29
log(AAGBrecr) Rainfall pH  SLA 5.50 0.14 0.31
log(AAGBrect) Rainfall pH  DBHmax 5.34 0.15 0.35
log(AAGBrecr) Rainfall CEC WD 3.89 0.27 0.29
log(AAGBrecr) Rainfall CEC SLA 4.17 0.24 0.27
log(AAGBrecr) Rainfall CEC DBHmax 4.63 0.20 0.21
log(AAGBrecr) CWD pH WD 5.77 0.12 0.27
log(AAGBrecr) CWD pH  SLA 3.76 0.29 0.30
log(AAGBrecr) CWD pH  DBHmax 5.11 0.16 0.33
log(AAGBrecr) CWD CEC WD 2.85 0.42 0.29
log(AAGBrecr) CWD CEC SLA 2.17 0.54 0.27
log(AAGBrecr) CWD CEC DBHmax 3.77 0.29 0.21
log(AAGBmort) Rainfall pH WD 6.51 0.09 0.33
log(AAGBmort) Rainfall pH  SLA 5.50 0.14 0.42
log(AAGBmort) Rainfall pH  DBHmax 5.34 0.15 0.25
log(AAGBmort) Rainfall CEC WD 3.89 0.27 0.31
log(AAGBmort) Rainfall CEC SLA 4.17 0.24 0.38
log(AAGBmort) Rainfall CEC DBHmax 4.63 0.20 0.27
log(AAGBmort) CWD pH WD 5.77 0.12 0.36
log(AAGBmort) CWD pH SLA 3.76 0.29 0.43
log(AAGBmort) CWD pH  DBHmax 5.11 0.16 0.28
log(AAGBmort) CWD CEC WD 2.85 0.42 0.33
log(AAGBmort) CWD CEC SLA 2.17 0.54 0.40
log(AAGBmort) CWD CEC DBHmax 3.77 0.29 0.28
AAGB Rainfall pH WD 6.42 0.09 0.15
AAGB Rainfall pH  SLA 3.61 0.31 0.36
AAGB Rainfall pH  DBHmax 5.43 0.14 0.16
AAGB Rainfall CEC WD 3.58 0.31 0.17
AAGB Rainfall CEC SLA 4.13 0.25 0.32
AAGB Rainfall CEC DBHmax 4.77 0.19 0.28
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AAGB CWD pH WD 5.97 0.11 0.20
AAGB CWD pH SLA 2.59 0.46 0.35
AAGB CWD pH DBHmax 5.48 0.14 0.18
AAGB CWD CEC WD 2.76 0.43 0.20
AAGB CWD CEC SLA 2.25 0.52 0.32
AAGB CWD CEC DBHmax 4.44 0.22 0.29
AGB Rainfall pH WD 4.68 0.20 0.83
AGB Rainfall pH SLA 4.02 0.26 0.71
AGB Rainfall pH DBHmax 2.40 0.49 0.68
AGB Rainfall CEC WD 2.89 0.41 0.86
AGB Rainfall CEC SLA 7.36 0.06 0.59
AGB Rainfall CEC DBHmax 271 0.44 0.61
AGB CWD pH WD 7.53 0.06 0.86
AGB CWD pH SLA 0.69 0.88 0.72
AGB CWD pH DBHmax 2.40 0.49 0.69
AGB CWD CEC WD 2.74 0.43 0.86
AGB CWD CEC SLA 4.75 0.19 0.59
AGB CWD CEC DBHmax 3.12 0.37 0.60
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Appendix 5.6: Results from the structural equation models for biomass growth by surviving

trees (AAGBsurv), biomass growth by recruiting trees (AAGBrecr), biomass loss due to mortality
(AAGBmort), net biomass change (AAGB), and aboveground biomass stocks (AGB). Each row
indicates one relationship (i.e., one arrow) in Fig. 5.2. Per relationship, the coefficient (Coeff),

standardized coefficient (Std. Coeff), standard error (SE), Z-value and P-value are given. Number

of sites and number of plots included per model are provided (number sites; number plots).
CWM = community-weighted mean, WD = wood density, SLA = specific leaf area, DBHmax =
maximum diameter, CEC = cation exchange capacity. For other abbreviations, see legend of

Appendix 5.4.

Biomass Response Std.
variable variable Predictor variable Coeff Coeff SE Z P
AAGBsurv AAGBsurv Rarefied spp. 0.03  0.31 0.01 397 <0.001
richness
(25 sites; Basal area 013 043 0.03 4.88 <0.001
188 plots) CWM WD 0.06  0.39 0.03 235 0.019
Rainfall 0.07  0.44 0.02 3.16 0.002
Disturbance 0.04 0.20 0.01 245 0.014
pH 026  0.19 021 122 0.224
Rarefied spp. Disturbance 0.10  0.06 0.18 057 0.568
richness Rainfall 035 022 0.43 082 0412
pH -1.64  -0.12 376 -0.44 0.664
Basal area Disturbance -0.21  -0.36 0.06 -3.73 <0.001
Rainfall 0.09  0.18 0.12 0.79  0.428
pH -0.65 -0.14 0.79 -0.83 0.407
CWM WD Disturbance 0.09  0.08 0.11 0.80 0.422
Rainfall -0.58  -0.57 0.10 -5.75 <0.001
pH -6.46  -0.72 1.86 -3.48 0.001
AAGBrecr log(AAGBrecr) Rarefied spp. 0.08  0.30 0.03 241 0.016
richness
(25 sites; Basal area -0.02  -0.02 0.08 -0.20 0.844
188 plots) CWM DBHmax -0.08  -0.29 0.03 -2.69 0.007
Disturbance 0.10  0.22 0.02 429 <0.001
Rainfall 013  0.33 0.04 3.01 0.003
pH 212 0.59 0.40 534  <0.001
Rarefied spp. Disturbance 0.10  0.06 0.18 0.57  0.568
richness Rainfall 035 022 0.43 082 0412
pH -1.64  -0.12 376 -043 0.664
Basal area Disturbance -0.21  -0.36 0.06 -3.73 <0.001
Rainfall 0.09  0.18 0.12 0.79  0.428
pH -0.65 -0.14 0.79 -0.83 0.407
CWM DBHmax Disturbance 0.12  0.08 017 072 0.470
Rainfall 037  0.26 0.42 0.88 0.380
pH 5,55 045 210  2.64 0.008
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AAGBmortt log(AAGBmort) Rarefied spp. 0.07 0.38 0.02 456  <0.001
richness
(23 sites; Basal area 0.11 0.23 0.05 223 0.026
155 plots) CWM SLA 0.00  -0.02 0.01 -0.17 0.867
Disturbance 0.02  0.08 0.03 0.72 0.474
CWD 0.00  0.19 0.00 1.44 0.149
pH -049  -0.21 0.30 -1.65 0.098
Rarefied spp. Disturbance 021  0.13 0.18 115 0.250
richness CWD 0.02 0.28 0.02 1.09 0.275
pH 0.75 0.06 359 021 0.834
Basal area Disturbance -0.24 041 0.06 -394 <0.001
CWD 0.01 0.34 0.00 1.99 0.046
pH -0.50  -0.10 0.79 -0.63 0.532
CWM SLA Disturbance 0.04  0.02 0.28 0.14 0.886
CWD 0.01 0.11 0.03 030 0.764
AAGB AAGB Rarefied spp. -0.02  -0.10 0.02 -1.20 0.232
richness
(24 sites; Basal area 0.04  0.08 0.06 0.73  0.464
167 plots) CWM SLA 0.05 0.51 0.01 452 <0.001
Disturbance 0.01 0.05 0.03 048 0.632
Rainfall -0.40  -0.12 028 -1.45 0.147
pH 0.47 0.19 0.18 2.67  0.008
Rarefied spp. Disturbance 0.17  0.11 0.17 1.04 0.298
richness Rainfall 417 0.24 530 079 0.431
pH 0.18 0.01 348 0.05 0.958
Basal area Disturbance -0.24  -041 0.05 -4.99 <0.001
Rainfall 2.51 0.38 0.62 4.03 <0.001
pH -0.62  -0.13 0.76  -0.82 0.412
CWM SLA Disturbance -0.32 -0.11 0.47 -0.69 0.493
Rainfall 6.54  0.20 6.08 1.08 0.282
pH 6.00 0.26 321 1.87 0.062
AGB AGB Rarefied spp. 0.16 0.22 0.03 5.32 <0.001
richness
(26 sites; Basal area 0.86 0.49 0.10 8.32  <0.001
188 plots) CWM WD 5.08 0.56 0.87 5.82 <0.001
CWD 0.01 0.39 0.00 447 <0.001
CEC -0.03  -0.05 0.04 -0.83 0.407
Rarefied spp. CWD 0.01 0.18 0.01 1.05 0.294
richness CEC 038 042 0.13 291 0.004
Basal area CWD 0.01 0.40 0.00 194 0.052
CEC 0.00  -0.01 0.07 -0.03 0.974
CWM WD CWD 0.00 0.01 0.00 0.03 0.979
CEC -0.03  -0.40 0.02 -1.56 0.119
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Appendix 5.7: Bivariate relationships for growth by surviving trees (AAGBsurv; a-c), growth
by recruiting trees (AAGBrecr; d-f), biomass mortality (AAGBmort; g-i), net biomass change
(AAGB; j-I) and aboveground biomass stocks (AGB; m-n) in relation to three groups of
environmental conditions: annual rainfall or climatic water deficit (first column), soil pH or soil
cation exchange capacity (CEC) (second column), and disturbance measured by basal area
removed (third column). Each dot is a 1-ha plot. Please note that these bivariate relationships are
for illustration purposes only and may not necessarily provide the same results as in the structural
equation models (Fig. 5.2).
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Appendix 5.8: Bivariate relationships for growth by surviving trees (AAGBsurv; a-c), growth
by recruiting trees (AAGBrecr; d-f) biomass mortality (AAGBmort; g-i), net biomass change
(AAGB; j-1) and aboveground biomass stocks (AGB; m-o) in relation to three groups of forest
attributes: species richness (first column), community-weighted mean (CWM) specific leaf area
(SLA), wood density (WD), or maximum diameter (DBHmax) (second column), and plot basal
area (third column). Each dot is a 1-ha plot. Please note that these bivariate relationships are for
illustration purposes only and may not necessarily provide the same results as in the structural
equation models (Fig. 5.2).
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Appendix 5.9: Spearman’s correlations between all vatiables used in the manuscript. Black
circles indicate positive correlations and gray circles indicate negative correlations. The size of the
circle indicates the strength of the correlation. dAGBsurv = biomass growth from surviving
trees, dAGBrecr = biomass growth from recruiting trees, dAGBmort = biomass lost due to
mortality, JAGB = net change biomass, SPR = species richeness, SPH = Shannon index, LNC =
leaf nitrogen content, LPC = leaf phosphorous content, CN = leaf C:N ratio, treedensl0 =
density of trees >10 cm in DBH, treedens50 = density of trees > 50 cm in DBH. For other
abbreviations see legend of Appendix 5.4.
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Chapter 6

Abstract

Tropical forests have long been thought to be in stable state, but recent insights
indicate that global change is leading to shifts in forest dynamics and species
composition. These shifts may be driven by environmental changes such as
increased resource availability, increased drought stress, and/or recovery from past
disturbances. The relative importance of these drivers can be inferred from
analysing changes in trait values of tree communities. Here, we evaluate a decade of
change in species and trait composition across five old-growth Neotropical forests
in Bolivia, Brazil, Guyana and Costa Rica that cover large gradients in rainfall and
soil fertility. To identify the drivers of compositional change, we used data from 29
permanent sample plots and measurements of 15 leaf, stem and whole-plant traits
that are important for plant performance and should respond to global change
drivers.

We found that forests differ strongly in their community-mean trait values,
resulting from differences in soil fertility and annual rainfall seasonality. The
abundance of deciduous species with high specific leaf area increases from wet to
dry forests. The community-mean wood density is high in the driest forests to
protect xylem vessels against drought cavitation, and is high in nutrient poor forests
to increase wood longevity and enhance nutrient residence time in the plant. The
species composition changed over time in three of the forests, and the community-
mean wood density increased and the specific leaf area decreased in all forests,
indicating that these forests are changing towards later successional stages
dominated by slow-growing, shade-tolerant species. We did not see changes in
other traits that could reflect responses to increased drought stress, such as
increased drought deciduousness or decreased maximum adult size, or that could
reflect increased resource availability (CO,, rainfall or nitrogen). Changes in species
and trait composition in these forests are, therefore, most likely caused by recovery
from past disturbances. These compositional changes may also lead to shifts in
ecosystem processes, such as a lower carbon sequestration and “slower” forest
dynamics.

Keywords: disturbance, drought, environmental gradients, forest dynamics,
tunctional traits, global change, rainfall, resource availability, soil fertility
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Introduction

Tropical forests are of global importance for maintaining biodiversity, storing and
sequestering carbon, and regulating the world’s climate (Bonan 2008, Alkama and
Cescatti 20106). Evidence continues to grow, however, that these forests are not in
stable state (Heckenberger et al. 2003) but are undergoing large-scale changes in
species composition and dynamics (Brienen et al. 2015), which may be attributed to
various global change drivers (Wright 2005). To predict the future of old-growth
forests, a better understanding is needed of the direction of forest change and its
underlying drivers. One way to achieve this is by evaluating community-level
changes in functional traits. Here, we evaluate changes in species composition and
15 leaf, stem and whole-plant traits among five Neotropical forests and infer the
underlying global drivers by analysing whether and how traits change.

Spatial variation in species and trait composition

Species distributions are amongst others determined by species’ responses to
climate (Engelbrecht et al. 2007) and soil conditions (Clark and Palmer 1999,
Toledo et al. 2012). Such species-specific responses in distribution are associated
with species’ traits, which ultimately determine species’ strategies to acquire and use
resources (Violle et al. 2007). Analysis of shifts in traits in relation to environmental
conditions (also referred to as ‘response traits’; Suding et al. 2008) are therefore
expected to provide mechanistic insights into the underlying drivers of change.
Many studies have addressed the effect of environmental conditions on species
composition and community-level trait values for grasslands (Pakeman 2004) and
individual forests (Feeley et al. 2011, Fauset et al. 2012). These studies generally
tind that the values of community-level traits respond to environmental gradients.
However, environmental conditions vary more at larger spatial scales (e.g., across
the Neotropics), leading to strong species turnover. As a result, the composition of
species, and thus the composition of traits, should differ more strongly at large
than at local scales. Few studies have addressed community-level changes across
large-scale environmental gradients, and studies that do exist tend to focus only on
a few traits (e.g., Baker et al. 2004b, Wright et al. 2004). Here, we evaluate changes
in 15 traits for five forests spanning large environmental gradients from Bolivia to
Costa Rica to test the hypothesis that differences in community-mean trait values
among forests are a result of gradients in environmental conditions.
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Temporal variation in species and trait composition

Old-growth tropical forests are not in stable state. Natural or anthropogenic
disturbances can set back a forest to an eatlier successional state, causing
community reassembly (Chazdon 2003). Moreover, global change, such as
increased atmospheric CO, concentrations or increased drought stress can alter
species composition, eventually pushing the forest to an alternative stable state.
Several studies have demonstrated changes in species composition over the last
decades, although results and hypothesized drivers are contradictory, which could
be caused by differences among sites in changing environmental conditions. Some
studies find an increase in the abundance of drought-tolerant and deciduous species
possibly due to increasing (atmospheric) drought stress as caused by decreased
rainfall and/or increased temperature (Enquist and Enquist 2011, Feeley et al.
2011, Fauset et al. 2012, Zhou et al. 2014). Other studies find an increase in the
abundance of emergent and canopy species due to increased resource availability
such as CO, (Laurance et al. 2004) or recovery from recent disturbances (Nelson
2005), and again others find an increased abundance of slow-growing species with
high wood density, indicating that the forest is recovering from more historical
disturbances and/or facing a reduction in resource availability (Chave et al. 2008).
We aim to obtain a better understanding of possible underlying causes of
compositional change by evaluating temporal changes in the community-weighted
mean trait values of functional leaf, stem and whole-plant traits across tropical
forests.

Questions and hypotheses

We address two questions. First, how do community-weighted mean trait values
differ across five Neotropical forests? We expect that an increase in soil nutrient
availability would increase the abundance of species with acquisitive trait values
(e.g., high specific leaf area and leaf nutrient concentrations) that acquire more
resources and grow faster. Trait responses along the precipitation gradient should
be determined by drought adaptations at low rainfall, for example by drought-
deciduousness, and by shade adaptations at high rainfall. Drought-deciduous
species at low rainfall may compensate for their short leaf lifespan with more
acquisitive trait values that lead to faster growth in the short growing season,
whereas evergreen species at high rainfall may have conservative trait values to
increase leaf lifespan. Wood traits will be most conservative (e.g., high wood
density) at dry sites or at sites with low nutrient availability to reduce drought
cavitation and increase wood resistance to pathogens (Muller-Landau 2004,

Romero and Bolker 2008, Markesteijn et al. 2011b).
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For the second question, we ask how species composition and community-
weighted mean trait values change over time. We identify three important
environmental change drivers that should favour species with certain trait values
more than others, leading to changes in the community-mean trait values (Table
0.1, 6.2):

a) Increased resource availability (e.g., CO, and nutrient deposition; Laurance et al.
2004, Hietz et al. 2011) would increase the abundance of i) species with acquisitive
trait values that can make use of the increased availability of resources, ii) species
with a tall adult stature that are better competitors for aboveground resources (i.e.,
light) in a denser forest canopy, and iii), in the case of nutrient deposition, reduce
the Fabaceae abundance because of reduced advantage from N,-fixation. Such
changes in community-weighted mean trait values could also be observed in
response to recent disturbances, such as wind storms, which open up the canopy
and favour the establishment of acquisitive species.

b) Increased drought stress (through decreased rainfall and/or increased
temperature) would increase the abundance of i) drought-avoiding, deciduous
species that generally have high specific leaf area (Enquist and Enquist 2011), ii)
physiologically drought-tolerant species with high wood density that are cavitation
resistant (Markesteijn et al. 2011b), iii) species with a small adult stature that suffer
less from water transport limitations (Bennett et al. 2015), and iv) species with
small leaves that allow for a better convective heat cooling.

c) Recovery from past disturbances should cause a shift from early-successional
species with acquisitive trait values towards late-successional species with more
‘conservative’ trait values and tall adult stature, whereas Fabaceae should become

less abundant due to decreased N limitation in older forests (Batterman et al. 2013,
Sullivan et al. 2014).

Methods

Sites

We used data from permanent sample plots in five Neotropical forests, spanning a
large latitudinal gradient in the Neotropics (from 16°07’S in Bolivia to 10°12°N in
Costa Rica, see the map in Appendix 6.1), and broad gradients in rainfall (1160 -
3900 mm y') and soil conditions (Table 6.3). From low to high annual
precipitation, we used two forest sites in Bolivia (INPA and La Chonta), one in
Brazil (Tapajos), one in Guyana (Pibiri), and one in Costa Rica (Corinto). These
forests also differ in soil fertility, from young and fertile soils in L.a Chonta to old
and poor soils in Pibiri. Hereafter, these forest sites will be referred to as dry
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deciduous (DD; INPA), moist semi-deciduous (MSD; La Chonta), moist evergreen
(ME; Tapajos and Pibiri), and wet evergreen (WE; Corinto).

Table 6.1: Traits with abbreviations, descriptions, units, and an explanation of what it indicates.

Abbreviation Variable description Units Indicator of
SLA Specific leaf area cm? g!  Light interception efficiency
LA Ln-transformed leaf area cm? Light interception, heat
balance
Nicaf Leaf nitrogen concentration % Photosynthetic capacity
Prear Leaf phosphorus concentration % Growth and photosynthetic
capacity
N:Pieas Leaf nitrogen : phosphorus ratio Relative nutrient limitation
Chl Leaf chlorophyll content pg cm?  Light harvesting capacity
LDMC Leaf dry matter content ggl Leaf defense
FP Specific force to punch Ncm?  Leaf defense
LMF, Leaf mass fraction of the metamer ggl Light interception efficiency
WD Wood density g cm Stem defense, drought
tolerance
DBHax 95 % quantile of stem diameter forall ~ cm Tree longevity and life history
individuals per species strategy
CEmax 95 % quantile of crown exposure index # (1-5)  Tree longevity and life history
for all individuals per species strategy
% Fab Percentage of individuals from % N fixing capacity
Fabaceae
% compound Percentage of individuals with % Heat balance
compound leaves
% deciduous Percentage of individuals that is % Drought avoidance
deciduous
Plot design

We used permanent plots in old-growth forests that were not disturbed by human
activities or fire during the time of monitoring. To facilitate comparisons across
sites, we used a similar time window for all sites (2000-2013), a plot size of 1 ha (if
available), and included all trees = 10 cm DBH. The plots in the dry deciduous site
(INPA) were established and all trees = 10 cm DBH were identified and measured
by Instituto Boliviano de Investigacion Forestal (IBIF). The plots in the moist
semi-deciduous site (.a Chonta) were also established and measured by IBIF. The
plots in the moist evergreen forest of Tapajos were established and all trees = 5 cm
DBH were identified and measured by Empresa Brasileira de Pesquisa
Agropecuaria (EMBRAPA). To use the same diameter limit as for the other sites,
we used only trees = 10 cm DBH. Besides the time window of about 10 years, we
included an analysis of longer-term changes (29 years) for Tapajos. The plots in the
moist evergreen forest of Pibiri were established and measured by Tropenbos. All
trees = 20 cm DBH were measured in the whole plot, and trees = 5 cm were
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measured in 25 subplots that in total covered an area of 0.25 ha per plot. We
considered the trees between 10 and 20 cmm DBH, which were measured on 0.25 ha
per 1-ha plot, four times (to scale to 1 ha). The plots in the evergreen wet forest
(Corinto) were established and all trees = 10 cm in DBH were measured by Centro
Agronémico Tropical de Investigacion y Ensenanza (CATIE).

Table 6.2: Hypothesized temporal changes in 15 community-weighted mean traits in response to
three potential drivers of environmental change: a) increased resource availability, b) increased
drought stress, and c) recovery from past disturbances. The traits used, are: specific leaf are
(SLA), leaf area (LA), leaf nitrogen concentration (N, leaf phosphorus concentration (P,,), leaf
N:P ratio (N:P,,), leaf chlorophyll content (Chl), leaf dry matter content (LDMC), specific force
to punch (FP,, a measure for leaf toughness), leaf mass fraction (LMF, ), wood density (WD),
species-specific maximum diameter (DBH, ), species-specific maximum crown exposure index
(CE,,..), percentage of individuals belonging to Fabaceae (% Fab), % of individuals with
compound leaves (% compound), and percentage of individuals that is deciduous (% deciduous)
(see Table 6.1 for more details). In the first three rows, hypothesized positive changes are shown
by a ‘1’, hypothesized negative changes by a ‘|’, and no hypothesized changes by a -’. The last
row shows the observed changes in CWM traits across the five forest sites, with ‘1’ indicating a
consistent increase over sites, ‘|’ a consistent dectease over sites, arrows in between brackets an
increase or decrease for part of the sites, and -’ no significant temporal changes for any of the

sites.
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! Decrease for the moist evergreen forest (Tapajos) over 30 years.

2 Increase for the dry deciduous forest.

3 Increase for the moist semi-deciduous forest.

4 Increase for the moist evergreen forest (Pibiri).

5 Increase for the moist semi-deciduous forest and decrease for the moist evergreen forest (Pibiri).
¢ Dectease for the moist evergreen forest (Tapajos).
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Table 6.3: Details of the five forest sites used in this study: INPA, La Chonta, Tapajos, Pibiri,
and Corinto. Information on the setup of the plots, climate, soil, and relevant references are

given. SPEI = Standardized Precipitation and Evapotranspiration Index, with high wvalues

indicating wet conditions. n.a. = not available, n.s. = not significant, T = a significant temporal

increase, and | = a significant temporal decrease.

INPA La Chonta Tapajos Pibiri Corinto
Coordinates 16°07°S, 15°47S, 3°19°S, 5°13'N, 10°12’N,
61°43°W 62°55’'W 54°57°W 58°38'W 83°52’W
Country Bolivia Bolivia Brazil Guyana Costa Rica
Forest type Dry deciduous ~ Moist semi- Moist Moist Wet evergreen
(DD) deciduous evergreen evergreen (WE)
(MSD) (MEtap) (MEpib)
Number of control 8 9 6 3 3
plots
Size of plots (ha) 1(100¥100 m) 1 (100*100 m)  0.25 (50*50 m) 1 (100100 m) 1 (100*100 m)
First census 2002-2003 2000-2001 2003 (and 2000 2000
1983)
Last census 2012-2013 2009-2011 2012 2013 2010
Timespan (y) 10 8 9 (and 29) 13 10
Rainfall (mm y) 1160 1580 2110 2772 3900
Number of dry months 7 6 3 0 0
< 100 mm rainfall
Average annual 243 243 25 25.9 23.7
temperature (°C)
Temporal change in n.s n.s n.s 1 i
annual rainfall (1900-
2013)
Temporal change in ! n.s. n.s. 1 1
SPEI (1900-2013)
Soil type Oxisols Ultisols Oxisols Ferralsols Inceptisols
Soil fertility from 2 (middle- 1 (high) 3 (middle-low) 4 (low) n.a.
highest (1) to lowest high)
(5), based on Fig. 2 of
Quesada e7 a/. (2010).
References Pefia-Claros et Pefia-Claros et de Carvalh, van Kekem et Sesnie et al.
al. 2012 al. 2012 1992, Silva et al. 1996, van 2009, Finegan
al. 1995, der Hout 1999,  etal. 2015
Aragio et al. van Dam 2001
2009
Number of species 98 158 68 33 72
with leaf and stem trait
data
% plot abundance 96.7 82.9 72.5 78.6 85.1
covered with traits,
averaged per site
Reference for more Markesteijn et Chapter 4, de Avila et al. Chapter 3
details on trait al. 2011b Rozendaal et in prep.
collection al. 2000,
Poorter 2008,
Carrefio-
Rocabado et
al. 2012, van
Gils 2012

146



Temporal changes in species and trait composition

Trait collection

Here, we provide a short description of the collection of traits (see Table 6.3 for
references providing more detailed information). All traits were expressed at the
plot level and in general, traits were measured according to standard protocols
(Pérez-Harguindeguy et al. 2013). We measured traits that are important for the
carbon-, water-, nutrient- and heat-balance of the plant (Table 6.1), and hence,
should respond to global change drivers. We used specific leaf area (SLA), leaf area
(LA), leaf nitrogen (N, and phosphorus concentration (P, leaf N:P ratio (N:
P\..0), leaf chlorophyll content (Chl), leaf dry matter content (LDMC), specific force
to punch (FP,), leaf mass fraction of the metamer (LMF,), wood density (WD),
maximum stem diameter (DBH, ), maximum crown exposure index (CE,_.),
percentage of individuals from Fabaceae, percentage of individuals with compound
leaves, and percentage of individuals from deciduous species (Table 6.1).

For each site, we measured leaf and stem traits for the most abundant tree
species (on average representing 84% of all individuals in the plots). All leaf traits
were measured on about 5 (range 1-10) individuals per species and 4-5 leaves per
individual. To have comparable measurements among species and sites, individuals
were selected that were growing in relatively open conditions and that had a DBH
of 8-20 cm. Trees in this size class are well-established and their leaves are still
accessible with a pruner on an extension pole. Leaves harvested were healthy and
exposed to high-light conditions. LA was measured on fresh leaves without the
petiole, and In-transformed for a normal distribution. SLA was calculated as the
fresh leaf area divided by the dry mass (cm” g), and was based on the whole leaf
(including rachis for compound leaves). Chlorophyll content was defined as mass
per unit leaf area (ug cm™) using a SPAD-meter (Minolta SPAD 502 Chlorophyll
Meter, Spectrum Technologies Inc., Plainfield, IL, USA), N, and P, (in %) as
concentrations of dry mass, and N, : P, provided the N:P, ratio. LDMC was
calculated by dividing the leaf dry mass by the leaf fresh mass (g g). FP, was
measured using a penetrometer, which measures the force needed to punch the
flat-ended side of a nail through the leaf. FP_ was then calculated by dividing the
force needed to punch the leaf by the product of the circumference of the nail and
the thickness of the leaf (N cm™), to correct for the fracture area on which pressure
is exerted. LMF,  was calculated by dividing the leaf dry mass by the sum of the
biomass of the whole metamer, ie., the dry masses of the leaf, petiole and
internode (g g™).

To take into consideration the possible radial variation in wood density (Hietz
et al. 2013), WD (g cm-3) was based on the average of the whole stem radius of a
tree. Per species, a wood core was taken from about 3 individuals of 20-40 cm
DBH. WD was calculated by dividing the oven-dried mass (for 48 hours at 70 °C)
by the fresh volume. For most species of the moist semi-deciduous site (La
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Chonta), wood was collected from the outer sapwood of the tree. These WD
values were converted to WD values for the whole radius, based on the relation
between WD of the youngest sapwood and WD of the whole radius for 32
Bolivian species (WD, 4. = 0.0037 + 1.0607 * WD, ..; R* = 0.90; see chapter 4).
For Corinto, WD was only measured on the outer sapwood of the tree. DBH,
(cm) per species was based on the 95% quantile of diameters for all individuals in a
site that were larger than 0.1 * maximum diameter found for that species (King et
al. 2006a), and CE,,, was calculated for each species as the 95% quantile of crown
exposure values (between 1 and 5; Dawkins & Field, 1978) for all individuals in a
site. See Appendix 6.2 for alternative ways to calculate DBH, . The moist
evergreen site (Tapajos) was excluded for CE,_, because it could not be calculated

in the same way.

Community-weighted mean trait composition

To evaluate differences in community-level traits among sites and between census
years, we calculated the abundance-weighted mean trait values, also known as the
community-weighted mean (CWM, Pla et al. 2012), for the 15 leaf, stem and whole-
plant traits. We weighted by species abundance rather than by species basal area, to
give equal weight to recruiting and dying trees and in this way increase the effect of
small, newly recruited trees on changes in mean trait values. A test with basal area-
weighted mean trait values showed similar trends in community-weighted mean
trait values (Appendix 6.3). Hereafter, we therefore only report analyses based on
abundance-weighted trait values.

Per plot, these CWM trait values were calculated based on all live individuals
(for which trait data were available) in the first census and all live individuals in the
tinal census. Hence, these resulted in 29 plots * 2 censuses = 58 CWM values per
trait. Additionally, we calculated CWM trait values for Tapajos in an eatlier census
(1983), to evaluate longer-term changes (29 years). Note that we used mean trait
values per species. Therefore, we only evaluate changes in CWM trait values due to
changes in species composition, not due to plastic changes in species’ trait values
over time. Although many species show plastic phenotypic responses within and
across individuals to environmental conditions (Poorter et al. 2010a), in general the
variation explained by intraspecific trait differences is small (12%) compared to
interspecific differences (72%, Rozendaal et al. 2006). Sites differed in the number
of species with trait data (Table 6.3). Leaf and stem traits were available for species
representing 73-97% (average 84%) of all individual trees per plot.

We also calculated the percentage of individuals of Fabaceae per plot as an
indicator of the nitrogen fixing potential (as different subfamilies of Fabaceae have
62% (Papilionoideae), 54% (Mimosoideae) and 5% (Caesalpinoideae) of N,-fixing
genera; Hedin et al. 2009). Furthermore, for each plot and census we calculated the
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percentage of individuals with compound leaves, and the percentage of individuals
that belonged to deciduous species. A species was categorized as deciduous when
CE,,,. and

max> max>

some (or all) of its individuals possess a yearly leafless period. DBH
Fabaceae abundance were obtained for all species in the plots.

Environmental drivers

Globally, the concentration of atmospheric CO, has increased from about 320 ppm
in 1960 to almost 400 ppm in 2013 (Appendix 6.4). Annual rainfall between 1900
and 2013 significantly increased for the two wettest sites (Corinto and Pibiri) and
did not change for the three driest sites INPA, La Chonta and Tapajés) (Table 6.3,
Appendix 6.5). The Standardized Precipitation and Evapotranspiration Index
(SPEI) is a measure for dryness, with positive values indicating humid conditions
and negative values indicating dry conditions. Over the period 1900-2013, SPEI
significantly decreased for the dry deciduous site (i.e., it became drier), significantly
increased for the two wettest sites (i.e., it became more humid), and did not
significantly change for the two intermediate sites (Table 6.3, Appendix 0.6). Also
over the period 1991-2013 (i.e., the time period in which the data were collected),
SPEI values significantly decreased for the dry deciduous site (P < 0.001),
significantly increased for the wet evergreen site (P < 0.001, both only for the 12-
month timescale, see Appendix 6.0), and did not change for the intermediate sites.
Hence, the sites do not show consistent increases or dectreases in drought.
However, extreme drought events (the lowest peaks in Appendix 6.6) occur
repeatedly (with a monthly SPEI value < -2 occurring every 3-8 years, based on a
12-month timescale), and may therefore still cause changes in species and trait
composition.

Statistical analyses

To evaluate how trait composition (i.e., the multivariate CWM trait space) and
single CWM trait values differ amongst sites and change over time (between the
censuses) we performed several analyses. Differences in the multivariate CWM trait
composition among the five sites and between the first and final census were tested
using a redundancy analysis, using the 10 traits that were collected at all sites. Site
and census were included as constrained axes, to test for differences in multivariate
CWM trait composition. The significance of the constrained axes was tested using a
permuted ANOVA, by allowing permutations within plots (Oksanen 2011). To
evaluate whether annual precipitation and soil fertility could explain differences
between sites (because we do not have variation among plots and between census
years), we repeated the analysis twice: on time to include annual precipitation and
one time to include soil fertility as constrained axis instead of site. Soil fertility was
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based on the ranking from low to high soil fertility between sites (Table 6.3). The
wet evergreen forest was given the highest soil fertility, because this forest is
growing on volcanic soils (Finegan et al. 2015). Both soil fertility and annual
precipitation were included as continuous variables.

For each univariate trait, differences in CWM values among the five sites and
between censuses were evaluated using a linear mixed model, with site, census and
their interaction as fixed factors, and plot as random factor (to account for census
as repeated measures per plot). In case of significant effects of site and/or the
interaction of site and year, Tukey’s post-hoc test was used for multiple
comparisons. To test whether the observed changes over a decade were also found
for a longer time period, we evaluated temporal changes in CWM trait values in
Tapajos between 1983 and 2012, using a linear mixed model with census as
explanatory variable and plot as random factor. To evaluate associations among
CWM trait values, we used a principal component analysis on the centered (with a
mean of 0) and standardized (by dividing the centered trait values by their standard
deviations) trait values.

To evaluate whether the first and last census differed in species composition,
we applied a redundancy analysis on the species abundance data, with census as the
constrained axis and permutations within plots. This analysis was done for each site
separately, since species composition was too different to be able to combine sites.
For Tapajos, a change in species composition was also tested between the years
1983 and 2012.

All analyses were performed in R version 3.1.2. Linear mixed models were
performed with the Ime function of the nmle package (Pinheiro and Bates 2016),
and multiple comparisons with the glht function of the multcomp package
(Hothorn et al. 2014). Redundancy and principal component analyses were
performed with the rda function, and the ANOVA to test for constrained axes
with the anova.cca function, both of the vegan package (Oksanen et al. 2014).

Results

The multivariate composition of 10 CWM traits (that were collected at all sites)
differed significantly among sites (F, 5; = 78.1, P = 0.018; Fig. 6.12), and also with
annual precipitation (F, 5, = 20.7, P = 0.012; not shown in Fig. 6.1) and soil fertility
(F, 5, = 16.3, P = 0.012). All individual CWM traits differed significantly among
(Table. 6.4, Appendix 6.7). In general, SLA, N, P, and
percentage of deciduous species increased towards drier forests (except for the
wettest forest where SLA and leaf nutrients were high, Fig. 6.2, Appendix 6.8). In
contrast, LDMC, FP, and leaf area increased towards wetter forests. In

sites, except for CE

max
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combination, this indicates that leaf trait values tend to be more acquisitive in dry
forests. Chl, N:P, ., and LMF_ showed an optimum with rainfall, whereas the other
traits did not show a clear pattern with rainfall.

Species composition of the three driest forests (INPA, La Chonta and
Tapajos) changed significantly over time (Table 6.5, Fig. 6.3). The shift in species
composition towards the centre of Fig. 6.3 indicates a directional convergence of
plots over time. Multivariate trait composition did not change significantly over
time (F, 5, = 0.35, P = 0.609; Fig. 6.1a), but individual traits did (Table 6.4). Across
all sites, specific leaf area decreased and wood density increased over time (Fig. 6.2).
Five traits (DBH,,,,, CE_ ., N:P,,, LMF,_; and % individuals of Fabaceae) changed
over time for one or two sites only (Fig. 6.2, Appendix 6.9).

max>

For the moist evergreen forest of Tapajés we could evaluate longer-term (29
years) changes. We found significant changes over time in species composition
(Table 6.5), marginal changes in multivariate trait composition (P = 0.093, F, o =
0.665), a significant increase in DBH_, and WD, and a decrease in LA and the
percentage individuals of Fabaceae and with compound leaves (Appendix 6.10).

max

Hence, on both the short-term (10 years) and longer-term (29 years), WD and
DBH,,, increased, and Fabaceae abundance decreased for this forest.

Table 6.4: Significance values (P-values) of ANOVAs for each community-weighted mean
(CWM) trait, with census year (first census around 2000 vs. last census around 2010, Table 6.3),
site, and the interaction between census and site as explanatory variables. See Appendix 6.8 for
multiple comparisons among sites for the CWM traits that had no significant interaction between
census and site, and see Appendix 6.9 for multiple comparisons for the CWM traits that had a
significant interaction between census and site. LA was In-transformed. Significant P-values are
shown in bold.

CWM trait Site Census Census*Site
SLA <0.001 <0.001 0.052
LA <0.001 0.560 0.151
N...r <0.001 0.597 0.567
Pl <0.001 0.129 0.325
N:P,..¢ <0.001 0.056 0.004
Chl <0.001 0.152 0.345
LDMC <0.001 0.493 0.408
FP, <0.001 0.086 0.065
LMF, <0.001 0.004 0.001
WD <0.001 0.001 0.214
DBH, . 0.040 0.143 <0.001
CE,.. 0.232  0.885 <0.001
% Fab <0.001 0.947 <0.001
% compound  <0.001 0.928 0.227
% deciduous <0.001 0.080 0.082
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Figure 6.1: Multivariate trait composition for plots in two census years in the five sites, based on
10 community-weighted mean traits (a), and associations among community-weighted mean traits
(b). The arrows in a) show the change in multivariate trait composition over the ~10 years per
plot. The different shades of gray indicate the sites, ordered from dry deciduous (lightest grey) to
wet evergreen (black): dry deciduous (DD; INPA), moist semi-deciduous (MSD; La Chonta),
moist evergreen (MEtap; Tapajos and MEpib; Pibiri), and wet evergreen (WE; Corinto) (Table
0.3). For trait abbreviations of Figure b, see Table 6.1. Sites differed significantly in multivariate
trait composition (F, 5, = 78.1, P = 0.018), but census did not (F, 5, = 0.3, P = 0.609). Chl, FP,
LMF,, CE,_,., and % deciduous were left out of these analyses because of missing values for
some sites. Percentages behind the axes is the variation explained by the principal component

axes.

Table 6.5: The effect of census year (as the constrained axis of the redundancy analysis) on
species composition, tested using a permuted ANOVA per site (La Chonta, INPA, Tapajos,
Pibiri and Corinto) (Oksanen 2011). For each site, the variance (Var), F-value (F) with degrees of
freedom in subscript, and P-value (P) are given. ‘Tapajos 29 years’ compares the species
composition over a 29-year time interval. Significant P-values are shown in bold.

Site Var F P

Dry deciduous (INPA) 59.40 022 ,,;  0.030
Moist semi-deciduous( La Chonta) 2627 022,,,  0.006
Moist evergreen (Tapajos 10 years) 6.46 0.35 1 9 0.016
Moist evergreen (Pibiri) 34.70 - 0.03 5 1.000
Wet evergreen (Corinto) 41.50  0.08 ;5 0.625
Moist evergreen (Tapajos 29 years) 1414 0.70 , , 0.016
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Figure 6.2: Average community-weighted mean (CWM) leaf, stem and whole-plant traits for
different sites and two census years (black: first year, grey: last year). The sites are ordered
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according to increasing rainfall; dry deciduous (DDj; INPA), moist semi-deciduous (MSD; La
Chonta), moist evergreen (MEtap; Tapajés and MEpib; Pibiri), and wet evergreen (WE; Corinto)
(Table 6.3). 15 traits were analysed: a) specific leaf area, b) In-transformed leaf area, c) leaf
nitrogen concentration, d) leaf phosphorus concentration (P, €) leaf N:P ratio (N:P,,), f) leaf
chlorophyll content, g) leaf dry matter content, h) specific force to punch (i.e., leaf toughness), i)
leaf mass fraction of the metamer, j) wood density, k) maximum diameter (DBH, ), ]) maximum
crown exposure index (CE_ ), m) the percentage of individuals belonging to the Fabaceae family
(% Fab), n) the percentage of individuals with compound leaves (% compound), and o) the
percentage of deciduous individuals (% deciduous) (Table 6.1). Means and standard errors are
givens. Capital letters above the bar graphs indicate significant differences between sites, and an
asterisk (**°) indicates significant differences between the censuses within a site. For N:P,_,
LMF,_, DBH,_,, CE,_, and % Fab, an interaction between site and census was found, and hence
census was not significant across all sites. Sites were considered significantly different when both
census years were significantly different (Appendix 6.9). Note that DBH, , _differed across sites in
the ANOVA (Table 6.4), but not in the post-hoc test and this figure. For statistics on effects of
site, census, and the interaction between site and census, see Table 6.4 and Appendices 6.3 and

6.4.
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Figure 6.3: The temporal change in species composition over ~10 years for the five sites: a) dry
deciduous, b) moist semi-deciduous, ¢) and d) moist evergreen (Tapajés and Pibiri), e) wet
evergreen (Table 6.2), and f) over 29 years for the moist evergreen forest (Tapajos). The arrows
show the unconstrained positioning of plots in the first census (the start of the arrow) and last
census (the tip of the arrow) along the first and second principal component axes. Percentages
behind the axes is the variation explained by the principal component axes. See Table 6.5 for
statistics on temporal changes in species composition.
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Discussion

We evaluated how old-growth tropical forests vary in their community-weighted
mean (CWM) trait composition, and whether their species and trait composition
changed over time. Multivariate CWM trait composition and individual CWM traits
differed strongly among the five Neotropical sites. Species composition changed
over time for the three driest sites, and several CWM key traits changed
significantly over time for all sites.

Strong differences in trait composition among Neotropical forests

The five sites differ strongly in rainfall and soil fertility (Table 6.3, Quesada et al.
2010), and we therefore expected that they would differ strongly in their
multivariate trait composition (i.e., the multivariate trait space) and CWM values of
individual traits (Fyllas et al. 2009, Patino et al. 2012). Traits related to drought
resistance, such as wood density, should be higher in drier sites, and traits related to
nutrient acquisition and use, such as P, ; and N, should be higher in fertile sites.
We indeed found differences across sites using a multivariate analysis including the
traits collected at all sites (Fig. 6.1b), and for most CWM traits individually (Table
6.4, Fig. 6.2). These site differences suggest that both drought and soil fertility
determine CWM trait values.

The drought effect is most evident for the increase in abundance of deciduous
individuals with acquisitive leaf trait values (higher SLA, lower LDMC and FP,) and
the decrease in leaf area towards drier sites (Fig. 6.2). At drier sites, many species
follow a drought-avoiding strategy; by being drought-deciduous, they reduce water
loss in the dry season, and by having small leaves, they increase heat exchange and
reduce their water requirements for transpirational heat loss (Poorter and
Rozendaal 2008). Drought-deciduous species have relatively short-lived leaves, and
therefore invest less in structural components (e.g., low LDMC and FP,) that
protect the leaves against physical damage, and more in acquisitive trait values (high
SLA and N, to attain fast growth rates during the short growing season (Poorter
2009). High N, may also decrease water loss in dry forests, as a high
concentration of photosynthetic enzymes (that are rich in N) allows for a larger
drawdown of internal CO, concentration in the leaf, and thus for lower stomatal
conductance and water loss (Wright et al. 2001). At the wettest end of the gradient
(3900 mm annual rainfall), however, SLA values strongly increase. These acquisitive
trait values may be needed for efficient light capture and use in a dense forest
where light is limiting tree growth and survival. Alternatively, acquisitive trait values
that increase growth rates may be allowed because of the higher soil fertility at this
site compared to the two moist evergreen sites.
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Drought and, hence, deciduousness should affect leaf nutrient concentrations
to a lesser extent than other leaf traits, as leaf nutrients can be translocated prior to
leaf abscission and reused to produce new leaves (Aerts 1996, Zhang et al. 2015).
Instead, soil fertility, especially phosphorus, might be a stronger driver of leaf
nutrient concentrations; higher phosphorus availability (e.g., in the dry deciduous
and moist semi-deciduous site) may increase the uptake of nutrients and the
nutrient concentrations in the leaves (Maire et al. 2015), and may increase the
abundance of species that can make use of high nutrient availability. The
remarkably high N in the dry deciduous forest INPA) is not solely explained by
high soil fertility (Table 6.3), but also by high abundance of Fabaceae (Fig. 6.2m).
Fabaceae species are very abundant in dry forests (Vargas et al. 2015) and have on
average higher leaf nitrogen concentrations (2.79% in our dataset) than other
families (2.32%, Appendix 06.11), because of their nitrogen fixing potential.
Similarly, the relatively high N, in the wet evergreen forest (Corinto) may be
explained by the high dominance of the Fabaceae Pentaclethra macroloba. The
almost four-fold differences among sites in leat N:P ratio (Fig. 6.2e) show similar

ranking among sites as Py, The lowest N:P,,; values are found at the richest site

lea
(La Chonta) that contains tracts of anthropogenic enriched ‘terra preta’ soils with
high P values (Quintero-Vallejo 2015). In contrast, the highest N:P
indicating a relative P shortage, are found for the poorest site (Pibiri, chapter 3) that
is located on the very old and highly weathered Guiana shield (Quesada et al. 2011).

The differences between wood traits among sites indicate an effect of both
rainfall and soil fertility, since sites with high WD are either low in rainfall and high
in soil fertility INPA) or high in rainfall and relatively low in soil fertility (Tapajos

and Pibiri). High WD entails higher cavitation resistance, and hence continued

¢ values,

lea

hydraulic functioning during drought in dry forest (Markesteijn et al. 2011b).
Moreover, high WD increases pathogen resistance and stem longevity (Romero and
Bolker 2008), which enhances nutrient conservation on very nutrient poor soils
(e.g., Pibiri) (Baraloto et al. 2011, Gourlet-Fleury et al. 2011).

We cannot fully disentangle the effect of rainfall and soil fertility, as rainfall
increases and fertility decreases from South-West to North-East Amazon (Quesada
et al. 2010). However, the various CWM traits seem to be affected differently,
which allows us to infer the effects of multiple environmental drivers. Using this
approach, we find that rainfall most likely shapes CWM values of leaf traits
associated with drought avoidance and deciduousness (e.g., SLA, FP)), soil fertility
mainly shapes leaf nutrient concentrations, the two drivers combined shape wood
density, and none of the two environmental drivers determines adult stature

(DBH,__and CE,_).
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Old-growth forests are changing in species and trait composition
Old-growth forests are exposed to changing environmental conditions, and we
therefore expected that their species composition and trait composition would
change over time (cf., Enquist and Enquist 2011, Feeley et al. 2011). We indeed
found significant changes in species composition over the short term (10 years) for
the three driest sites (INPA, La Chonta and Tapajos; Fig. 6.3, Table 6.5), and over
the long term (29 years) for the site for which long-term data were available
(Tapajos) (Appendix 6.10). The species composition seems to shift towards the
centre of Fig. 6.3, which indicates a directional convergence of plots in terms of
species composition. We did not find changes in species composition for the two
wettest sites (Pibiri and Corinto), possibly because wetter forests are less sensitive
to changes in environmental conditions than drier forests, or simply because the
number of plots in these sites (3 plots per site) was too low to detect significant
changes in composition. Despite the changes in species composition for most sites,
we did not find significant temporal changes in multivariate trait composition (Fig.
0.1a). Instead, we found significant temporal changes for individual CWM traits
(Fig. 6.2, Table 6.4). Apparently, directional changes in species composition are
reflected by a limited set of traits, and not by the multivariate set of traits (cf.
Butterfield and Suding 2013). Focusing on multivariate strategies alone can
therefore conceal important species responses to environmental change.

What drives temporal changes in trait composition?

We expected that old-growth tropical forests are affected by current changes in
resource availability, drought stress, or by (historical) disturbances, and that this
would cause temporal changes in CWM trait values (Table 6.2). We found that WD
consistently increased and SLA consistently decreased over time across all sites
(Fig. 6.2, Table 6.4). Hence, both leaf and stem traits change towards a higher
abundance of conservative trait values. But what is driving these changes?

Resonrce availability — We expected that increased availability of resources, such
as CO, (Appendix 6.4) and rainfall, would result in more acquisitive trait values
rather than the more conservative trait values that we observed. Increased resource
availability is therefore most likely not driving the changes in our forests. Similarly,
we found no changes in nutrient concentrations and Fabaceae abundance over time
(except for an increase in N:P . in the driest site and a decrease in Fabaceae
abundance in Tapajos). Therefore, increased nitrogen deposition (cf. Hietz et al.
2011) is not a likely driver of the changes we observed.

Drounght — The increase in conservative trait values could be the result of
increased (atmospheric) drought and/or temperature stress (Enquist and Enquist
2011, Feeley et al. 2011). We did not observe a consistent decrease in annual
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rainfall or increase in rainfall seasonality (Table 6.3, Appendix 6.5) or in drought
(Appendix 0.6) in our sites, but atmospheric drought stress also depends on
changes in factors such as temperature and drought events, and drought events
have occurred repeatedly since 1900 (Appendix 6.6). With increasing temperature,
we would expect a decrease in leaf area and also a decrease in the abundance of
species with compound leaves, as small leaves or leaflets facilitate heat exchange
(Poorter and Rozendaal 2008), but we did not find such changes (Fig. 6.2b and n).
With an increase in drought, we would expect an increase in the abundance of
drought-avoiding deciduous species, which we did not find (Fig. 6.20). Moreover,
we would expect a reduction in potential adult stature (indicated by DBH, ), as tall
species have more exposed crowns and longer hydraulic path lengths, which makes
them more prone to hydraulic failure under drier conditions (Phillips et al. 2010,
Bennett et al. 2015). We indeed found a tendency for a significant temporal
decrease in DBH, , for the two wettest sites, but a tendency of DBH, , to increase
in the three driest sites. Possibly, wet forests suffer more from drought than dry
forests, although the safety margins to cavitation are rather similar for wet and dry
forest trees (Choat et al. 2012), and our wettest forests have experienced increasing
rather than decreasing rainfall patterns (Table 6.3, Appendix 6.6). Furthermore, the
reduction in percentage of Fabaceae trees in moist evergreen forest (Tapajos), on
the short term (Fig. 6.2) and long term (Appendix 6.10), indicates no increased
drought stress, as Fabaceae species are generally more drought-tolerant and more
abundant in dry forests (Adams et al. 2010, Vargas et al. 2015). Alternatively,
drought is affecting other aspects that we did not measure, such as rooting depth.
Nevertheless, a lack of trend in the % deciduous, an increase in DBHmax in the
driest sites, and no increase in Fabaceae abundance, suggest that compositional
changes are not due to increased drought stress. Hence, although we cannot fully
exclude an increased drought stress on a longer timescale, it seems not to be the
main driver of changes in species and trait composition in our forests.

Disturbances — 1t is most likely that these forests are undergoing a successional
change from eatly-successional, light-demanding species with high SLA and low
WD towards a higher abundance of late-successional, shade-tolerant species with
lower SLA and higher WD (Poorter et al. 2006, van Gelder et al. 2006). Most
observed trait changes are in line with what we expected when forests recover after
disturbances (Table 6.2). The decrease in percentage of Fabaceae individuals in
moist evergreen forest (Tapajos) suggests, for example, a successional change
towards older forests, which are generally less N limited (Batterman et al. 2013,
Sullivan et al. 2014). This decrease in N limitation is further supported by an
increase in the N:P, for dry deciduous forest INPA) (Fig 6.2¢). Possibly, the
forests are still recovering from past disturbances. After disturbance, forest
structure and species richness recover relatively fast (e.g., de Avila et al. 2015,
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Poorter et al. 2016), but many tropical tree species can live for hundreds of years
(Chambers et al. 1998), and therefore the recovery of species composition, and
hence functional trait composition, can take more than a century for temperate
tforests (Vellend et al. 20006), and probably even longer for some tropical forests
(Chazdon 2003). We found no relation between changes in trait composition and
changes in biomass (Appendix 6.12), which suggests that the successional changes
in trait composition in our sites do not result in a change in forest structure,
possibly because forest structure recovers faster than trait composition (Martin et
al. 2013).

Many recent studies show that old-growth Neotropical forests are not pristine,
but disturbed by pre-Columbian (Heckenberger et al. 2003, Clement et al. 2015) or
more recent human occupation (Redford 1992, van Gemerden et al. 2003). For
example, for one of our sites (La Chonta), the presence of terra preta soils suggest
that it had been occupied by indigenous people a long time ago (Quintero-Vallejo
et al. 2015). Recovering from other disturbances is also possible, such as intense (El
Nifio) drought events (as opposed to a long-term increase in atmospheric drought-
stress), large-scale and intense fires, and wind storms (Nelson et al. 1994), which
are all frequently observed across the Amazon (Nelson 2005). Disturbance events
lead to canopy tree dieback and more light availability in the understory (Nepstad et
al. 2007, Phillips et al. 2010). During initial recovering from such events, we would
expect to see an increase in the abundance of light-demanding species with low
WD and high SLA (Carrefio-Rocabado et al. 2012, Karfakis and Andrade 2013),
but during later phases of recovery when light availability reduces, the abundance
of shade-tolerant species with high WD and low SLA should increase. Such
patterns of successional change could also be observed as an artefact due to small
plot size and distribution of plots (Fisher et al. 2008). When natural disturbances
(e.g., tree-fall events) are of a similar size as the plots, then the chance is high that
these events will not occur during the census period. Instead, it is then more likely
to sample plots that were disturbed before the census period, and that are thus
undergoing successional change. However, most natural disturbance events occur
on small spatial scales (< 0.1 ha) (Jans et al. 1993, Espirito-Santo et al. 2014), and
we therefore expect that our plots of 0.25-1 ha well represent the heterogeneity in
forest dynamics and structure (Chave et al. 2004), and thus that this possible
artefact cannot explain the successional changes in species and trait composition
across our forests.

The type of disturbance responsible for the observed changes in species and
trait composition should have a relatively low intensity and/or have occurred many
decades to centuries ago, as these old-growth forests seem to be in late phases of
recovery. Given the consistent changes in composition across the five forests,
recovery from disturbance events that occur regularly across the Neotropics, such
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as El Nifio droughts, are more likely to explain the observed changes in trait
composition than local-scale disturbances that do not occur across the Neotropics,
such as wind storms and fire. All sites have experienced frequent drought events
since 1900 at different moments in time (Appendix 6.5 and 6.6), and some of these
may have caused considerable disturbance to the forest. Hunting pressure could
also change the species and trait composition, but this would decrease the dispersal
of large seeds and the abundance of large-seeded and late-successional species
(Foster and Janson 1985, Galetti et al. 2013), and can thus not explain our results.
An alternative explanation for the observed successional patterns is that in the past,
anthropogenic disturbances by rural people were more widespread. With a recent
migration of rural people to urban areas, this pressure has been released, leading to
forest recovery (Wright 2005).

For the longer-term temporal changes (29 years) in a moist evergreen forest
(Tapajos), we found an increase in DBH, . and WD (Appendix 6.10), supporting
the successional change that we found across all sites for a shorter time period.
Although SLA did not change, we found a decrease in LA, possibly because late
successional species have on average small or intermediate-sized leaves (Poorter
and Rozendaal 2008). Moreover, the abundance of individuals of Fabaceae
decreases over this long-term period, which supports our hypothesis that a gradual
increase in drought stress is likely not the main driver of change.

Conclusions

Even over relatively short timescales (10 and 29 year), we find consistent changes
in species and trait composition. The shifts in functional composition across the
sites suggest that not only the species and trait composition, but also the ecosystem
processes are changing, with lower SLA and higher WD leading to slower carbon
sequestration, longer-term carbon storage and “slower” forests (Finegan et al.
2015). A recent analysis of three decades of carbon dynamics in Amazonian forest
plots also shows that these forests are slowing down in carbon sequestration
(Brienen et al. 2015). The authors suggested that this slowing down of carbon
sequestration is caused by higher CO, concentrations leading to a speeding up of
the life cycle of trees, and a faster tree turnover. For our old-growth forests,
however, we find that the slowing down of the forest is most likely explained by
successional forest recovery from disturbances that occur regularly across the

Neotropics (e.g., El Nifio droughts).
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Appendices
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Appendix 6.1: Map showing the location of the five Neotropical forest sites, with a South-
North gradient in annual rainfall: INPA (dry deciduous), La Chonta (moist semi-deciduous),
Tapajoés (moist evergreen), Pibiri (moist evergreen), and Corinto (wet evergreen). The size of the
point represents the total plot area used (see Table 6.3).

Appendix 6.2: Calculation of species-specific maximum diameter (DBH,,,) by using only
species with at least 10 individuals.

DBH,,,. may be underestimated for species with few individuals, and therefore CWM DBH,
may be underestimated. We also calculated CWM DBH, . by using only the species that had at
least 10 individuals in the whole site. Using these values, results were similar (see Appendix 6.2.1),
except for higher values of moist semi-deciduous forest (La Chonta) compared to all other
forests. The correlation between the two estimates of CWM DBH, is good for dry deciduous
(INPA) and moist evergreen (Tapajos and Pibiri) forest, but CWM DBH, .
provides much lower values than CWM DBH, , based on species with at least 10 individuals for

moist semi-deciduous and wet evergreen forest (see Appendix 6.2.2). These sites have few

based on all species

dominant, large-sized species and many rare small-sized species, and when excluding the rare
species, the CWM DBH, . shifts considerably towards higher DBH_, ..
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Appendix 6.2.1: Community-weighted mean maximum diameter (DBH, ) based on all species
that had at least 10 individuals in the whole site, for five sites and two census years (black bar =

DBHpax (cm)

first census, grey bar = second census). The sites are ordered according to increasing rainfall; dry
deciduous (DD; INPA), moist semi-deciduous (MSD; La Chonta), moist evergreen (MEtap;
Tapajés and MEpib; Pibiri), and wet evergreen (WE; Corinto) (Table 6.3). Letters above the bars
indicate significant differences between sites, and asterisks above the bars indicate significant
differences between the two censuses.
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1
[ J

DBHax spp > 10 ind.
50
|

45

40

35

34 36 38 40 42 44 46 48
DBH,.x all spp

Appendix 6.2.2: Relation between community-weighted mean maximum diameter (DBH, )
values estimated in two ways: based on an estimate of DBH,_ for all species (x-axis) and based
on an estimate for species that have at least 10 individuals in the whole site (y-axis). Symbols
indicate sites; triangles: dry deciduous (DDj; INPA), closed circles: moist semi-deciduous (MSD;

La Chonta), open circles: moist evergreen (MEtap; Tapajos), diamonds: moist evergreen (MEpib;
Pibiri), and squares: wet evergreen (WE; Corinto).
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Appendix 6.3: Average basal area—weighted mean specific leaf area (a) and wood density (b)
for different sites and two census years (black: first year, grey: last year). The sites are ordered
according to increasing rainfall; dry deciduous (DD; INPA), moist semi-deciduous (MSD; La
Chonta), moist evergreen (MEtap; Tapajés and MEpib; Pibiri), and wet evergreen (WE; Corinto)
(Table 6.3). Means and standard errors are givens. Capital letters above the bar graphs indicate
significant differences between sites, and an asterisk (*) indicates significant differences between

the censuses within a site.

C O (ppm)
300 320 340 360 380 400

1950 1960 1970 1980 1990 2000 2010 2020
Year

Appendix 6.4: Temporal changes in annual atmospheric CO, concentration between 1958 and
2013. Data  were obtained from the Farth System  Research  ILaboratory
(http:/ /www.estl.noaa.gov/gmd/ccgg/trends/#mlo_full) and measured in Mauna Loa, Hawaii.
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Appendix 6.5: Temporal changes in annual rainfall between 1900 and 2015 for the five sites.
Lower black line: dry deciduous (DD; INPA); lower gray line: moist semi-deciduous (MSD; La
Chonta); middle black line: moist evergreen (MEtap; Tapajos); upper gray line: moist evergreen
(MEpib; Pibiri); and upper black line: wet evergreen (WE; Corinto) (Table 6.3). Data were
obtained from Climate Explorer (http://climexp.knmi.nl/start.cgi?id=someone@somewhere)
and are interpolated data based on the site coordinates. Note that the interpolated values do not
match the locally measured values. For example, the difference in rainfall between dry deciduous
(INPA) and moist semi-deciduous (La Chonta) forests is small because the spatial interpolation
results in very similar values. Nevertheless, the data represent well the site ranking in average
annual rainfall. Annual rainfall of the two wettest sites (black and green lines) increased
significantly over time (P = 0.018 for the MEpib and P < 0.001 for the WE forest), whereas
annual rainfall of the three driest sites did not change over time.
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Appendix 6.8: Multiple comparisons using Tukey’s post-hoc test for all community-weighted
mean (CWM) traits that differed between sites but showed no interaction between site and
census year (Table 6.5). The two columns with ‘Site’ show the two sites that are compared (DD:
dry deciduous, INPA; MSD: moist semi-deciduous, La Chonta; MEtap: moist evergreen,
Tapajoés; MEpib: moist evergreen, Pibiri; WE: wet evergreen, Corinto). For each comparison, the
estimate, standard error, Z-value (Z) and P-value (P) are given. LA was In-transformed.

CWM trait Site Site Est. SE Z P

SLA DD WE 6.33 2.14 2.96 0.025
MSD WE -1.57 212 -0.74 0.945
MEpib WE -23.61 247 -9.55 <0.001
MEtap WE -13.67 2.21 -6.19 <0.001
MSD DD 791 1.71 -4.61 <0.001
MEpib DD -29.95 2.14 -14.00 <0.001
MEtap DD -20.00 1.83 -10.94 <0.001
MEpib MSD -22.04 212 -10.42 <0.001
MEtap MSD -12.10 1.80 -6.72 <0.001
MEtap MEpib 9.94 2.21 4.50 <0.001

LA DD WE -2.22 0.13 -16.95 <0.001
MSD WE -1.62 0.13 -12.57 <0.001
MEpib WE -1.35 0.15 -8.74 <0.001
MEtap WE -1.04 0.14 -7.68 <0.001
MSD DD 0.60 0.10 6.00 <0.001
MEpib DD 0.87 0.13 6.61 <0.001
MEtap DD 1.17 0.11 10.88 <0.001
MEpib MSD 0.27 0.13 2.09 0.218
MEtap MSD 0.58 0.11 5.47 <0.001
MEtap MEpib 0.31 0.14 2.27 0.150

Nieaf DD WE 1.06 0.08 12.51 0.001
MSD WE -0.53 0.08 -6.30 0.001
MEpib WE -0.85 0.10 -8.45 0.001
MEtap WE -0.36 0.09 -4.09 0.001
MSD DD -1.59 0.06 -24.89 0.001
MEpib DD -1.91 0.08 -22.53 0.001
MEtap DD -1.42 0.07 -20.41 0.001
MEpib MSD -0.32 0.08 -3.86 0.001
MEtap MSD 0.17 0.07 2.44 0.103
MEtap MEpib 0.49 0.09 5.55 0.001

Piear DD WE 0.06 0.00 12.77 <0.001
MSD WE 0.08 0.00 16.24 <0.001
MEpib WE -0.06 0.01 -10.84 <0.001
MEtap WE 0.00 0.01 -0.81 0.925
MSD DD 0.02 0.00 413 <0.001
MEpib DD -0.12 0.00 -25.35 <0.001
MEtap DD -0.07 0.00 -16.03 <0.001
MEpib MSD -0.14 0.00 -28.97 <0.001
MEtap MSD -0.08 0.00 -20.21 <0.001
MEtap MEpib 0.06 0.01 11.35 <0.001

Chl MSD DD 11.41 1.22 9.36 <0.001
MEpib DD 19.53 1.62 12.03 <0.001
MEtap DD 28.42 1.33 21.33 <0.001
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MEpib ~ MSD  8.12 160 5.07 <0.001
MEtap ~ MSD 1701 131 1303 <0.001
MEtap  MEpib  8.89 169 5.26 <0.001
LDMC DD WE 006 001 -870  0.001
MSD  WE 004 001 =590  0.001
MEpib  WE 0.02 0.01 263 0.063
MEtap ~ WE 0.01 001 113 0.789
MSD DD 0.02 0.01  3.69 0.002
MEpib DD 0.09 001 1178  0.001
MEtap DD 0.07 0.01 1175  0.001
MEpib ~ MSD  0.07 001 9.01 0.001
MEtap ~ MSD  0.05 0.01 847 0.001
MEtap ~ MEpib  -0.01 001  -1.85 0343
FP, MSD DD 3233 325 9.96 <0.001
MEpib DD 13550 421 3221 <0.001
MEtap DD 8590 351 2446  <0.001
MEpib  MSD 10316 415 2484  <0.001
MEtap ~ MSD 5357 345 1554  <0.001
MEtap ~ MEpib  -49.60 436 -11.37  <0.001
WD DD WE 0.18 0.02 824 <0.001
MSD  WE 0.10 0.02  4.40 <0.001
MEpib ~ WE 0.33 0.03 1249  <0.001
MEtap ~ WE 0.20 0.02 888 <0.001
MSD DD 2009 002 =522 <0.001
MEpib DD 0.15 002  6.62 <0.001
MEtap DD 0.02 002 123 0.727
MEpib ~ MSD 023 0.02 1067  <0.001
MEtap MSD 0.1 0.02 613 <0.001
MEtap ~ MEpib ~ -0.12 002  -540  <0.001
% compound DD WE -0.11 034 -031 0998
MSD  WE 156 034 -456  0.001
MEpib ~ WE 129 039 -333  0.008
MEtap ~ WE 032 035 -091  0.894
MSD DD 145 029 =500  0.001
MEpib DD 118 034 344 0.005
MEtap DD -0.21 030  -070 0956
MEpib ~ MSD 0.6 034 078 0.937
MEtap ~ MSD 1.24 030 411 0.001
MEtap ~ MEpib 097 035 275 0.047
% deciduous DD WE 60.64 754  8.04 <0.001
MSD  WE 5.55 748 0.74 0.950
MEpib ~ WE 1067 845  -126 0710
MEtap ~ WE 1014 773 <131 0.680
MSD DD 5509 643  -857  <0.001
MEpib DD 131 754 2946 <0.001
MEtap DD 7078 672 -10.53  <0.001
MEpib ~ MSD  -1621 748 217  0.190
MEtap ~ MSD  -1569 665 -236 0130
MEtap ~ MEpib  0.52 773 0.07 1.000
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Appendix 6.9: Multiple comparisons using Tukey’s post-hoc test for all community-weighted
mean (CWM) traits that showed an interaction between site and census year (Table 6.5). The two
columns with ‘Site.Year’ show which site in which census is being compared (DD: dry deciduous,
INPA; MSD: moist semi-deciduous, La Chonta; MEtap: moist evergreen, Tapajos; MEpib: moist
evergreen, Pibiri; WE: wet evergreen, Corinto; 1: first census; 2: last census). For each
comparison, the estimate, standard error, Z-value (Z) and P-value (P) are given.

CWM Trait Site.Year Site.Year Est. SE VA P
NP eat DD.1 WE.1 -2.63 0.61 -4.33 0.001
MSD.1 WE.1 -13.03 0.60 -21.74 0.001
MEpib.1 WE.1 13.42 0.72 18.71 0.001
MEtap.1 WE.1 -2.60 0.63 -4.12 0.001
WE.2 WE.1 -0.09 0.16 -0.54 1.000
MSD.1 DD.1 -10.40 0.46 -22.53 0.001
MEpib.1 DD.1 16.05 0.61 26.43 0.001
MEtap.1 DD.1 0.03 0.50 0.06 1.000
DD.2 DD.1 0.40 0.10 4.05 0.001
MEpib.1 MSD.1 26.45 0.60 44,14 0.001
MEtap.1 MSD.1 10.43 0.49 21.19 0.001
MSD.2 MSD.1 -0.08 0.09 -0.84 0.995
MEtap.1 MEPIB.1 -16.02 0.63 -25.40 0.001
MEpib.2 MEpib.1 -0.06 0.16 -0.38 1.000
MEtap.2 MEtap.1 0.14 0.11 1.22 0.943
DD.2 WE.2 -2.15 0.61 -3.53 0.008
MSD.2 WE.2 -13.02 0.60 -21.73 0.001
MEpib.2 WE.2 13.45 0.72 18.74 0.001
MEtap.2 WE.2 -2.37 0.63 -3.76 0.003
MSD.2 DD.2 -10.87 0.46 -23.56 0.001
MEpib.2 DD.2 15.59 0.61 25.68 0.001
MEtap.2 DD.2 -0.23 0.50 -0.46 1.000
MEpib.2 MSD.2 26.47 0.60 44,17 0.001
MEtap.2 MSD.2 10.65 0.49 21.63 0.001
MEtap.2 MEpib.2 -15.82 0.63 -25.08 0.001
LMF,, DD.2 DD.1 0.00 0.00 2.30 0.129
MSD.1 DD.1 0.02 0.00 3.77 0.001
MEpib.1 DD.1 -0.01 0.01 -1.08 0.836
MSD.2 DD.2 0.02 0.00 3.91 0.001
MEpib.2 DD.2 -0.01 0.01 -1.74 0.400
MSD.2 MSD.1 0.00 0.00 3.47 0.004
MEpib.1 MSD.1 -0.02 0.01 -3.91 0.001
MEpib.2 MSD.2 -0.03 0.01 -4.68 <0.001
MEpib.2 MEpib.1 0.00 0.00 -2.26 0.143
DBHmax DD.1 WE.1 -3.30 1.68 -1.97 0.515
MSD.1 WE.1 -0.40 1.66 -0.24 1.000
MEpib.1 WE.1 2.83 1.95 1.45 0.858
MEtap.1 WE.1 -2.88 1.74 -1.66 0.738
WE.2 WE.1 -1.23 0.61 -2.01 0.481
MSD.1 DD.1 2.90 1.34 2.17 0.370
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MEpib.l  DD.1 6.13 1.68 3.65 0.006
MEtap.1  DD.1 0.42 1.43 0.30 1.000
DD.2 DD.1 0.90 0.37 2.42 0.231
MEpib.l  MSD.1 3.23 1.66 1.95 0.531
MEtap.l  MSD.1 -2.48 1.41 -1.76 0.665
MSD.2 MSD.1 0.99 0.35 2.82 0.086
MEtap.l  MEpibl 571 1.74 -3.29 0.021
MEpib.2  MEpib.l  -3.17 0.61 -5.20 0.001
MEtap2  MEtap.l  0.90 0.43 2.08 0.433
DD.2 WE.2 -1.17 1.68 -0.70 0.999
MSD.2 WE.2 1.82 1.66 1.10 0.973
MEpib.2  WE.2 0.88 1.95 0.45 1.000
MEtap2  WE.2 -0.75 1.74 -0.43 1.000
MSD.2 DD.2 2.99 1.34 2.24 0.327
MEpib.2  DD.2 2.06 1.68 1.23 0.945
MEtap2  DD.2 0.42 1.43 0.29 1.000
MEpib.2  MSD.2 -0.94 1.66 -0.56 1.000
MEtap2  MSD.2 -2.57 1.41 -1.83 0.616
MEtap2  MEpib.2  -1.64 1.74 -0.94 0.990
MEpib.2  MEpib.l  -0.38 0.04 -9.19 0.001
MEtap.l  MEpibl  0.32 0.09 3.70 0.004
MEtap2  MEpib2  0.70 0.09 8.07 0.001
MEtap2  MEtap.l  0.00 0.03 -0.07 1.000
CE max MSD.1 DD.1 -0.16 0.08 -1.98 0.298
MEpib.l  DD.1 0.14 0.09 1.51 0.598
DD.2 DD.1 0.04 0.03 1.50 0.606
MEpib.l  MSD.1 0.30 0.09 3.20 0.013
MSD.2 MSD.1 0.09 0.03 3.47 0.005
MEpib.2  MEpibl  -0.38 0.05 -8.08 <0.001
MSD.2 DD.2 -0.11 0.08 -1.34 0.714
MEpib.2  DD.2 -0.28 0.09 -2.94 0.029
MEpib.2  MSD.2 -0.17 0.09 -1.83 0.381
% Fab DD.1 WE.1 33.01 6.46 5.11 0.001
MSD.1 WE.1 2663  6.38 -4.18 0.001
MEpib.l  WE.l -16.87  7.64 221 0.329
MEtap.l  WE.l -1.94 6.72 -0.29 1.000
WE.2 WE.1 -1.41 1.68 -0.84 0.995
MSD.1 DD.1 -50.64  4.90 1217 0.001
MEpib.l  DD.1 49.87  6.46 7,72 0.001
MEtap.1  DD.1 3495  5.33 -6.55 0.001
DD.2 DD.1 3.00 1.03 2.92 0.059
MEpib.l  MSD.1 9.76 6.38 153 0.803
MEtap.l  MSD.1 24.69 5.23 4.72 0.001
MSD.2 MSD.1 0.33 0.97 0.34 1.000
MEtap.I  MEpib.l  14.93 6.72 2.22 0.319
MEpib.2  MEpib.l  1.94 1.68 1.16 0.957
MEtap2  MEtap.l  -4.93 1.18 -4.16 0.001
DD.2 WE.2 37.41 6.46 5.79 0.001
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MSD.2 WE.2 2489  6.38 -3.90 0.002
MEpib2  WE.2 1352 7.64 177 0.642
MEtap.2  WE.2 -5.46 6.72 -0.81 0.996
MSD.2 DD.2 6230  4.90 1271 0.001
MEpib2  DD.2 50.93  6.46 -7.88 0.001
MEtap.2  DD.2 4287  5.33 -8.04 0.001
MEpib2  MSD.2 11.37 6.38 1.78 0.631
MEtap.2  MSD.2 19.43 5.23 3.72 0.004
MEtap.2  MEpib2  8.06 6.72 1.20 0.947

Appendix 6.10: Averages of all community-weighted mean (CWM) trait values for a moist
evergreen forest (Tapajos) in 1983 and 2012, and the P-value of the difference in CWM trait
values between these census years (P). For description of traits, see Table 6.1. LA was In-

transformed.
Trait 1983 2012 P of difference
SLA 134.24 13419  0.928
LA 5.08 5.02 0.010
N,..r 2.23 2.22 0.625
P..r 0.103 0.102 0.247
N:P, 21.59 21.67 0.766
Chl 74.38 74.04 0.193
LDMC 0.404 0.404 0.799
FP, 208.91 21035  0.151
WD 0.731 0.742 0.039
WDMC 0.622 0.625 0.160
DBH,_,, 38.07 39.95 0.001
% Fab 33.96 24.46 0.002
% compound 49.62 39.57 0.004

172



Temporal changes in species and trait composition

3- A B
I
)
> 2-
N—
c
()
(9]
o
—
b=
c
Y
®
o -
-l
0- i i
Fabaceae spp Other spp

Appendix 6.11: Leaf nitrogen concentration for species from the Fabaceae family (Fabaceae

spp) versus species from non-Fabaceae families (Other spp). Average and standard error are
shown. t = 4.25, P < 0.001, N = 274 species, of which 52 from the Fabaceae family. No
interaction with site was found.
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Appendix 6.12: Relationship of temporal change in a) specific leaf area (SLA) and b) wood
density (WD) with temporal change in biomass. Symbols indicate sites; triangles: dry deciduous
(DD; INPA), closed circles: moist semi-deciduous (MSD; I.a Chonta), open circles: moist
evergreen (MEtap; Tapajos), diamonds: moist evergreen (MEpib; Pibiri), and squares: wet
evergreen (WE; Corinto). For both graphs, the effect of change in trait value, site and their
interaction were evaluated. In both cases, only sites were significantly different (for SLA: P =
0.04, F = 3.1, and for WD: P = 0.02, F = 3.7). However, multiple comparisons using Tukey’s
post-hoc test did not show any significant differences among sites.
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Chapter 7

Abstract

Rapidly increasing rates of climate change require society to urgently develop ways
to reduce carbon dioxide concentrations in the atmosphere. Tropical forests
present an important opportunity, as they store and sequester large amounts of
carbon. It is often suggested that high biodiversity forests have high carbon uptake
and stocks. Evidence is, however, scattered across geographic areas, scales and
approaches, and it remains unclear whether biodiversity is just a co-benefit or also a
requirement for the maintenance of carbon stocks and dynamics. Here, we review
relationships between biodiversity attributes and carbon stocks and dynamics in
tropical forests, focusing on empirical, remote sensing, and modelling approaches.
Our results convincingly show that biodiversity is not only a co-benefit, but also a
requirement for short- and long-term enhancement and maintenance of carbon
stocks and uptake. This indicates that biodiversity should be included as an integral
component of climate mitigation policies.

Keywords: carbon dynamics, carbon stocks, empirical studies, functional traits,
modelling, remote sensing
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Introduction

The global increase in emissions of greenhouse gases such as CO, has led to rapid
changes in climate, at unprecedented rates over the last 1300 years (IPCC 2007).
Simultaneously, anthropogenic disturbances have resulted in a loss of species
diversity, with the current rate of extinctions being at least 1000 times higher than
natural extinction rates (De Vos et al. 2015). These changes have raised
international concern and stimulated the emergence of initiatives such as the Kyoto
protocol (to reduce emissions and combat climate change) and the Convention on
Biological Diversity (CBD, for the conservation and sustainable use of
biodiversity). A policy initiative arising from the United Nations Framework
Convention on Climate Change (UNFCCC) Conference of the Parties in 2007 is
the Reduced Emissions from Deforestation and forest Degradation (REDD),
which explicitly focuses on conserving the carbon stored in tropical forests.
Tropical forests are particularly relevant for these initiatives because they are
hotspots of both carbon storage and biodiversity; they host around 47,000 tree
species (Slik et al. 2015), store 25% of global terrestrial carbon in plant biomass
(Bonan 2008) and account for 34% of gross primary productivity (Beer et al. 2010),
which helps mitigate climate change. In the last years, REDD+ has also recognized
the importance of conserving biodiversity as a co-benefit of conserving carbon.
The question remains, however, whether biodiversity also directly contributes to,
and is thus a requirement for, maintaining carbon stocks and carbon dynamics
(hereafter termed CSD, see Table 7.1; Balvanera et al. 2006; Diaz et al. 2009).
Ecological theories predict that a higher diversity of species results in greater
resource use efficiency (Tilman 1999) and therefore higher CSD. Evidence for a
positive relationship between species diversity and CSD has been provided by
small-scale experiments and empirical field studies carried out mainly in temperate
grasslands or other relatively simple ecosystems (Tilman et al. 2001, Balvanera et al.
2006, Paquette and Messier 2011, Fraser et al. 2015). Yet, evidence for highly
diverse and structurally complex tropical forests has only recently become available
and is still fragmented (e.g., Bunker et al. 2005; Poorter et al. 2015). The application
of this evidence is therefore insufficient to inform the design and implementation
of REDD+. Moreover, ‘biodiversity’ is more than species diversity, as it also
comprises variation in ecosystems and other ecosystem properties such as plant
functional traits and vegetation structure (Table 7.1, 7.2). Several reviews have been
carried out to evaluate the role of biodiversity on CSD, but they were dominated by
results from temperate grasslands (e.g., Hooper et al. 2012) or focused on forests in
general (e.g.,, Diaz et al. 2009). Furthermore, these reviews have not explicitly
evaluated how different study approaches — empirical (field or experimental),
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remote sensing, and modelling — contribute and complement each other in the
understanding of this relationship.

Field studies measure directly on the ground and are useful for evaluating
ecological mechanisms underlying the biodiversity-CSD relationship. Remote
sensing studies are able to scale up to cover and monitor large spatial gradients.
Finally, simulation models can be used to disentangle mechanisms underlying the
biodiversity-CSD relationship or to forecast changes in this relationship under
different scenarios of global change. Hence, while either of these approaches can
provide useful insights, only through their combined use may we be able to obtain
a more complete understanding of how biodiversity affects CSD (Bustamante et al.
2015).

Here, we review results from these three complementary research approaches
(empirical, remote sensing, and modelling) to evaluate the biodiversity-carbon
stocks and dynamics (CSD) relationship in tropical forests. We focus on different
attributes of biodiversity (taxonomic diversity, functional trait diversity, trait mean,
and structural attributes; Table 7.2) related to community-level vegetation
properties — representing average as well as variation in vegetation properties. For
the empirical evidence, the large body of information available allows a more
detailed testing of additional hypotheses on the role of scale, forest management
and analytical approach on biodiversity-CSD relationships. Next, we synthesize this
information to evaluate under what conditions biodiversity is important for CSD,
which ecological theories can explain this, and we identify the main knowledge gaps
and potential solutions to fill these gaps. Finally, we provide recommendations on
the policy implications of our findings.

Empirical studies

Relevance

Biodiversity attributes (Table 7.2) can be related with CSD. That is, biodiversity can
be a co-benefit of the REDD+ mechanism, or biodiversity can directly influence
CSD and thus is a requirement. The niche complementarity theory (Tilman 1999)
predicts that diversity in the number and functioning (i.e., trait diversity) of species
should increase resource use efficiency and therefore lead to higher carbon
dynamics, and hence, higher carbon accumulation over time and larger carbon
stocks per area of forest (Chisholm et al. 2013). In addition, the mass-ratio theory
(Grime 1998) predicts that the most dominant species and their characteristics,
rather than the diversity of species, determine ecosystem processes. Apart from
effects of number and type of species, it could be that the structural attributes of
the vegetation or the environmental conditions most strongly determine CSD. To
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evaluate effects of biodiversity attributes and environmental conditions (such as

soil fertility and rainfall) on CSD, long-term sampling plots have been set up in

many tropical forests. These data provide an important basis for testing the

mechanisms underlying the relationships between biodiversity attributes and CSD.

Table 7.1: Glossary

Biodiversity

Biodiversity attributes

Carbon dynamics

Carbon stocks

Community-mean
traits

Functional trait

Insurance theory

Mass-ratio theory

Niche
complementarity
theory

Remote sensing

Resilience

Structural attributes

Taxonomic diversity
Trait diversity

“The variability among living organisms from all sources including terrestrial,
marine, and other aquatic ecosystems and the ecological complexes of which
they are part; this includes diversity within species, among species, and of
ecosystems” (Convention on Biological Diversity).

Taxonomic diversity, trait diversity, community-mean trait values, and/or
structural attributes (see also Table 7.2).

The fluxes in carbon per unit area per unit time. Examples of positive fluxes
(i.e. carbon uptake) are: aboveground biomass increase, tree growth, seedling
recruitment, or litter production. Tree mortality is a negative flux, but was
incorporated in some studies to evaluate the net carbon flux (net uptake). In
this review, carbon dynamics are mostly based on positive fluxes. Carbon
dynamics can be independent from carbon stocks.

The amount of carbon (or biomass) per unit area. This carbon can be based
on aboveground living biomass, (fine) root biomass, or soil organic matter.
Community average trait values, such as specific leaf area, wood density and
leaf nitrogen concentration, often weighted by species’ basal area or
abundance.

Any measurable characteristic of an individual that is expected to have an
effect on one or multiple specific ecosystem processes and is affected by
environmental conditions.

Species respond differently to environmental changes and in this way the
community insures long-term ecosystem functioning under environmental
change (Yachi and Loreau 1999).

The most dominant species and their traits mostly determine ecosystem
processes (Grime 1998). That is, the community-weighted mean (e.g., of trait
values) more strongly determines ecosystem processes than diversity (in
species or trait values) in the community.

Species are complementary in their resource acquisition and use. Therefore,
high diversity (of species or traits) results in efficient acquisition and use at
the community level, and thus in high carbon stocks and dynamics (Tilman
1999).

Information on biodiversity and CSD obtained from a distance, e.g. by using
aircrafts or satellites.

The capacity of an ecosystem to return to the pre-condition state following a
perturbation, including maintaining its essential characteristics taxonomic
composition, structures, ecosystem functions, and process rates (Holling
1973).

Community-average or community-total values of structural components of
the community, such as plot basal area and average stem diameter.

Variation in species (e.g., the number or diversity) within a community.
Variation in trait values within a community. This can be based both on
multivariate trait diversity as well as on the variation in single traits (Table
7.2).
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Evidence

We summarized 38 empirical studies that describe 165 relationships between one
or more of the four biodiversity attributes and CSD in tropical forests (Table 7.2,
and Appendix 7.1 for details on study selection and analyses and Appendices 7.2
and 7.3 for details about the studies). We evaluated whether biodiversity effects on
CSD were positive, negative, both positive and negative (which can happen when
multiple measures of the same biodiversity attribute are tested) or not significant.
For trait mean effects, we did not distinguish between positive and negative,
because the relevance of the direction depends on the trait considered.

Carbon stocks were significantly and positively related to taxonomic diversity
(in 42% of the relationships), supporting the niche complementarity theory (Fig.
7.1). The diversity of trait values had a positive effect (17%) or both positive and
negative effects (33%) on carbon stocks. Trait diversity is a complex measure that
is constructed using a variety of traits of which only a subset may be important for
CSD. Carbon stocks were also significantly related to community-mean trait values
(in 100% of the relationships; Fig. 7.1), providing support for the mass-ratio theory.
Structural attributes, generally indicating forest density (Table 7.2), were positively
related to carbon stocks in 78% of the relationships. Forest density was positively
related to carbon stocks because denser forests have more stems, and since most
carbon is held in stems, this directly increases carbon stocks.

In comparison with carbon stocks, carbon dynamics were more often
significantly and positively related to taxonomic diversity (53% for dynamics vs.
42% for stocks), but less often significantly related to community-mean traits (47%
for dynamics vs. 100% for stocks). These results suggest that carbon stocks are
more frequently related to the average traits of the community, whereas carbon
dynamics are lightly more frequently related to the species diversity. Structural
attributes were positively related to carbon dynamics in 44% of the relationships
and negatively in 33% of the relationships, in contrast to the always-positive effect
of structural attributes on carbon stocks. On the one hand, a large quantity of leafy
vegetation could lead to high productivity because many leaves are available to
assimilate carbon. On the other hand, large plants and dense vegetation that
compete for resources and space can reduce stand-level carbon dynamics because
less light, water and nutrients are available for growth of other individuals.
Environmental variables were often reported to have a significant effect on both
carbon stocks (82% of the relationships) and dynamics (79%), indicating that
environmental conditions may be at least as important as biodiversity attributes in
explaining CSD.

Effects of biodiversity on CSD depend on various factors related to scale, site
properties, and the analytical approach used. We therefore evaluated how the
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biodiversity-CSD relationship differs with spatial scale, management intensity, and
the analytical framework.

Biodiversity-CSD relationship at different spatial scales — Ecological processes
operate at different spatial scales (McGill 2010). At small spatial scales (e.g., within
one plot or study site), species-specific interactions are important, whereas at larger
spatial scales with strong variation in environmental conditions environmental
tiltering may be more important (Laliberté et al. 2009). Therefore, the importance
of biodiversity attributes and environmental conditions for CSD may vary with
spatial scale. We found that for both carbon stocks and dynamics the effects of
taxonomic diversity, vegetation structure and environmental conditions were more
often important at large scales (i.e., all scales larger than local site-studies) than at
local scales (Appendix 7.4). In contrast, trait diversity effects were more often
important for stocks and dynamics at local than at large scales. Furthermore, trait
mean effects on carbon dynamics were more often important at large than local
scales, and trait mean effects on carbon stocks were not sensitive to scale.

Biodiversity-CSD  relationship at different management intensities — We
hypothesized that biodiversity effects on CSD may be more important in disturbed
forests and plantations than in mature forests, because overall diversity is lower and
less functional redundancy may occur than in mature forests without recent
anthropogenic disturbance (see also Hooper et al. 2005). We found, however, that
biodiversity was more often significantly related to CSD in mature forests than in
plantations and disturbed forests, especially for carbon dynamics (Appendix 7.4).
Possibly, the strong light differences among plots in disturbed forests and
plantations may be so important for CSD that it overwhelms the effect of
taxonomic diversity, or the lower diversity and structural complexity lead to less
complementarity. Strong diversity effects on CSD have been widely documented by
theoretical, experimental, and observational studies mainly in temperate grasslands
(Tilman et al. 2014). Here we show that this relationship also applies to tropical
plantations and to more diverse and complex managed and mature tropical forests.

Biodiversity-CSD relationship evaluated by different analytical approaches —
The studies included in this review used a range of analytical approaches that are
likely to affect the observed biodiversity-CSD relationship. For example,
independent effects of biodiversity on CSD can only be evaluated when controlling
for possible confounding factors, such as variation in environmental conditions. In
the studies reviewed here, especially for carbon dynamics, biodiversity attributes
more frequently significantly affected CSD when analysed separately, compared to
when analysed together with environmental variables (e.g., in a multiple regression;
Appendix 7.4). This suggests that some of the biodiversity-CSD relationships are
explained by environmental variables that drive both biodiversity and CSD. In
other words, some of the biodiversity-CSD relationships are associations rather
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than causal relationships, although a large part of the relationships still shows
independent effects of biodiversity attributes on CSD (on average 83% for stocks
and 41% for dynamics). Hence, for a full understanding of underlying drivers and
independent biodiversity effects on CSD, a more complete and mechanistic
tramework should be used that includes multiple biodiversity and environmental
drivers and their mutual relationships.

Outlook

Strong evidence for an independent effect of biodiversity on CSD in tropical
forests is emerging, but yet remains in its infancy, especially compared to well-
studied temperate (experimental) grassland systems (e.g., Tilman et al. 2001, van
Ruijven and Berendse 2005). To obtain a better understanding of biodiversity
effects on CSD in tropical forests in the face of global change, long-term data
should be collected covering a range of spatial scales, environmental conditions and
land-use intensities. To separate effects of biodiversity attributes and environmental

conditions on CSD, more comprehensive and mechanistic analytical frameworks
should be used.
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Figure 7.1: Percentage significant relationships (in the 38 reviewed studies) of biodiversity
attributes on (a) carbon stocks and (b) carbon dynamics (see Glossary for definition and
Appendix 7.1 for more information). The bars represent the four biodiversity attributes
(taxonomic diversity, trait diversity, community trait mean, and forest structural attributes) and
environment, and the colours show the % relationships reporting a positive effect (black),
negative effect (white), or both positive and negative (dark grey) effects. For community trait
mean and environment, significant effects were not separated into positive and negative (because
these are only meaningful when elaborating on the meaning of the variable used), and therefore
only the total percentage of significant relations are shown (light grey). The numbers in the bars
represent the total number of relationships evaluated.
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Remote sensing studies

Relevance

Remote sensing provides spatial information that can extend our view of
biodiversity attributes and CSD in tropical forests to spatial and temporal scales
that are intractable on the ground. Therefore, remote sensing can provide the
means to test the scale-dependence of the biodiversity-CSD relationship and
identify synergies between them. Several recent studies have reviewed the potential
and limitations of remote sensing based methods for measuring and monitoring
carbon (De Sy et al. 2012) and biodiversity (Duro et al. 2007, Kuenzer et al. 2014)
of tropical forests. For forest carbon, wall-to-wall pan-tropical benchmark maps
based on different techniques and resolutions have been developed (Saatchi et al.
2011, Baccini et al. 2012, Avitabile et al. 2015). However, remote sensing based
maps of biodiversity are still rare (Asner 2015), and as a result the number of
studies evaluating biodiversity-CSD relationships is limited and mainly focused at
local scales.

Evidence

We identified 10 studies that used remote sensing techniques to evaluate
biodiversity-CSD relationships (Appendix 7.5a, c), and conducted a qualitative
assessment (see full description in Appendix 7.5b). Nine of the ten studies show a
positive relationship between biodiversity and carbon stocks (no studies evaluated
carbon dynamics), for different biodiversity indicators: plant species diversity (7
studies), fauna species diversity (2) and trait diversity (1).

The strength of the biodiversity-CSD relationship varies considerably among
studies (r = -0.01 — 0.83) but seems to be scale-independent. For example, both the
strongest and the weakest correlations were found at the local scale (Appendix
7.5a). At least three possible reasons may explain why the correlation between
biodiversity and carbon varies in strength. First, differences in environmental
conditions may determine the correlation strength. Fig. 7.2 shows an example of
spatial variation in correlation strength, which is significantly and positively related
to rainfall seasonality and predicted species richness (Appendix 7.7), indicating that
the positive effect of species richness on carbon stocks increases towards drier and
more diverse forests. Second, the strength may depend on the method used to
derive biodiversity and carbon variables. When biodiversity attributes and carbon
stocks are derived using the same method (e.g., LiDAR), then they are not
independent and may show a stronger correlation compared to when the variables
are obtained from independent sources. Third, the strength may depend on the
prediction accuracy of remote sensing indicators for biodiversity and CSD. In
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remote sensing, a range of methods is used to estimate carbon stocks by relating
remote sensing indicators to field observations (Appendix 7.5b), but yet no
agreement has been reached on which remote sensing methods should be adopted
for tracking biodiversity (Skidmore et al. 2015). Although the small number of
studies does not allow formal testing of the biodiversity-CSD relationship and the
approach used in remote sensing studies (i.e., correlations) cannot differentiate
whether biodiversity is a co-benefit or a requirement for CSD, the studies
convincingly show that hotspots for carbon storage are also hotspots for
biodiversity. Therefore, simultaneous and optimal conservation of biodiversity and
carbon can be achieved by focusing on such areas.
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Figure 7.2: Spatial correlation between remote sensing-derived tree species richness and
aboveground biomass for tropical forest in different biogeographic zones in lowland Bolivia (see
Appendix 7.7 for a description of methods). The correlation strength increased with rainfall
seasonality (i.e., the coefficient of variation of monthly rainfall; P < 0.001, t = 4.3, N = 53) and
with predicted species richness (P < 0.001, t = 5.4, N = 53). In both regression analyses, we
included the size of the area as a variable to correct for possible effect of differences in pixel
number on which the correlation coefficient was based. Rainfall seasonality and predicted species
richness were not significantly correlated (r = 0.20, P = 0.12, t = 1.55). Data were obtained from
Kooistra et al. (2015), based on which the map was prepared by L. Dutrieux.
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Outlook

Over the past decade, data quality (i.e., temporal and spectral resolution using very-
high resolution remote sensing datasets from space borne or (unmanned) airborne
sensors), data availability, and the ability to link remote sensing derived variables
with field observations have improved considerably (see Appendix 7.6 for more
details). This will allow further testing of biodiversity-CSD relationships. Future
developments are likely to link field observations to these high quality images and
to upscale point observations to continuous maps of biodiversity attributes (Feret
and Asner 2014) or of specific plant traits (Asner et al. 2015). These in turn could
be linked to carbon stocks and to carbon dynamics.

Modelling studies

Relevance

Numerical ecosystem models are complementary to empirical and remote sensing
approaches in their ability to test hypotheses related to biodiversity and ecosystem
function in an experimental way and to develop scenarios. Models that quantify the
influence of biodiversity on CSD in tropical forests are only starting to emerge, but
they may nevertheless provide valuable information on the current and potential
role of biodiversity for CSD.

Evidence

We found two models that have been used to study biodiversity-CSD relationships
(see Appendix 7.8). The first is a dynamic plant functional trait model that was
applied to Australian forests (Pichancourt et al. 2014). This study found that, with
modest climate change, plant trait diversity increased carbon sequestration in
lowland forests, but this effect decreases with strong climate change (under SRES
A1FI scenario). In a second modelling study, species diversity weakly increased
forest productivity in northern India (simulated by the remote-sensing based
Carnegie-Ames-Stanford Approach (CASA) model) under current climate
conditions (Chitale et al. 2012).

Another potentially useful ecosystem modelling approach consists of dynamic
global vegetation models (DGVMs). Initially, DGVMs had a very simplified
representation of biodiversity, using several plant functional types (PFTs) (e.g.,
Sitch et al. 2008), which could not be used to evaluate the biodiversity-CSD
relationship. Improvements to more realistically model biodiversity using DGVMs
were done by including variation of a selected number of plant traits (J]SBACH by
Verheijen et al. 2013), as implemented using adaptive functional traits (aDGVM2
by Scheiter et al. 2013), multiple trait ranges (JeD1i by Pavlick et al. 2012, and TFS
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by Fyllas et al. 2014), and the leaf and stem economics spectrum (LPJmL-FIT by
Sakschewski et al. 2015) (see Appendix 7.9 for more details on the models). These
new trait-based DGVMs with partly adaptive features of functional biodiversity
represent promising approaches to test the biodiversity-CSD relationship at the
landscape to regional scale. Research of the next few years will show whether these
next-generation DGVMs will live up to the expectations.

Outlook

Only two numerical modelling studies have looked into the biodiversity-CSD
relationship. To improve our understanding of this relationship and underlying
mechanisms that play a role under changing climate conditions and at large spatio-
temporal scales, many existing modelling approaches should be (further)
developed. Trait-based modelling approaches represent a suitable tool to explore
how biodiversity influences CSD, especially under climate change conditions
because changes in the relationship between individual traits and CSD as well as
forest composition can be quantified. Incorporating more elements or processes
would further improve model predictions, such as adaptive responses in trait values
(within individuals and over generations) and a better representation of
belowground processes.

Given the diverse nature of modelling approaches used, it is yet too eatly to
draw a consistent model-based conclusion on the biodiversity-CSD relationship.
Nevertheless, the few modelling attempts available so far show that biodiversity has
a positive effect on long-term CSD in tropical forests.

Synthesis

How important is biodiversity for CSD? We assessed the biodiversity-CSD
relationship using three complementary approaches, and found a significant
positive relationship between biodiversity and carbon stocks or dynamics in 75% of
the empirical studies and 90% of the remote sensing studies. Modellers have only
recently started to include biodiversity in a more realistic way in their ecosystem
models, and found that biodiversity has a weak positive effect on long-term CSD.
These results extend the findings from experimental studies and temperate systems
that biodiversity matters for ecosystem functioning, even in highly diverse tropical forests.

What biodiversity attributes matter for CSD and under what conditions?
Empirical studies indicate that not only species diversity, but a suite of biodiversity
attributes (taxonomic and trait diversity, community-mean trait values, and
structural attributes, Table 7.2) is important for CSD. They also indicate that the
biodiversity-CSD relationship is stronger at larger spatial scales, possibly because of
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stronger variation in species diversity and other biodiversity attributes across these
larger environmental gradients. In contrast, remote sensing studies found that the
strength of the biodiversity-CSD relationship did not vary with scale, perhaps
because of the indirect way in which they assess both carbon and biodiversity.
Empirical studies also found that the biodiversity-CSD relationship was strongest
in mature forests, possibly because of higher diversity and structural complexity
leading to more complementarity. In sum, #he biodiversity-CSD relationship tends to be
weaker in disturbed forest and at local scales, and stronger in old-growth forest and across larger
spatial scales.

Which ecological theories explain biodiversity effects on CSD? We
evaluated several ecological theories on how biodiversity can affect CSD (Table
7.2), and found that not only the quantity (i.e., structural attributes) but also the
quality (i.e., taxonomic diversity, trait diversity, or community-mean traits) of the
vegetation is important for CSD. The traits of the dominant species (reflecting the
mass-ratio theory) were most important for carbon stocks, whereas taxonomic
diversity (reflecting the niche complementarity theory) was most important for
carbon dynamics. We also expect that over the long term, biodiversity enhances
ecosystem resilience in the face of environmental change (the insurance theory),
which assures long-term stability of CSD (e.g., Loreau et al. 2003, Isbell et al. 2015).
Only with sufficient variation of species and ecological strategies in the plant
community, the community has the potential to adapt to environmental change, in
which the currently marginal species become the dominant species in the future
and maintain ecosystem functioning (Yachi and Loreau 1999). Hence, strong
evidence suggests that #hree mechanistic reasons (niche complementarity, mass-ratio, and the
insurance effect) explain why biodiversity matters for CSD.

How can different research approaches inform wus about the
biodiversity-CSD relationship? Empirical studies and controlled experiments in
the field can provide insight into underlying mechanisms of the biodiversity-CSD
relationship, identify what aspect of biodiversity matters most, and provide
evidence whether this relationship is strong enough to have a significant effect on
the functioning of natural systems. Empirical studies have the disadvantage that
site-specific factors may modify this relationship and that they cover small areas.
Remote sensing allows to assess the biodiversity-CSD relationship at continuous
and larger spatial scales that are relevant to policy development. Remote sensing
can also monitor changes in CSD and biodiversity over time, which is important
for the measurement, verification and reporting of REDD+. Remote sensing has
the disadvantage that it remains an indirect proxy for what is happening on the
ground, and needs to deal with co-varying site conditions. Modelling studies can
take an experimental approach to test the independent effects of biodiversity for
CSD and allow sensitivity analyses of complex ecological systems. They also allow
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assessments of the biodiversity-CSD relationship at large temporal scales, which are
needed to inform us about how forest systems may respond to climate change, and
to develop scenario analyses on the impact of policy interventions. Modelling
studies have the disadvantage that they are a simplification of the real world and
their representation of multiple interacting processes is difficult to validate. In sum,
faeld studies, remote sensing, and modelling are three complementary research approaches that differ
in ecological realism, spatial and temporal scale, and that can provide complementary information
on the biodiversity-CSD relationship and its (policy) implications.

Policy implications

The findings in this review indicate that biodiversity is a requirement for the long-
term conservation of carbon stocks and for enhancing the uptake of carbon from
the atmosphere. These findings have implications for policies related to biodiversity
and carbon conservation in tropical forests. We consider three broad policy issues
that are particularly relevant.

Diverse, carbon rich and productive mature forests should be given priority under the
REDD+ framework when threatened by degradation or land-use change. Data on carbon
stocks and biodiversity attributes can be used to identify strategic targets across
space, allowing alignment of global and national strategies aimed at maximizing
biodiversity and carbon conservation (Phelps et al. 2012a). At the national scale, it
would allow to prioritise protection of forests rich in carbon and biodiversity in
their Nationally Appropriate Mitigation Actions (NAMAs, http://unfccc.int/focus
/mitigation/items/7172.php). At the local scale, a range of context-dependent
interventions including community involvement, strengthening ownership, and the
development of pro-conservation local governance would be needed to enhance
the cost-effectiveness and long-term impact of biodiversity and carbon
conservation initiatives (Gardner et al. 2012).

Besides existing and mature forests, efforts to increased forest cover (through
natural regeneration, restoration, afforestation, and land use systems that enhance
tree cover) under REDD+, the New York challenge, and other national and local initiatives
should recognize and incorporate biodiversity as a requirement to obtain carbon-rich and resilient
systems. Carbon stocks and uptake could be maximized through the selection of a
large variety of species with specific desirable traits at a range of spatial scales. Care
should be given to the fact that biodiversity attributes that increase carbon uptake
are not necessarily the same as the ones increasing carbon stocks, as these are the
result of different processes.

A suite of complementary approaches can best address the needs for data generation for
umproving carbon and biodiversity conservation in the context of performance-based incentive
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regimes (such as REDD+). Remote sensing could not only identify target areas with
the highest carbon stocks and dynamics, but also inform on different attributes of
biodiversity (Skidmore et al. 2015) to be targeted by Monitoring Reporting and
Verification initiatives. Refined models at multiple scales could assess the impacts
of alternative policies, management interventions, and future climate change
scenarios (Ay et al. 2014). The long-term scientific monitoring of the dynamics of
old-growth and disturbed forests will be necessary to enhance the realism of
models and targeting exercises, and will provide relevant information on carbon
and biodiversity change (Gardner et al. 2012). Additionally, community monitoring
of forest carbon and biodiversity could generate adequate data and increase
ownership and negotiation power in carbon markets (e.g., Butt et al. 2015).

Consideration of these policy issues is necessary to realise the full potential of
tropical forests to mitigate climate change through optimizing biodiversity.
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Appendices

Appendix 7.1: Details on empirical studies selection

Selection of studies:

We selected studies that explicitly look at the relation between biodiversity and carbon stocks and
dynamics (CSD) in tropical forests. That is, studies should evaluate the effects of at least one of
the biodiversity attributes (taxonomic diversity, trait diversity, community-mean trait, and
vegetation structure) on at least one variable of biomass (or carbon) stocks and dynamics (or vice
versa). We sought these studies on Web of Science and Scopus, using different combinations of
the following keywords: ‘biodiversity’, ‘diversity’, ‘species richness’, ‘species diversity’, ‘tropical
forests’, ‘carbon’, ‘carbon stocks’, ‘carbon dynamics’, ‘biomass’, ‘biomass stocks’, ‘biomass
dynamics’, ‘productivity’, ‘community-weighted mean trait’, ‘functional trait’, ‘functional
diversity’, ‘forest structure’. We also found studies through scanning references of already found
studies. All studies were found before November 13, 2015. Additionally, some still unpublished
studies were included that were produced as part of the ROBIN-project
(http:/ /robinproject.info/).

Evaluation of studies:

In total, we gathered 38 studies, which used different components indicating carbon stocks (e.g.,
biomass, soil organic matter) or dynamics (e.g., litter or biomass productivity, mortality; see
Appendix 7.2 and 7.3). For each study and each CSD component (70 in total), we evaluated the
effect of four biodiversity attributes: taxonomic diversity, trait diversity, trait mean, and
vegetation structure (Table 7.2). We also considered the effect of environment if reported in the
study. As our unit of replication, we used each reported relationship between a biodiversity
attribute group or environmental attribute and CSD. Hence, if a study tested the effect of one
biodiversity attribute on one component of CSD, then this study yielded one relationship, but if
the study tested for multiple (2, 3 or 4) biodiversity attributes and/or multiple CSD components,
then this study yielded multiple relationships. In total, we included 165 relationships (between 1
and 15 relationships per study) (Appendix 7.4). To increase the number of relationships assessed
per group and better understand the role of biodiversity attributes in carbon stocks and the
dynamics of carbon, we grouped CSD components into ‘carbon stocks’ (including above- and
belowground carbon or biomass stocks, and soil organic matter or soil carbon) and ‘carbon
dynamics’ (including (litter) productivity, biomass or carbon (net) growth, and biomass or carbon
loss through tree mortality; see Appendix 7.2 for the original CSD components reported in the
studies and the grouping into ‘stocks’ and ‘dynamics’).

For all these 165 relationships (64 for stocks and 101 for dynamics), we evaluated whether
the effect was positive (+), negative (-), both negative and positive (+/-, which can happen when
multiple variables within the same biodiversity attribute group show contrasting results), or not
significant (0). In many cases, studies used multiple variables within the same biodiversity
attribute group to predict CSD (for example, taxonomic richness and Shannon diversity). In
these cases, we summarized the multiple variables within one biodiversity attribute group as one
relationship in the following way: in case both positive and not significant effects were found,
then we gave the relation a +. Similarly, in case both negative and not significant effects were
found, then the relation was given a -. Finally, when it showed both positive and negative (and
non-significant) relationships, it was given a +/-. We neglected the non-significant effects in
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these cases because the absolute amount of variables in each biodiversity attribute group may not
be representative, as authors will pre-select some variables and/or not report variables that do
not show a significant effect. The relationship between a biodiversity attribute group and a CSD
component was attributed a O when all tested effects were not significant.

Geographical range, forest type and spatial scale of the studies used:

Studies incorporated in the review were carried out mainly in the Neotropics (68%), but also in
Africa (8%), Asia (5%) and across multiple continents (18%). We included mature forests (45%)
as well as disturbed forests (29%) and plantations (26%), and at local scales (63%) and large (i.e.,
anything larger than local site-studies) scales (37%) (see Appendix 7.2). From all studies, 18%
received partial financial support by the ROBIN project.
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Appendix 7.3: References of all empitical studies used in the literature review to evaluate the
effect of biodiversity attributes (taxonomic diversity, trait diversity, community-mean trait, and
structural attributes) on carbon stocks and dynamics. See Appendix 7.2 for more details about the
studies.
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Appendix 7.4: Percentage of relationships showing a significant effect of four biodiversity
attribute groups (taxonomic diversity, trait diversity, community trait mean and structural
attributes) and environment on carbon stocks (all left panels) and carbon dynamics (all right
panels) in empirical studies. Each pair of graphs shows a different grouping of studies: (a and b) by
scale, comparing local vs. large spatial scale; (c and d) by management intensity, comparing
plantation forests, disturbed forests and mature forests; and (e and f) by analytical framework
used in the studies: all biodiversity attributes individually (‘Separate biodiversity effects’), for
multiple biodiversity attributes simultaneously (‘Simultaneous biodiversity effects’), and for
multiple biodiversity attributes and environmental variables simultaneously (‘Simultaneous
biodiversity & environmental effects’). The numbers in the bars indicate the number of
relationships that was evaluated.
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Chapter 7

b) Details on methods and results of reviewed studies, ordered from global to local scale.

On a global level, Strassburg et al. (2010) used the best available global data sets on terrestrial
biodiversity and carbon storage to map and investigate potential synergies between biodiversity
and carbon across 124 regions. These regions had unique carbon stock values based on the IPCC
Tier-1 method for estimating vegetation carbon stocks using the globally consistent default values
provided for aboveground biomass. Belowground biomass (root) carbon stocks were added using
the IPCC root to shoot ratios for each vegetation type (Ruesch and Gibbs 2008). A strong
positive correlation (rg = 0.82) between carbon stocks and species richness suggests that such
synergies would be high, but resulting spatial maps also show an uneven distribution in
correlation strength.

Pelletier et al. (2012) used remote sensing to distinguish for a forest reserve in Panama four
forest classes differing in forest-use intensity and time-since-intervention (i.e., since
deforestation). Their results show that 61.4% of the variation in aboveground standing carbon
stocks and woody carbon is predicted by an explanatory matrix including land use, dominant
species identity, plot species richness and space (R* adjusted = 0.42). Species richness showed a
positive relation with standing carbon and was the explanatory variable most closely related to it.

Broadbent et al. (2008) linked field observations on the spatial distribution of biomass and
tree species diversity to high-resolution Quickbird satellite imagery for a Bolivian lowland moist
forest. They show that trees with crowns visible to nadir (i.e. observing straight down from
sensor) remote sensing instruments compromise 86% of all tree species > 20 cm stem diameter
as a structural forest trait. Hence, canopy biodiversity can be estimated well using remote sensing
observations.

Gallardo-Cruz et al. (2012) examined in a dry forest in Mexico whether the structure and
diversity of forest ecosystems can be estimated using the texture (the spatial variation of the
image elements) of very high-resolution satellite imagery (pixel size = 2.6 m). Basal area (R*> =
0.93), vegetation height and cover (0.89), species richness (0.87), and stand age (0.85) were the
best-described attributes by a two-variable regression model. Such image-texture analysis can
reliably estimate basal area and fallow-age, thus allowing for the assessment of carbon
sequestration and biodiversity loss rates.

Hernandez-Stefanoni et al. (2014) used LiIDAR to assess simultaneously species diversity
and biomass for the Yucatan Peninsula in Mexico. They found that species richness was mainly
explained by habitat heterogeneity (27%—42%; standard deviation values of LiIDAR metrics in the
plots), whereas biomass was mainly explained by vegetation structure (16-20%; mean values of
LiDAR metrics in the plots), and thereafter by habitat heterogeneity (5-12%). Additionally, the
study shows that plot size and plot spatial arrangement strongly influence the accuracy for the
estimates of AGB and species richness obtained from LiDAR.

In a recent study, Asner et al. (2015) adopted airborne laser-guided imaging spectroscopy
to develop maps of 16 forest canopy traits and in this way provided spatial distributions of plant
functional traits within and across landscapes. Expanding this type of spectroscopic mapping of
tropical forest landscapes can reveal the inter-connections between biological diversity,
biogeochemical processes and carbon stocks and dynamics for tropical forest ecosystems.

Finally, as part of the ROBIN project (Role Of Biodiversity In climate change mitigatioN),
three examples of remote sensing based assessment of the relationship between tree diversity and
carbon stocks have been elaborated (Kooistra et al. 2015). First, at the continental level including
tropical forest in Central and South America, Herold et al. (2015) found a weak positive relation
(RzadiZO.ll) between species richness and carbon stocks. Second, across ecoregions in Mexico, a
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positive relation between the biodiversity indicator Ecosystem Integrity (EI) and aboveground
biomass (AGB) was found across ecoregions in Mexico (Challenger and Soberén, 2008). In this
context, ecosystem integrity is constructed as a composite indicator composed of separate
components related to structural diversity, functional diversity, taxonomic diversity and landscape
level characteristics (Kolb et al. 2013). Third, for a case in Bolivian forest (Kooistra et al. 2015), a
positive relation was observed between species richness (Dutrieux et al. in review) and
aboveground biomass (Avitabile et al. 2015) both independently derived from remote sensing
based data sources. For this study, a large part of the variation can be explained by the dry-wet
gradient observed in the country (Fig. 7.2).

c) Complete references of studies reviewed

Asner GP, Anderson CB, Martin RE, et al. 2015. Landscape biogeochemistry reflected in shifting
distributions of chemical traits in the Amazon forest canopy. Nat Geosci 8: 567-73.

Broadbent EN, Asner GP, Pefia-Claros M, et al. 2008. Spatial partitioning of biomass and
diversity in a lowland Bolivian forest: Linking field and remote sensing measurements. For
Ecol Manage 255: 2602—16.

Gallardo-Cruz JA, Meave JA, Gonzalez EJ, et al. 2012. Predicting tropical dry forest successional
attributes from space: is the key hidden in image texture? PLoS One 7: €30506.

Hernandez-Stefanoni JL, Dupuy JM, Johnson KD, et al. 2014. Improving species diversity and
biomass estimates of tropical dry forests using airborne LiIDAR. Remote Sens 6: 4741-63.

Herold M, Garcia-Esteban M, Lau Sarmiento A, et al. 2015. Effects of land use changes on
ecosystem processes, carbon storage and climate change mitigation. Report ROBIN project
D123.

Kooistra L, Dutrieux L, Equihua J, et al. 2015. Current contributions of biodiversity and
ecosystems to climate change mitigation - an analysis using remote sensing datasets. Report
ROBIN project D113.

Murray JP, Grenyer R, Wunder S, et al. 2015. Spatial patterns of carbon, biodiversity,
deforestation threat, and REDD+ projects in Indonesia. Conservation Biology 29: 1434—1445.

Pelletier ], Codjia C, and Potvin C. 2012. Traditional shifting agriculture: tracking forest carbon
stock and biodiversity through time in western Panama. Glob Chang Biol 18: 3581-95.

Strassburg BBN, Kelly A, Balmford A, et al. 2010. Global congruence of carbon storage and
biodiversity in terrestrial ecosystems. Conserv Lett 3: 98—105.
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Appendix 7.6: Explanation of relevant changes in remote sensing during the last decade

The field of remote sensing has strongly changed over the last decade. First, the availability of
remote sensing based data sources has increased substantially. This increase includes both image
sources derived from satellite-based platforms (Kuenzer et al. 2014) manned airborne planes
(Asner and Martin 2009) and Unmanned Aerial Vehicles (UAV) or drones (Getzin et al. 2014),
which are increasingly used to map and monitor tropical forests states and processes at a detailed
local scale (Asner et al. 2015).

Second, the increased temporal resolution of remote sensing observations has opened a
whole new field of research in earth system monitoring (Wulder et al. 2012). For example, in
2008 Landsat provided a 40 year archive of 30 m resolution images. This development has led to
a surge in high temporal resolution change detection methods, several of them specifically
designed for monitoring forest cover (Hansen et al. 2013), biomass and diversity (DeVries et al.
2015).

Third, the improved spectral resolution, either through more spectral bands or narrower
spectral bands, requires the development of alternative analysis methods like advanced
multivariate statistical techniques or machine learning techniques, from which relations between a
large number of spectral variables and ecological target variables can be explored (Dutrieux e7 /.
in review). The next step is for these quantitative relations to be established and then adopted for
scaling from point observations to a continuous map of specific plant traits (Asner and Martin
2009, Asner et al. 2015) and related diversity (Feret and Asner 2014).

Finally, the increasing availability of very-high resolution remote sensing datasets from
space borne or sensors on (un)manned aerial platforms will allow an increased understanding
between ground-based observation and the structural properties of tropical forest canopies
(Broadbent et al. 2008). In that case the pixel is not the unit of analysis but instead an individual
tree, tree gap or agricultural field is characterized as the object, allowing to take structural
variables into account both spatially and through time.

Appendix 7.7: Description of methods of Fig. 7.2

Data were derived from Kooistra et al. (2015), based on which the figure was prepared by L.
Dutrieux. Remote sensing-derived species richness was obtained from Dutrieux et al. (in review)
and remote sensing derived aboveground biomass from Avitabile et al. (2015). Tree species
richness is determined as the number of tree species from a list of 100 focal species that occur in
a 1-ha permanent plots distributed across the lowlands of Bolivia. The correlation is derived and
displayed for biogeographic zones defined from the map from Olson et al. (2001). Biogeographic
zones with a forested area (defined by a tree cover > 40%) lower than 20% of the total zone area
were excluded from the analysis. Climatic variables (annual rainfall, temperature and rainfall
seasonality) to explain spatial variation in correlation strength were obtained from WorldClim
(Hijmans et al. 2005), and climatic water deficit was obtained from Chave et al. (2014b). In the
description of Fig. 7.2, only the climatic variables that significantly affected the correlation
strength are shown.
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Chapter 7

Appendix 7.9: Detailed information on Global Dynamic Vegetation Models

Given their power to represent physiology and carbon dynamics at regional to global scales and
also under climate change conditions, DGVMs with embedded flexible individual traits provide
an adequate framework to quantify biodiversity-CSD relationships, but need to diversify the
influence of functional and morphological plant traits on carbon dynamics and the water cycle
(e.g., McMahon et al. 2011; Van Bodegom et al. 2012). The LPJmL-FIT model, as an example for
the next-generation variable-trait DGVMs, describes the interaction between the leaf and the
stem economics spectrum for individual trees and CSD, water fluxes and plant competition in
tropical forests. The importance to not only include trait ranges but to consider their trade-offs
has been shown as essential to reproduce observed trait ranges for specific leaf area and wood
density (Sakschewski et al. 2015). DGVMs can contribute to the investigation of potential long-
term changes in the relationship between biodiversity and CSD by conducting experiments at the
regional and continental scale, whereas dynamic plant functional trait models (Pichancourt et al.
2014) could conduct similar tests for specific sites.
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Chapter 8

Introduction — functioning forests across space and time

Tropical forests are major contributors to globally important biogeochemical
cycles, such as removal of CO, from the atmosphere and water recycling (Bonan
2008, Alkama and Cescatti 2016). The magnitude of these processes, however,
varies across space and time. For example, Poorter et al. (2015) have shown that
there is strong spatial variation in aboveground biomass stocks across Neotropical
forests, and Brienen et al. (2015) have shown there is temporal variation in CO,
sequestration capacity of tropical forests and that over time this capacity decreases.
Spatial and temporal variation in these processes may be due to variation in abiotic
conditions (such as climate and soil) and biotic conditions (i.e. properties of the
vegetation: Box 1.1) (Mayle et al. 2004, Malhi et al. 2015). Global change may
therefore strongly alter ecosystem processes by affecting abiotic and biotic
conditions.

Besides changes in abiotic conditions, one of the main drivers of changes in
ecosystem processes is expected to be biodiversity loss (an indicator of biotic
conditions) caused by deforestation, fragmentation, environmental change, and
hunting (Wright 2005, Betts et al. 2008). Field studies on temperate grasslands and
theoretical studies provide important insights into the importance of species
diversity for ecosystem processes and have mainly focused on biomass productivity
(e.g. Loreau et al. 2001, Tilman et al. 2001, van Ruijven and Berendse 2010).
Generally, these studies support the hypothesis that diversity increases ecosystem
processes because of niche complementarity among species.

Tropical forests, however, are more diverse, structurally complex, and are
composed of longer-lived plants, and the effects of their biodiversity on ecosystem
processes may differ from the effects of simpler ecosystems. Recent studies on
tropical forests found positive (Chisholm et al. 2013, Poorter et al. 2015), non-
significant (e.g. Russell et al. 2004) or even negative (e.g. Potvin et al. 2011)
relationships between species diversity and ecosystem processes. Hence, the role of
species diversity on ecosystem processes of tropical forests remains debated. These
contradictory results may be partly explained by the fact that species diversity
measures do not provide information on the functional differences among species.
The idea of niche complementarity implies that the functional traits of the species
that determine the functional diversity of an ecosystem should be more important
for ecosystem processes than species diversity. For this reason, research on
‘biodiversity and ecosystem functioning’ has undergone a shift from species-based
towards using a trait-based approach in order to better understand and underpin
the effects of species and of biodiversity on ecosystem processes.

The role of functional traits on performance at the species level is fairly well

understood (Wright et al. 2004, 2010, Poorter et al. 2008). However, the aspects of
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tropical forests that provide globally important benefits are mainly due to
community-level processes (e.g. biomass productivity of forest stands). We
therefore need to understand how species diversity, trait diversity, and the mean
trait value of the community (i.e. the community-weighted mean (CWM) traits)
determine community-level processes. Henceforth, I will group species and trait
diversity, CWM traits, and other vegetation attributes under the term ‘biotic
conditions’ (see Box 1.1).

A complication in testing effects of biotic conditions on ecosystem processes
of tropical forests is that it is difficult to tease apart the true and individual effect of
biotic conditions from the effects of other co-varying variables. For example,
species richness can be positively related to biomass stocks across Neotropical
forests, but this relationship is at least partly driven by annual rainfall, which
increases both species richness and biomass stocks (Poorter et al. 2015). Various
studies have evaluated the effects of abiotic and biotic conditions separately (Baker
et al. 2009, Finegan et al. 2015), but this does not reveal the independent role of
biotic conditions on ecosystem processes. To avoid this problem, I tested for biotic
effects while correcting for possible confounding abiotic variables, using a
structural equation modelling approach.

The importance of mechanisms undetlying ecosystem processes may in
addition depend on spatial and temporal scale. I therefore assessed how spatial and
temporal scales determine the relationships between abiotic and biotic conditions
and ecosystem processes. As measures for ecosystem processes, I focused on
biomass stocks and biomass dynamics (see Box 1.1). Biomass stock is a state
variable rather than a process, but for simplicity, in this chapter I consider it as part
of ‘ecosystem processes’.

Following from these challenges, the main questions of this thesis (see also
Figs. 1.1 and 1.2) were:

1. What are the independent relationships between abiotic conditions, biotic
conditions, and biomass stocks and dynamics in tropical forests (chapters 2-5
and 7)?

2. How does spatial scale influence these relationships (chapters 2-5, 7 and
additional analyses in this chapter)?

3. How does temporal scale influence these relationships?

a. How do biotic conditions respond to short-term temporal changes in abiotic
conditions (chapter 6)?

b. How do biotic conditions determine the long-term stability of biomass stocks
and dynamics (chapter 7 and this chapter)?
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Chapter 8

In this final chapter (chapter 8), I synthesize the results of this thesis and
other studies in order to answer my research questions. I will also discuss the role
of science and its research priorities for safeguarding the functioning of tropical
forests, and elaborate on the role that policy and society should have in assuring
diverse and functioning tropical forests for the long term.

1. Abiotic and biotic effects on ecosystem processes

In this thesis I refer to biotic conditions as properties of the vegetation, such as
species or trait diversity, CWM trait values, and forest structure. Biotic conditions
could determine ecosystem processes in three main ways. First, diversity in species
and traits would result in greater spatial and temporal complementarity in resource
use among species and in faster process rates or larger stocks (i.e. the niche
complementarity theory, Tilman 1999), and, in the face of an unstable or
changing climate, in more stable processes (i.e. the insurance theory, Yachi and
Loreau 1999). Second, the dominant species and their traits, also called the
community-weighted mean trait values, would determine the processes of the
community (ie. the mass-ratio theory, Grime 1998). Third, the vegetation
structure and quantity (e.g. the stem number or total basal area) determine
ecosystem processes (Lohbeck et al. 2015). In this discussion chapter, I will mainly
focus on the niche complementarity and mass-ratio theories, because these were
evaluated in most of the chapters.

Abiotic conditions such as soil fertility, annual rainfall, and light availability
can determine ecosystem processes directly, and indirectly by steering biotic
conditions (e.g. through environmental filtering, Keddy 1992). In several chapters
(2-5 and 7) I tested these hypotheses and the independent relationships between
abiotic conditions, biotic conditions, and biomass stocks and dynamics. The
vegetation can also affect the abiotic conditions (e.g. Wardle et al. 2004), but I have
not evaluated these effects in this thesis.

The findings from the four test cases

I first evaluated the individual-tree level (chapter 2), then scaled up to the local
community level (chapters 3 and 4) and to communities across the Neotropics
(chapter 5), and finally reviewed the literature (chapter 7). In chapter 2, we'
evaluated how biotic conditions (functional traits) determine the biomass growth of
individual canopy trees in a Bolivian moist semi-deciduous tropical forest. We
found that the single most important driver of growth is the sapwood area of the

“we” is used when referring to research chapters in which co-authors are involved, and “I” for information or
discussion that is new or related to this thesis in general.
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stem. A large sapwood area increases water transport and storage and may
therefore be important for the growth of these large individuals that have long
hydraulic paths and exposed crowns that face high evaporative demands, especially
during dry periods. We found no effects of soil texture and fertility (as biotic
conditions) on canopy tree growth (results not shown in this thesis). Unfortunately,
because of the great extent of their root system (Jones et al. 2011) it is practically
impossible to obtain a good measure for the soil conditions that large trees
experience, which may partly explain why we found no effect of soil conditions. In
addition, the soil in this forest is relatively fertile (Quintero-Vallejo et al. 2015) and
thus nutrient availability may not be the main limiting factor for tree growth (see
also chapter 4). Since all trees studied were emergent, they received equal and high
amounts of light and therefore it is also unlikely that light availability is a factor
limiting biomass growth. Instead, the importance of water transport and storage by
sapwood area suggests that an important determinant of the growth of canopy
trees in this semi-deciduous forest is water availability.

In chapters 3 and 4 we scaled up from individual tree growth to community-
level biomass dynamics and tested for effects of abiotic and biotic conditions. For
this we used data from two forests at the extremes of environmental and floristic
(i.e. species composition) gradients found in the Amazon: Guyana and Bolivia
(Quesada et al. 2010, ter Steege et al. 2013). In both chapters we used structural
equation modelling, which allows for causal hypothesis testing (Shipley 2004, Grace
20006) and enables the separate effects of abiotic and biotic conditions on biomass
stocks and dynamics to be discerned.

For a tropical wet forest in Guyana on very nutrient-poor soils (van Kekem et
al. 1996, Quesada et al. 2011), we tested how abiotic and biotic conditions drive the
productivity and stocks of aboveground biomass, fine root biomass, and soil
organic matter in plots of 0.4 ha (chapter 3). Soil fertility and CWM leaf traits had
strong effects on biomass stocks and productivity, whereas species richness had no
effect on aboveground biomass, soil organic matter or productivity, and even
affected fine root biomass negatively. These results indicate that soil fertility —
especially phosphorus concentration — is strongly limiting in this forest, and
therefore determines biomass stocks and productivity not only directly, but also
indirectly by allowing only a small set of species with the appropriate traits to
become dominant. Hence, due to the exceptionally poor soils in this forest,
environmental filtering (Keddy 1992) is strong, and therefore we found important
effects of the CWM trait values, but not of species richness, on biomass stocks and
productivity.

For a moist semi-deciduous forest on very fertile soils in Bolivia, we evaluated
at the 1-ha scale how abiotic and biotic conditions drive three demographic
processes that underlie net biomass change: biomass growth by trees that recruit
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(referred to as ‘biomass recruitment’), biomass growth by trees that survive
(‘biomass growth’), and biomass loss due to tree mortality (‘biomass mortality’;
chapter 4). Net biomass change was most directly related to globally important
ecosystem functions such as net CO, sequestration, but we may only be able to
understand net biomass change through evaluating its underlying demographic
processes. We found that net biomass change was most strongly determined by
biomass mortality, but that mortality itself was not related to any of the abiotic and
biotic variables. Diversity and CWM trait values predicted biomass recruitment and
biomass growth poorly or not at all. Instead, biomass recruitment decreased with
plot basal area (a measure of forest structure) because of low light availability in
dense stands, and it increased with soil water availability. Biomass growth increased
with plot basal area because more biomass was available to contribute to growth. In
addition, biomass growth increased on sandy soils, possibly because here the roots
could more easily penetrate to greater depths, thereby increasing their access to
water. Hence, for a wet forest on poor soils (chapter 3), biomass stocks and
dynamics are driven by soil fertility and CWM traits, whereas for a moist semi-
deciduous forest on fertile soils (chapter 4), biomass dynamics are driven by soil
water availability and forest structure.

The relationships between abiotic conditions, biotic conditions, and biomass
stocks and dynamics thus seem to be strongly site-dependent. But how would
abiotic and biotic conditions drive biomass stocks and dynamics across multiple
sites with a wide range of environmental conditions? In chapter 5 we evaluated
this question across 26 Neotropical forests, using an approach similar to that
described in chapters 3 and 4. We evaluated demographic processes (biomass
recruitment, growth, and mortality), net biomass change, and biomass stocks. In
contrast to the two site studies, we found very strong effects of biotic conditions —
especially species diversity and CWM trait values — on ecosystem processes; species
richness increased all demographic processes and biomass stocks (except for net
biomass change), CWM trait values significantly determined biomass stocks and all
demographic processes (except for biomass mortality), while plot basal area
increased biomass growth, mortality, and stocks. Species richness may increase
biomass mortality because it leads to inherently more dynamic forests. Effects of
species richness and CWM trait values on ecosystem processes may be strong
because vegetation properties (i.e. biotic conditions) determine vegetation dynamics
most directly and because they also reflect variation in abiotic conditions that leads
to different vegetation types.

Water availability increased biomass growth, recruitment, and stocks, while
soil fertility increased biomass recruitment and net biomass change. It seems
counterintuitive that across large abiotic gradients, abiotic conditions are less
important than biotic conditions. It could be that most of the abiotic effects are
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manifested through their effect on biotic conditions, and thus that abiotic
conditions have stronger indirect effects at the expense of their direct effects (Figs.
5.2 and 5.3).

Net biomass change was most strongly determined by biomass mortality
(chapters 4 and 5). Mortality itself, however, was only explained by few abiotic and
biotic conditions, indicating that the strongest driver of net biomass change is
latgely unpredictable (sce also chapter 4).

Generalizing biotic effects on ecosystem processes

The four chapters discussed so far (2-5) present one tree-level study, two
community-level case studies in contrasting forest types, and one study on 26 sites
across the Neotropics. Other studies have also evaluated the effects of biotic
conditions on biomass stocks and dynamics. However, these studies differ in the
indices used for biotic variables, measures of biomass stocks and dynamics, forest
type, spatial scale, site conditions, and in their analytical approach. All these
differences in variables and approaches limit the possibilities to integrate studies,
and thereby limit our understanding of the role of biotic conditions on biomass
stocks and dynamics. To nevertheless be able to evaluate the relationship between
community-level biotic conditions (i.e. species diversity, trait diversity, CWM traits,
and vegetation quantity) and community-level stocks and dynamics of biomass (or
‘carbon’) in tropical forests, in chapter 7 we reviewed the literature, focusing on
studies that use empirical data, remote sensing data, or modelling data. This review
included 38 empirical studies that evaluated relationships of biotic conditions (or
‘biodiversity attributes’, Box 1.1) on biomass stocks and dynamics. We found that
most (74%) of the studies report significant effects of one or multiple biotic
conditions on biomass stocks and dynamics. For the studies that also took abiotic
conditions into account and that evaluated the independent effect of biotic
conditions on biomass stocks and dynamics, the percentage of studies reporting
significant biotic effects was slightly lower (71%). Hence, even when accounting for
co-varying abiotic conditions, the biotic effects on biomass stocks and dynamics
remained very important. This importance of biotic conditions had also been
reported by the few remote sensing and modelling studies that we found. This
confirms my eatlier findings that hiotic conditions have an important effect on
biomass stocks and dynamics that is independent of effects of abiotic
conditions.
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Mechanisms underlying abiotic and biotic effects on ecosystem processes
The results presented in chapter 7 thus show that in most of the studies, biotic
conditions were important for biomass stocks and dynamics. But can we also
understand which mechanisms underlie this relationship? In chapters 2-5 and 7 we
evaluated the relative importance of niche complementarity, mass ratio, and
vegetation quantity, and found that overall the mass ratio (represented by CWM
trait values) and vegetation quantity were more important than niche
complementarity (represented by species diversity and functional trait diversity) in
explaining biomass stocks and dynamics at local scales (Table 8.1). However, across
Neotropical forests (chapter 5), niche complementarity and mass ratio were most
important. This indicates that at a given moment in time and at a local scale, niche
complementarity through species and trait diversity contributes to biomass stocks
and dynamics to a limited extent only. Possibly, the effect of diversity on ecosystem
processes weakens at the high diversity found in these forests (Balvanera et al.
2005, Reich et al. 2012), or maybe high diversity becomes important only when
evaluating multiple ecosystem processes simultaneously (Hector and Bagchi 2007,
Isbell et al. 2011, but see Lohbeck et al. under review), across longer timescales
(Isbell et al. 2015), or across larger spatial scales (chapter 5, see also ‘2. A matter of
spatial scale?’).

Contrary to the results across Neotropical forests, the major drivers of small-
scale and short-term biomass stocks and dynamics are the average type of species
in the forest (i.e. mass ratio; Finegan et al. 2015) and the quantity of vegetation in
the forest (Lohbeck et al. 2015). The importance of these mechanisms, however,
also depends on the ecosystem process considered. Mass ratio was important for
biomass stocks in 100% of the cases evaluated and was important for biomass
dynamics in 47% of the cases (chapter 7). In contrast, niche complementarity was
important for biomass dynamics in 18-30% of the cases (30% for species diversity
and 18% for trait diversity) and for biomass stocks in 6-24% of the cases (24% for
species and 6% for trait diversity). This indicates that the traits of the dominant
species (i.e. mass ratio) determine the amount of biomass that can be stored
per atea, whereas the species diversity (i.e. niche complementarity) mainly
determines the rates of biomass change.

How do abiotic site conditions affect the relationship between biotic
conditions and biomass stocks and dynamics? We tested the hypothesis that
resource limitation strongly determines the species type and diversity in the forest,
and thus that biotic conditions would be more important for biomass stocks and
dynamics in resource-poor sites than in resource-rich sites. This thesis and other
studies do indeed show that CWM trait values are more important in forests
experiencing strongly limiting resource availability, such as on the nutrient-poor
soils in Guyana (chapter 3) and in dry forests in Brazil (Prado-Junior et al. 2010),
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than they are in forests with greater resource availability, such as those on the fertile
soils in Bolivia (chapter 4). This indicates that strong environmental filtering
determines the type of species that become dominant and hence determines the
CWM trait values, which in turn strongly affect ecosystem processes. It could also
be that in sites with extremely high availability of water and soil nutrients,
competition becomes so strong that only the most competitive species become
abundant and drive ecosystem processes, and thus that mass ratio is also important
at the extremely resource-rich end of the spectrum. Hence, Limiting abiotic
conditions strongly shape the type of species present in the commuanity (i.e.
strong mass-ratio effect).

How do abiotic conditions determine biomass stocks and dynamics? In most
of the chapters in this thesis we demonstrated that abiotic conditions have direct
effects on ecosystem processes. Other studies have also shown strong effects of
abiotic conditions on ecosystem processes (e.g. Malhi et al. 2004, Aragao et al.
2009, Baraloto et al. 2011, Duran et al. 2015). As expected, my findings show that
the relevant abiotic variables are context-dependent: the most limiting resources in
a forest are also those that most strongly determine biomass stocks and dynamics.
For example, what is most important for ecosystem processes on old and leached
soils of the Guyana Shield is nutrient availability (chapter 3), whereas in moist
forests at the southern fringe of the Amazon basin it is soil water availability
(chapter 4), and across large spatial scales both soil fertility and water availability
(through rainfall) are important because these scales include forests where soil
fertility is limiting and forests where water availability limits the biomass stocks and
dynamics (chapter 5, but see Poorter et al. 2015). Thus, abiotic conditions are of
major importance for biomass stocks and dynamics. At local scales abiotic
effects are strongly context-dependent, whereas at latger spatial scales all
abiotic conditions play a role because they are limiting in at least some
forests.

Which diversity and trait indices are most relevant for ecosystem

processes?

Multiple indices can be used to scale from individual trees to community
properties, and can serve as proxies for niche complementarity, mass ratio, and
vegetation quantity. For niche complementarity, I expected that variation in
species’ strategies and thus trait diversity would be a better indicator for ecosystem
processes than species diversity. Surprisingly, species diversity indices rather than
multivariate trait diversity indices more often explained biomass stocks and
dynamics (chapters 4 and 7). In chapter 4, we argued that the weaker effect of trait
diversity could be due either to important traits that were not included in the
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multivariate trait diversity indices, such as physiological traits and dispersal traits, or
to including similar traits that result in a relatively small multivariate space. An
alternative explanation is that the diversity in only one or a few traits is important
but their effect is diminished when less important traits are included in multivariate
trait indices.

For the mass-ratio theory, 1 expected that the CWM traits that were
hypothesized to be most relevant for ecosystem processes would show the
strongest effect on biomass stocks and dynamics. However, we found that the
most important CWM traits seem to depend mainly on the limiting abiotic variable.
For example, leaf nutrient concentrations are important when soil fertility is low
(chapter 3), and sapwood area is important when water availability is limiting (for
canopy trees in chapter 2). Hence, only in the right context can traits be called
‘functional’.

Of the studies reviewed in chapter 7, most used only wood density (WD) (13
out of 16 studies) and specific leaf area (SLA) (9 out of 16) to predict biomass
stocks and dynamics. WD showed significant effects on biomass stocks and
dynamics in 46% of the 13 studies and SLA did so in 44% of the 9 studies. Both
WD and SLA are used as proxy for multiple processes or ‘hard’ traits (see Table
3.1, 4.1, 6.1, Appendix 5.3), which are traits that are more directly linked to
performance but are also more time-consuming to measure (Hodgson et al. 1999,
Larjavaara and Muller-Landau 2010). These multiple roles of ‘soft’ traits such as
WD and SLA may make it difficult to understand trait effects on one process. For
example, high SLA values increase light interception efficiency and are generally
related to an acquisitive growing strategy (Poorter and Bongers 2006), but SLA
values are also high in dry forests because of a short leaf lifespan, and may thus also
indicate a conservative growing strategy (see discussion in chapter 6). WD is often
related to mechanical strength and drought tolerance (because narrow and tough
vessels increase resistance to drought-induced cavitation: Poorter and Markesteijn
2008), but various wood tissues contribute to WD, with vessel properties mainly
determining drought tolerance (Cochard and Tyree 1990). Traits such as SLA and
WD can thus be indicators of multiple processes or ecological strategies, depending
on where the plant is growing. None of the studies reviewed used hard traits such
as photosynthetic capacity or hydraulic conductivity to predict biomass stocks and
dynamics. Moreover, many studies may overlook the traits that are most directly
influenced by the limiting abiotic conditions, and therefore they may underestimate
the importance of mass ratio for ecosystem processes. In sum, species diversity
better explains biomass stocks and dynamics than trait diversity, the most
relevant CWM traits depend on the locally limiting abiotic conditions, and a
shift from soft to hard traits may be needed to better understand ecosystem
processes.

219



Chapter 8

2. A matter of spatial scale?

Scale effects in this thesis

The importance of different mechanisms underlying biomass stocks and dynamics
may also depend on the spatial scale considered (Chisholm et al. 2013, Poorter et al.
2015). Across large spatial scales, such as the Neotropics, variation in abiotic
conditions is strong and may therefore strongly determine variation in biomass
stocks and dynamics (Fig. 1.2). At smaller spatial scales, such as within one forest
type, variation in abiotic conditions is smaller and biotic interactions may be more
important (McGill 2010, but see Messier et al. 2010). Biotic mechanisms such as
those defined in the niche complementarity and mass-ratio theories may therefore
most strongly determine biomass stocks and dynamics at small spatial scales.

We tested the relationships between abiotic and biotic conditions and
biomass stocks and dynamics at various spatial scales: individual trees (chapter 2),
0.4-ha and 1-ha communities within one forest type (chapters 3 and 4), and 1-ha
communities across Neotropical forests (chapter 5). We found strong effects of
traits on growth of individual trees, support for the mass ratio for biomass stocks
and dynamics in 0.4-ha communities within one forest type, and support for niche
complementarity and mass ratio across Neotropical forests, but no support for
niche complementarity or mass ratio in 1-ha communities within one forest type
(Table 8.1). Abiotic conditions were important for the 0.4-ha plots, 1-ha plots, and
across Neotropical forests, but not important for individual canopy trees. Hence,
these results show that biotic conditions were most influential at the smallest and
largest spatial scales (cf. Messier et al. 2010), and that abiotic conditions were very
influential at all spatial scales except for the individual-tree scale.

The review in chapter 7 also shows that biotic conditions are generally more
important at scales larger than local (e.g. across Neotropical forests, as in chapter
5). Possibly, the biotic conditions at small community-level spatial scales vary only
modestly and therefore less strongly determine differences in biomass stocks and
dynamics. In contrast, at very large spatial scales, abiotic conditions vary strongly
and lead to strong differences in biotic conditions (e.g. the CWM traits) which, in
turn, affect biomass stocks and dynamics (e.g. Fig. 5.2).

Explicit tests for scale effects

The observed differences between scales in abiotic and biotic effects on biomass
stocks and dynamics might be attributable to measurements of abiotic conditions at
the smallest and largest spatial scales being less accurate than at the intermediate
spatial scale. In addition, the chapters in this thesis and the external studies
reviewed in chapter 7 differ not only in spatial scale, but also in site conditions and
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variables used. It is therefore impossible to fully tease apart the effect of spatial
scale from other differences among the studies.

To explicitly test how spatial scale determines the importance of biotic
conditions for biomass productivity, I here perform additional analyses at various
spatial scales but covering the same region of L.a Chonta, Bolivia: across individuals
of the same species, across 0.1-ha plots, across 0.5-ha plots, across 1-ha plots, and
finally, across Neotropical forests. At each scale, I calculated the coefficient of
variation (CV) of specific leaf area (SLA) and leaf nitrogen concentration (N,0). A
high CV at a given scale may indicate that differences in abiotic conditions are
strong enough to result in large variation in (CWM) trait values, and could result in
a potentially strong effect of the trait on biomass stocks and dynamics. I used SLA
and N because they are 1) closely related to photosynthetic capacity and thus to
productivity, 2) often-used and easy-to-measure traits, 3) easy to scale up from
individual trees to communities, and 4) available for all five spatial scales.
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Figure 8.1: Coefficient of variation (calculated as the standard deviation divided by the mean) of
specific leaf area (SLA, black bars) and leaf nitrogen concentration (N, grey bars) at various
spatial scales: among individuals of the same species, among 0.1-ha plots, among 0.5-ha plots,
among 1-ha plots, and for 1-ha plots across 23 Neotropical forest sites. Within species, SLA and
N,..; were based on average trait values of individual canopy trees (from chapter 2). Coefficient of
variation within species was first calculated per species (4 species and 43 trees in total), and then
averaged across the species. For all the other scales, community-weighted mean (CWM) trait
values were calculated weighted by species’ basal area, based on undisturbed plots. The 0.1-, 0.5-,
and 1-ha scales were based on 9 1-ha plots in La Chonta, Bolivia. For the 0.1-ha scale, the central
32*32 m of each plot was used, and for the 0.5-ha scale, the central 70¥70 m of each plot was
used. Data across the 23 sites were obtained from chapter 5 (Appendix 5.1 and 5.2). For sites
with multiple plots, the average CWM SLA and CWM N, were used. N = 23 for SLA and N =
8 for N,
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SLA and N, showed the highest CV at smallest and largest scales, and lowest
CV at intermediate scales (Fig. 8.1). Possibly, small-scale heterogeneity in
environmental conditions (such as soil) drives variation in individual-tree trait
values or CWM trait values, while large-scale gradients in climatic conditions drive
large-scale variation in species composition and thus in CWM trait values. At
intermediate scales, however, small-scale soil heterogeneity is averaged out and
variation in climatic conditions is still weak, so therefore the variation in CWM trait
values is small. This is in line with our findings that biotic conditions most strongly
determine biomass stocks and dynamics at smallest (chapters 2 and 3) and largest
spatial scales (chapter 5).The next question then is whether these differences in the
CV of traits between spatial scales do indeed lead to different relationships between
traits and productivity (as hypothesized in Fig. 1.2). Surprisingly, I found that the
effect of both SLA and N, on aboveground biomass growth did not differ
between spatial scales (Fig. 8.2), except for a significant effect of N for all
community-level scales, but that there was no effect of N, for individual trees
(Fig. 8.2b vs. d). These results of CWM trait values do not agree with the results of
studies evaluating species diversity effects on productivity at the community level,
which report stronger effects at smaller spatial scales (i.e. 0.04-0.1 ha) than at
intermediate spatial scales (0.25-1 ha: Chisholm et al. 2013, Poorter et al. 2015).
CWM trait values are indicators for mass-ratio effects, whereas species and trait
diversity are indicators for niche complementarity, and these mechanisms may
differ in scale dependence. It could be that spatial scale is important for the effect
of niche complementarity, since at small spatial scales species interact and less
redundancy may occur among species. In contrast, scale is less important for the
effect of mass ratio, which may mainly depend on environmental conditions.
Alternatively, it could be that scale effects are only visible when using plots that
have been established over a larger area (as done in Chisholm et al. 2013, Poorter et
al. 2015). Instead, other factors than scale may determine the differences in results
among the chapters of this thesis, such as abiotic site conditions or variables used. I
only evaluated this scale effect for one site, two traits, and plot sizes up to 1 ha;
nevertheless, these results provide a first indication that although the variation in
(CWM) traits is scale-dependent, their effect on ecosystem processes 1Is not
strongly scale-dependent.
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Figure 8.2: Relationship of specific leaf area (SLA) and leaf nitrogen concentration per unit leaf
mass (N0 with biomass growth at different spatial scales in the L.a Chonta forest, Bolivia: (a and
b) among individual canopy trees (from chapter 2) and (c and d) at the community level. The
canopy trees in panels a and b belong to four species: Cariniana ianeirensis (black dots), Hura
crepitans (red dots), Schizolobium parahyba (blue dots), and Sweetia fruticose (grey dots). For the
community level, we used four spatial scales: 0.1-ha plots (black dots), 0.5-ha plots (red dots) and
1-ha plots within La Chonta (blue dots), and 1-ha plots across Neotropical forest sites (grey dots).
Biomass growth for individual canopy trees was based on the 5-year average biomass growth (for
more details see chapter 2), and the biomass growth at the community level was based on growth
of surviving trees (for more details see chapter 4) because these trees are tall and would thus be
best comparable with growth of the individual canopy trees. At the community level, the
community-weighted mean (CWM) SLA and N, were weighted by species’ basal area. For
details on plot selection and sample size, see the description of Fig. 8.1. Relationships were tested
using linear models with an interaction between trait and species in panel a and b, and an
interaction between trait and spatial scale in panels ¢ and d. SLA did not affect biomass growth of
canopy trees (panel a; F = 1.42, P = 0.24) and did not interact with species (F = 2.19, P = 0.11).
Nor did SLA affect biomass growth at the community level (panel c¢; F = 0.70, P = 0.41) or
interact with spatial scale (F = 0.28, P = 0.84). N (did not affect biomass growth of canopy trees
(panel b; F = 0.34, P = 0.56) and did not interact with species (F = 0.74, P = 0.53), but N,
increased biomass growth at the community level (panel d; F = 22.33, P < 0.001) independent of
spatial scale (FF = 0.55, P = 0.65).
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3. Tropical forest functioning across temporal scales

The first part of this thesis demonstrates that ecosystem processes depend on
spatial variation in abiotic and biotic conditions. Besides this spatial aspect, global
change causes temporal changes in abiotic conditions, which may lead to changes
in biotic conditions and ecosystem process rates. It is becoming clear that tropical
forests are not in a stable state but are responding to changes in abiotic conditions
(e.g. Bush et al. 2011, Enquist and Enquist 2011, Feeley et al. 2011). Questions
remain, however, of how tropical forests change over time, what drives these
changes, and how diversity contributes to the long-term stability of tropical forests.
If tropical forests are in a stable state, then the species composition and CWM trait
values of old-growth forests should remain constant over time. However, if they
are not in a stable state but are affected by changing abiotic conditions, then the
direction of changes in CWM trait values should demonstrate the underlying
driver(s) of change. In chapter 6 we evaluated how species composition and CWM
trait values (or ‘trait composition’ as we call it in chapter 6) changed over 10-30
years, using 15 CWM traits for 29 old-growth forest plots across five Neotropical
forests. We expected that distinct changes in CWM trait values would be driven by
distinct drivers. First, we expected that increasing resource availability such as CO,
and rainfall would increase the abundance of species with acquisitive trait values
such as high SLLA and high leaf nutrient concentrations (Wright et al. 2004).
Second, we expected that increasing drought stress caused by a reduction in rainfall
and/or an increase in temperature that leads to increased vapour pressure deficit
and atmospheric drought would result in more drought-tolerant traits such as high
WD  (Markesteijn et al. 2011a) and in drought-avoiding traits such as
deciduousness. And third, we expected that recovery from past disturbances would
result in an increasing abundance of late-successional traits such as low SLA

(Lohbeck et al. 2013).

3a. Short-term temporal changes in biotic conditions

Across the five forests, we found a consistent increase in CWM WD and a
consistent decrease in CWM SLA over time. These changes may have been caused
by increased drought stress, because high WD is associated with high drought
tolerance (Markesteijn et al. 2011b), or they may be attributable to recovery from
disturbances, because high WD and low SLA are typical for late-successional
species (van Gelder et al. 2006, Carrenio-Rocabado et al. 2012, Lohbeck et al. 2013).
We also found that in some forests there was an increase in species-specific
maximum stem diameter, which can be seen as another indicator of increased
abundance of late-successional species. Since we found no changes in other
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drought-tolerance or -avoidance traits, such as the leaf dry matter content and the
abundance of deciduous species, it is most likely that the observed changes reflect
successional recovery from past disturbances, and not increased drought stress. The
consistent changes in CWM WD and SLA across our forests indicate that they are
most probably caused by disturbances that frequently occur throughout the
Neotropics, such as El Nifio droughts; other possible causes are wind storms, fire,
or human occupation in the far past.

It is remarkable that old-growth tropical forests undergo significant changes in
trait composition during only 10-30 years. This could indicate that tropical forests
are flexible and able to respond to changes in abiotic conditions (here caused by
successional recovery). The increasing abundance of species with high WD would
also help forests to respond to possible increases in drought stress (for example
atmospheric). Although it remains uncertain how rainfall patterns will change,
drought stress is expected to increase because it is predicted that extreme drought
and wet events will become more common and that temperatures and, hence,
vapour pressure deficit will increase (Phillips et al. 2009, Wright et al. 2009).

If tropical forests are undergoing successional development, then how would
this affect ecosystem processes? The Amazon is a net carbon sink, yet its
sequestration capacity is diminishing (Brienen et al. 2015), suggesting that the
buffering effect of anthropogenic CO, emissions by tropical forests may come to a
halt or even reverse. The results presented in chapter 6 show a similar trend:
species with high WD and low SLA generally have low growth and mortality rates
(King et al. 2006b, Poorter et al. 2008, Riger et al. 2012), and thus an increase in
their abundance may result in less dynamic forests with lower carbon sequestration
rates. Nevertheless, the positive message from these same results is that tropical
forests seem flexible to tespond to changes in abiotic conditions over a
relatively short timescale. This, however, does not provide information on the
extent to which forests are able to adapt to long-term climate change, or on the
consequences of this for biomass stocks and dynamics.

3b. Long-term diversity effects on stability of forest functioning

Several studies on temperate grasslands have provided strong evidence for the
importance of species or trait diversity on the long-term stability of ecosystems (e.g.
Tilman et al. 2006, Hector et al. 2010, Isbell et al. 2015). These results are in line
with the insurance theory (Yachi and Loreau 1999), which postulates that a high
diversity of species and their traits would buffer the ecosystem against
environmental changes and result in greater stability of ecosystem processes. But
would this theory also hold for tropical forests that are more diverse and
structurally complex? We addressed this question by using the global dynamic
vegetation model LPJmL-FIT (Lund-Potsdam-Jena managed Land with Flexible
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Individual Traits) to simulate the effect of trait diversity on the long-term stability
of biomass stocks in response to inter-annual climatic fluctuations (van der Sande,
Sakschewski et al. in prep.). We tested this for a dry tropical forest and a wet
tropical forest because, as shown earlier in this chapter, abiotic site conditions can
strongly determine the importance of diversity.

We found that for both forest types, diversity in SLA values within a
community increased long-term (200 y) biomass stocks and the stability of biomass
stocks (Fig. 8.3) due to greater asynchrony in species’ responses to inter-annual
climatic fluctuations. These results indicate that trait diversity does indeed increase
ecosystem process rates through niche complementarity, and increases the stability
of ecosystem processes through the insurance effect. High functional trait diversity
of tropical forests is also crucially important for a forest’s resilience to severe and
directional changes in climate, because some of the species present will be well
adapted to cope with the changed climatic conditions (Sakschewski 2015). Hence,
for diverse tropical forests too, divetsity ensures the long-term stability of
ecosystem processes and their resilience to external pressures.
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Figure 8.3: Relationship between variation in specific leaf area (SLLA) — as measure for functional
trait diversity — and the long-term average (a) biomass stocks and (b) stability of biomass stocks
(calculated as the mean divided by the standard deviation of biomass stocks). The relationships
are given for a simulated wet tropical forest receiving 2772 mm annual rainfall (gray line) and a
dry tropical forest receiving 1270 mm annual rainfall (black line). Results were obtained from
simulations done using the LPJmL-FIT model (Sakschewski et al. 2015). Five model simulations
were run: at 20%, 40%, 60%, 80%, and 100% SLA variation. The 100 % SLA variation refers to
the full range of simulated SLA values that can naturally establish in the site. The 100% SLA
variation was reduced in four subsequent simulations, by each time excluding 10% of the
cumulative biomass-weighted trait variation at both extremes of the SLA distribution (leading to
a 20% reduction in each subsequent simulation).
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Wrapping up: what determines forest functioning?

In this thesis, I focus on effects of biotic conditions — especially species and trait
diversity and community-weighted mean traits — and (changing or static) abiotic
conditions on ecosystem processes. The relative importance of relationships
between abiotic conditions, biotic conditions, and ecosystem processes depend
mainly on spatial scale and/or site conditions, and on temporal scale (Fig. 8.4). At
small spatial scales at the community level (chapters 3, 4 and 7), abiotic conditions
always have an important effect on ecosystem processes, whereas biotic effects
seem to depend on site conditions (i.e. strong for forests on poor soils and weak
for forests on fertile soils). At larger spatial scales (chapters 5, 7, Poorter et al. 2015),
biotic conditions have stronger effects than abiotic conditions, possibly because
abiotic effects work partly via biotic conditions. At relatively short temporal scales (10-
30 y; chapter 06), biotic conditions respond to temporal changes in abiotic
conditions, possibly as a result of disturbances in the far past. This indicates that
old-growth tropical forests are dynamic and flexible. At /long temporal scales (> 200
years; chapter 7 and Fig. 8.3), modelling studies show that biotic conditions are
important for the long-term stability of ecosystem processes. With fluctuations or
directional changes in climate, high species and trait diversity increase the likelihood
of the presence of species that are well adapted to the new conditions (Sakschewski
2015). These species may now seem redundant or too rare to provide an important
contribution to ecosystem processes, but may become important and dominant in

the future (Walker et al. 1999).

Outlook: the way forward in tropical forest ecology

The functioning of individually growing plants is fairly well understood, but we
have limited understanding of the functioning of diverse plant communities.
Diverse ecosystems that consist of long-lived organisms, such as tropical forests,
are more complex because many factors are at play that cannot be easily controlled
for, and because most studies are of short duration whereas the time lag between
changes and effects is long. As a result, many studies at the community level are
able to describe patterns but are unable to identify the underlying mechanisms.
Understanding such mechanisms is crucial in order to be able to interpret and apply
the results beyond the specific case study, and to provide information and advice
for decision makers and stakeholders on how to maintain and achieve tropical
forests that provide multiple important functions such as carbon sequestration,
nutrient retention, and water cycling.
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Figure 8.4: Relationships between abiotic conditions, biotic conditions, and ecosystem processes
(EPs) as found in this thesis for four different scales at the community level: small spatial scale
(chapters 3, 4 and 7), large spatial scale (chapters 5 and 7), short temporal scale (chapter 6), and
long temporal scale (chapter 7 and Fig. 8.3). Biotic conditions are based on species and trait
diversity and on community-weighted mean trait, not on vegetation quantity, because that was
evaluated in fewer chapters. Note that chapter 2 (the individual-tree scale) is also not included in
this framework. The thick black arrows indicate the generally strongest relationship at that scale,
thin black arrows indicate evaluated relationships that were generally less important, and dashed
arrows indicate relationships that were not evaluated in this thesis.

The mechanisms predicted by the niche complementarity, insurance and
mass-ratio theories are generally relevant for ecosystem processes (chapters 2-5 and
7). Nevertheless, the complex nature of tropical forests makes it difficult to
understand how these relationships change with abiotic site conditions, with spatial
and temporal scales, and for different ecosystem processes. To improve such
understanding, future research will need to focus on 1) long-term monitoring, 2)
the use of mechanistic approaches, and 3) the combination of different research
approaches such as empirical, remote sensing, and modelling studies.
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Long-term monitoring

Long-term monitoring (i.e. decades to centuries) is necessary to detect patterns and
underlying mechanisms, as this is the timescale that corresponds to the life cycle of
most tree species and during which environmental change, acclimation, and natural
large-scale disturbances may take place (Zuidema et al. 2013). In this thesis, I
mostly use time periods between 5-30 y, which is sufficient to address questions
related to spatial variation in abiotic and biotic conditions and ecosystem processes
(such as in chapters 2-5) but is rather short for addressing questions related to
global change (such as in chapter 6). We found strong temporal changes in CWM
traits across 5 Neotropical forests over 10-30 y, which we attributed to recovery
from large-scale disturbances. It would be important, however, to monitor these
sites for at least several decades more, to ascertain whether the recovery that we
observed is due to directional abiotic changes after disturbance or is part of a long-
term periodic cycle of disturbance and recovery. The latter case may mean that
these forests will likely never reach a ‘stable state’. Furthermore, long-term
monitoring would allow the evaluation of how forests respond to future
environmental changes, which may be more extreme than the changes that have
occurred during recent decades. Besides long-term monitoring in the future, long-
term time series of past vegetation development (i.e. obtained from pollen records)
may also yield important insights into changes in vegetation composition and
underlying drivers of change (Mayle et al. 2000, Gosling et al. 2009).

Mechanistic approaches
The use of mechanistic approaches will be crucial in developing an understanding
of mechanisms underlying ecosystem processes and functions. These approaches
range from analytical approaches that allow the testing for cause-effect
relationships, such as path modelling or structural equation modelling (SEM; Grace
and Pugesek 1997, Shipley 2004, Grace 2006), to mechanistic models based on
simulations (e.g. Bunker et al. 2005) or process-based dynamic global vegetation
models (DGVMs). Data analytical approaches such as SEM can go far in teasing
apart various abiotic and biotic effects, but can never fully account for variables
inherent to empirical field data that confound the observed relationships.
Ecosystem models such as DGVMs are a strong tool for creating an experimental
setting and testing hypotheses and scenarios, but their results rely on model
assumptions and are difficult to verify, especially without long-term monitoring.
Several ecosystem models have recently been made more realistic by including
higher levels of functional diversity, such as LPJmL-FIT (Sakschewski et al. 2015)
and TEFS (Fyllas et al. 2014) (see also chapter 7). The processes or relationships in
these models are based on a small number of still poorly understood empirical
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relationships between abiotic conditions, traits, and performance. Many of these
relationships have been well documented under optimal conditions at the species
level (e.g. Wright et al. 2004, Poorter et al. 2008), but this does not mean that they
would hold at the community level. At the community level such relationships may
mainly reflect the local abiotic conditions rather than species’ strategies under
optimal conditions, which may result in different trait effects on performance
(Kunstler et al. 2016). For example, SLA generally increases growth rate at the
species level (Poorter and Bongers 2006), but CWM SLA decreases aboveground
biomass productivity in a Guyanese wet forest (chapter 3) and in a Brazilian dry
forest (Prado-Junior et al. 2016). Similarly, Fig. 8.2b shows an unexpected negative
relationship between CWM leaf nitrogen concentration and biomass growth.
Conclusions based on this thesis provide a first important step in scaling up, but
many uncertainties remain. A more systematic testing of such relationships is thus
urgently needed, in order to understand the mechanisms underlying community-
level processes in the field and to improve model predictions at large spatial and
temporal scales.

An alternative strong, mechanistic approach that does not rely on model
assumptions is the use of manipulative field experiments. In temperate grasslands,
tield experiments that are fully manipulated (e.g. van Ruijven and Berendse 2005,
Hector et al. 2010) or semi-manipulated (e.g. Hautier et al. 2014) have provided
strong evidence for the importance of species and trait diversity and CWM traits on
the amplitude and stability of community processes. Several biodiversity
experiments have also been carried out in plantation forests (e.g. Ruiz-Jaen and
Potvin 2011, Bruelheide et al. 2014), but these do not represent natural tropical
forests, which are structurally more complex, composed of larger individuals, and
have numerous species. Species-removal experiments could provide a way to test
for biodiversity effects in natural forests. Although these experiments may be
difficult, costly, and time-consuming to implement, they could be a robust way of
evaluating the relationships between biodiversity and ecosystem functioning.

Combining empirical, remote sensing, and modelling approaches

Empirical (including experimental), remote sensing, and modelling approaches each
have their advantages and disadvantages, as discussed in chapter 7. Empirical
studies present direct measurements of field data but are limited in their spatial and
temporal scale. Remote sensing approaches can easily scale up to large spatial areas
but can lack detail. Modelling approaches are a powerful tool for going beyond
measured data and exploring timescales, hypotheses, and scenarios that are
impossible to evaluate by empirical or remote sensing data, but they rely on
assumptions that are crucial for data generation. These approaches are important
on their own, but can also potentially overcome each other’s limitations. Such a

230



General discussion

combined approach may result in a whole that is greater than the sum of its parts.
For example, remote sensing data need to be linked to empirical data in order to
demonstrate that their images provide realistic information (Dutrieux et al. in
review, Spasojevic et al. 2015, Jetz et al. 2016). Furthermore, empirical data should
be used as input and validation for vegetation models (such as DGVMs or other
Earth System Models) in order to increase the realism of their concepts,
assumptions, and results (Sakschewski 2016). Remote sensing data verified by or
linked to empirical measurements can also be used to develop land-use change
scenarios, for example with the CLUE model (Conversion of Land Use and its
Effects) (e.g. Verburg et al. 2006). Output from such models and remote sensing,
backed up by field data, will then provide very valuable information for decision
makers.

Outlook: towards long-term resilient systems and a
safe climate

The global atmospheric CO, concentration is increasing at unprecedented rates,
and this has created global concern about rising temperatures and associated
problems. During the 21% session of the Conference of the Parties (COP) of the
United Nations Framework Convention on Climate Change (UNFCCC) in 2015 in
Paris, all countries agreed on ‘holding the increase in the global average
temperature to well below 2 °C above pre-industrial levels’ (United Nations 2015).
This means that emissions of CO, and other greenhouse gases need to be reduced
and CO, uptake from the atmosphere enhanced. Concern about climate change is
growing in parallel with concern about other environmental problems, such as the
rate of species extinction, which is currently at least 1000 times greater than
background extinction rates (De Vos et al. 2015). Species extinction rates have also
received political attention, as illustrated by the Convention on Biological Diversity
(CBD) for the conservation and sustainable use of biodiversity (or ‘biotic
conditions’).

Tropical forests are particularly relevant for climate change mitigation and
biodiversity conservation. They are important for climate mitigation because
deforestation accounts for 10-12% of the total global greenhouse gas emissions
(Pan et al. 2011, Grace et al. 2014, Houghton et al. 2015), growing tropical forests
have a high potential to remove CO, from the atmosphere (Baker et al. 2004a,
Poorter et al. 2016), and because high evaporation in tropical forests leads to
cooling and cloud cover, which increases sunlight reflection and in this way leads to
turther cooling and thus reduction of global warming (Bonan 2008, Canadell and
Raupach 2008). Although the carbon sequestration capacity of old-growth tropical
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forests seems to be declining, (Brienen et al. 2015, chapter 6), they may remain a
net sink for decades, and it is imperative that the large amounts of carbon stored in
forests are conserved. Moreover, their high biodiversity (Slik et al. 2015) makes
tropical forests highly relevant for biodiversity conservation (ter Steege et al. 2015).
Several approaches have been proposed to increase the climate change mitigation
potential of tropical forests and/or maintain their high levels of biodiversity. Here,
I will discuss those that are potentially successful and for which the result of this
thesis may have implications: 1) reducing carbon emissions from deforestation and
forest degradation, 2) sustainable forest (or land) management for timber and non-
timber forest products, and 3) increasing forest cover by forest landscape
restoration.

Reducing emissions from deforestation and forest degradation
Land for carbon stocks and sequestration is, and will increasingly be, in
competition with land for production of food, bioenergy, and urban development
(Agrawal et al. 2011, Canadell and Schulze 2014). For example, given the current
trends in technological development, crop and pasture area will need to grow from
44% to about 50% of ice-free land to feed 9 billion people (Canadell and Schulze
2014). This will undoubtedly increase the pressure of deforestation. Therefore,
during the UNFCCC COP in 2007, the Reduced Emissions from Deforestation
and forest Degradation (REDD) mechanism was developed, which is a financial
incentives-based strategy for conserving the carbon stored in tropical forests
(Agrawal et al. 2011). During the COP in 2008, forest conservation, sustainable
forest management, and enhancements of forest carbon stocks were included, and
REDD was changed into REDD+. In the recent Paris Agreement, the importance
of forests in reducing emissions and increasing uptake is also explicitly mentioned,
although no concrete REDD+ payment framework has yet been adopted.
Potentially, REDD+ can be a powerful mechanism for increasing carbon stocks in
tropical forests while improving conservation and sustainable forest management.
The concern has been raised, however, that REDD+ may favour carbon-rich
forests at the expense of forests that are important for other ecosystem functions
or biodiversity (also called ‘leakage’) (Venter et al. 2009, Di Marco et al. 2015,
Murray et al. 2015). We showed that species diversity increases carbon storage and
uptake by tropical forests across large spatial scales (chapters 5, 7, and Poorter et al.
2015), but not in all local case studies (chapters 2, 3, and 7). To avoid REDD+
from driving a change from carbon-poor and species-rich forests to carbon-rich
and species-poor plantations, biodiversity conservation should be included as an
integral component of REDD+ (Difaz et al. 2009, Phelps et al. 2012 and, for
biodiversity safeguards, UNFCCC 2014). Forest conservation that focuses on both
carbon and biodiversity has been shown to be effective (Venter et al. 2009).

232



General discussion

Moreover, although high biodiversity does not always result in increased carbon
storage and sequestration locally, forest with high biodiversity will likely prove
more resilient and therefore able to cope with climate change (chapter 7, Fig. 8.3)
and provide multiple ecosystem functions (e.g. Hector and Bagchi 2007).
Biodiversity should thus be consideted a prerequisite for ensuring the long-

term carbon storage and sequestration, and not as only a co-benefit of
REDD+.

Sustainable forest management

Compared with disturbed forests, old-growth tropical forests store more carbon
and host more species per unit terrestrial area (Gibson et al. 2011). Nevertheless,
24% of tropical forest area is used for timber harvesting (Blaser et al. 2011), and
given the increasing demand for wood, this area is likely to expand. It is therefore
important to sustainably manage the forest to reduce CO, emissions, guarantee
ecological functioning and biodiversity, and sustain local livelihoods that depend on
timber and non-timber forest products (Arets and Veeneklaas 2014, Edwards et al.
2014). Sustainable forest management (SFM) is an attractive solution to assure
forest functioning, though only 1.8% of the total tropical forest area is managed
sustainably (Blaser et al. 2011).

Two major challenges need to be tackled in order for SFM to become more
widespread and successful. First, SFM is less profitable than unrestricted logging
(Rice et al. 1997), especially by comparison with other land-use options, so there is
an economic incentive to extract all valuable timber as quickly as possible and
convert the land for agricultural purposes or other uses (Zimmerman and Kormos
2012). To make SFM financially more attractive, REDD+ could offer a solution,
and SFM in turn could provide benefits for REDD+; financial compensation by
REDD+ can make SFM more competitive with unrestricted logging or land
conversion, and SFM reduces carbon emissions and therefore increases the benefits
from REDD+. For example, only a small fraction of tropical forests with a
management plan is managed sustainably (Blaser et al. 2011). Unsustainable
management leads to depletion of the most valuable timber species within three
harvest cycles (Zimmerman and Kormos 2012) and to additional forest degradation
because it increases the occurrence of other disturbances, such as fire and hunting
(Asner et al. 2006, Ghazoul and Sheil 2010). Reduced impact logging techniques
(Putz et al. 2008a, 2008b) and silvicultural treatments (Dauber et al. 2005, Pefia-
Claros et al. 2008) can help to increase timber recovery. The reduced harvest yield
that results from these solutions could then be offset by a REDD+ payment
scheme. This coupling of REDD+ and SFM could assure that ecological
functioning and biodiversity are maintained by managed forests that are
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economically viable (Putz et al. 2012), provided that appropriate governance is in
place.

A second challenge is that there can be trade-offs in optimizing the recovery
of timber species, carbon stocks, and biodiversity (Putz et al. 2012). For example,
applying silvicultural treatments such as liana cutting and girdling of non-
commercial species increases the growth rate of the commercial species (Pefia-
Claros et al. 2008), but may decrease species diversity. Nevertheless, win-win
situations also exist, for example through the positive effect of biodiversity on the
recovery of timber and carbon. To optimize SFM, such win-win situations should
be identified at a local level, and implemented in national sustainable forest
management programmes to avoid leakage (Agrawal et al. 2011). Hence, truly
sustainable forest management has yet to be implemented at larger spatial scales,
but with the positive effect of biodiversity on forest recovery, financial
compensation by REDD+, and approptiate governance, sustainable forest
management can provide a way to assute long-term economically viable and
ecologically functioning forests.

Forest landscape restoration

Worldwide, more than 2 billion hectares of deforested and degraded land have the
potential to be restored (FAO 2014), either by active restoration or passive
recovery. This would benefit carbon sequestration and storage, biodiversity
conservation, and other forest functions. For example, if degraded (or secondary)
forests are left to recover passively, they can sequester about 3.05 Mg carbon ha™
y"' (Poorter et al. 2016). Countries could greatly benefit from including forest
recovery and restoration in their CO, emission reporting and in their policies and
actions to reduce greenhouse gas emissions, as specified in their Nationally
Appropriate Mitigation Actions. Furthermore, it would contribute to the New York
challenge to have reforested 350 million hectares of degraded land by 2030, and to
the Aichi Biodiversity Targets adopted by the Parties to the CBD to reduce
biodiversity loss and enhance benefits from biodiversity. Degraded forests have
huge potential for biodiversity conservation because of their vast area and their
importance for increasing the connectivity between patches of old-growth forests
(Wright and Muller-landau 20006). Restoring biodiversity along with restoring
vegetation biomass will be important for the resilience of naturally recovering
tropical forests (e.g. de Avila et al. in prep.), for active forest restoration projects
such as plantations (e.g. chapter 7), and hence for the resilience of multifunctional
landscapes.
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Concluding remarks — understanding ecosystem processes
to assure long-term functioning tropical forests

Many of our daily activities and necessities benefit directly or indirectly from the
presence of vast areas of tropical forest. In this thesis, I show and argue that the
existence and persistence of important ecosystem processes in tropical forests in
the near and far future depend on abiotic and biotic conditions and on human
actions and decisions. Abiotic and biotic conditions — including diversity and
species traits — determine the rate of ecosystem processes today and their stability
in an unstable and insecure future. Future research efforts should aim to further
clarify how mechanisms underlying ecosystem processes depend on spatial and
temporal scale and site conditions, and how sensitive they are to global change.
This should be done at local levels in order to improve local forest management
and safeguard sustainable ecosystems and livelihoods, and at the global level in
order to influence national and international policies that tackle global problems
and provide a framework for local-level sustainability. By combining ecological and
socio-economic  research with appropriate  political and technological
developments, we can shift the focus from short-term profitable and simplified
systems towards a focus on long-term profitable and ecologically functioning
forests that benefit local as well as global players. Conserving tropical forests for
their carbon, timber, and diversity is and will be a challenge, but a challenge that
must be overcome for the benefit of all organisms on Earth — including humans.
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Tropical forests are critically important for the global carbon cycle. They remove
carbon dioxide from the atmosphere through photosynthesis and store this carbon
as biomass. Tropical forests contain 25% of all carbon that is stored in the
terrestrial biosphere and annually remove about 24% of our greenhouse gas
emissions, thereby helping to mitigate climate change. For this reason the potential
of tropical forests for climate change mitigation is increasingly acknowledged by
international policies, such as in the agreements reached during the climate
negotiations of the United Nations Framework Convention on Climate Change
(UNFCCC), in December 2015 in Paris.

On top of their importance for climate change mitigation, tropical forests are
the most diverse terrestrial ecosystems, hosting an estimated 47,000 tree species.
This high diversity makes them particularly relevant for biodiversity conservation,
especially given the threat of deforestation, forest degradation, hunting and climate
change on the survival of many species. Research in less complex ecosystems such
as grasslands or temperate forests has shown that high biodiversity is not only nice
to have, but it also results in more productive ecosystems that store more carbon.
These results are in line with the ecological niche complementarity hypothesis, which
predicts that species have different strategies to acquire and use resources (such as
water and nutrients), and therefore a very diverse community of plant species can
more efficiently use all resources and result in higher overall productivity. The
question remains, however, whether this would also be true for tropical forests,
where species numbers are much higher and most plants live much longer. It could
also be that instead of the diversity in species, the species that are most abundant
mainly determine the storage and uptake of carbon in the forest, which is in line
with the ecological mass-ratio hypothesis.

In this thesis, I evaluate the relationship between biodiversity and the capacity
of tropical forests to store and take up carbon. As measure for carbon storage I use
biomass stock, i.e. the standing biomass per area, and as measure for carbon uptake
I use biomass dynamics, i.e. the fluxes in biomass over time such as biomass
growth and biomass mortality. Biodiversity is mostly seen as the number of species
per area. Just counting species, however, does not provide information on the
functional characteristics (or ‘traits’) of the species, which is implicitly assumed to
be important in the niche complementarity and mass-ratio hypotheses; biomass
stocks and dynamics of the plant community would increase with the functional
trait diversity within the community (in line with the niche complementarity
hypothesis), and would depend on the average trait values of the community (in
line with the mass-ratio hypothesis). For that reason, this thesis has a strong focus
on plant functional traits (such as leaf nutrient concentrations and wood density)
that should provide a functional understanding of biomass stocks and dynamics.
‘Biodiversity’ in this thesis can thus refer to species and trait diversity (reflecting
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niche complementarity), but also to the average traits of a community of trees (or
‘community-mean traits’, reflecting mass ratio).

The effects of biodiversity on biomass stocks and dynamics can depend on
various variables, such as environmental conditions (e.g. soil fertility and rainfall)
and the spatial and temporal scale considered. The main objectives of my thesis
therefore were: 1) to understand the effect of biodiversity and environmental
conditions on biomass stocks and dynamics in tropical forests, 2) to evaluate how
these relationships depend on the spatial scale considered, and 3) to assess how
these relationships depend on the temporal scale considered. To reach these
objectives, I collaborated with research institutions in Bolivia, Brazil and Guyana
that manage and monitor many hectares of tropical forest. In these forests, I
collected data on leaf and stem traits for the most abundant plant species. By
combining these two datasets, we had data for different measures of biodiversity,
environmental conditions, and biomass stocks and dynamics.

Large trees are responsible for most of the carbon uptake by tropical forests.
It is therefore important to understand what determines variation in biomass
growth among large trees. In chapter 2we looked at the effects of different traits
on the biomass growth of large trees in a moist tropical forest in Bolivia. We found
that biomass growth strongly increased with the size of the sapwood area, which is
the living part of the wood that is responsible for water storage and transport from
the roots to the leaves. Having a high capacity to transport and store water may
especially be important for such large trees because they are tall, receive a lot of
sunlight and experience high temperatures, and therefore they transpire a lot of
water. Thus, the biomass growth of large tropical trees seems mainly limited by
their high demand for water.

We then scaled from individual trees to whole communities of trees to
evaluate the relationships of biodiversity and environmental conditions with
community-level biomass stocks and dynamics. In chapter 3 we evaluated these
relationships for a tropical wet forest growing on very nutrient-poor soils in
Guyana. We found no effects of niche complementarity (i.e. of species diversity)
but a strong effect of mass ratio (i.e. of community-mean trait values) and soil
fertility on biomass stocks and dynamics. This means that on these poor soils, only
a small set of species with the appropriate set of traits can survive well, grow fast,
and become large and abundant.

In chapter 4 we evaluated the same relationships for a completely different
forest: a moist tropical forest on very nutrient rich soils in Bolivia (the same forest
as in chapter 2) that experiences 6 months of dry season. In this case we found that
neither niche complementarity nor mass ratio were important for biomass
dynamics. Instead, the soil water availability determined the biomass dynamics in

257



this more seasonal and drier forest, which is in agreement with the importance of
water availability for growth of large trees in chapter 2.

The Neotropics (i.e, the tropical regions in South and Mesoamerica) have
many more forest types and more variation in environmental conditions than
included in chapters 3 and 4. In chapter 5 we therefore considered the whole
region of the Neotropics, using data from 201 1-ha plots and 26 forest sites, and
assessed how biodiversity and environmental conditions determine biomass stocks
and dynamics. In contrast with the previous two chapters, we found that both
niche complementarity and mass ratio were very important for biomass stocks and
dynamics. It appears that the strong differences among forests in soil conditions
and climate result in strong differences in biodiversity, which in turn lead to strong
differences in biomass stocks and dynamics at this very large spatial scale.

Tropical forests are dynamic systems with plants recruiting and dying all the
time. We may therefore expect that tropical forests can respond to changes in
environmental conditions, for example due to climate change. Depending on which
environmental conditions change, some species with the right set of traits will grow
and survive better than others and therefore become more abundant over time. In
chapter 6 we assessed how five old-growth tropical forests (i.e. mature forests that
are full-grown and undisturbed for at least the past decades) are changing in
community mean trait values over time, and evaluated which causes are most likely
underlying these changes. We found that over time the abundance increases of
species that usually occur most in very old forests, whereas the abundance
decreases of species that usually occur most in younger forests. This means that
these forests seem to be in a recovering process, possibly caused by disturbances
that happened long ago, such as intense drought events or disturbances by (pre-
Columbian) human occupation.

The above chapters show different effects of biodiversity on biomass stocks
and dynamics in tropical forests. To search for generalities in this relationship, we
performed a literature review in chapter 7. To do so, we focused not only on
results from empirical studies (such as the other chapters of this thesis), but also on
results from studies using remote sensing techniques and ecosystem computer
models. From the 38 empirical studies, 74% showed that biodiversity was
important for biomass stocks and carbon uptake in tropical forests. Remote sensing
can be used to easily scale to large areas, and 9 out of 10 studies reported important
effects of biodiversity on biomass stocks. Ecosystem models can be useful to
evaluate future scenarios of, for example, biodiversity loss or climate change on
biomass stocks. Currently only few ecosystem models can simulate higher levels of
biodiversity, but these all show potentially strong positive effects of biodiversity on
carbon uptake. Results of model simulations indicate that biodiversity is particularly
important for assuring stable carbon uptake in the face of climate change.
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Consequently, we argue that biodiversity conservation is not only a side benefit of
climate change mitigation efforts, but instead should be regarded as a requirement
tfor improving and securing long-term carbon storage and uptake.

In sum, I found that biodiversity — including species diversity and community-
mean traits — is important for the functioning of tropical forests, but that its precise
effect depends on the environmental conditions, spatial scale, and temporal scale
considered. Niche complementarity was most important at large spatial scales
possibly because of strong differences in biodiversity between forests (chapter 5),
whereas mass ratio was important at large spatial scales and in forests with harsh
environmental conditions (e.g. the nutrient-poor soils in Guyana, chapter 3).
Furthermore, tropical forests are not in a stable state, but changing environmental
conditions lead to changes in biodiversity (measured as community-mean traits,
chapter 6). This in turn may lead to changes in the future biomass stocks and
carbon uptake of the forest, as biodiversity strongly determines the functioning of
the forest in the long term (chapters 7, 8).

Tropical forests provide many local and global benefits to society such as
climate change mitigation, water recycling, and the production of timber and non-
timber forest products. In this thesis I show and discuss that the existence and
persistence of these forests partly depend on their biodiversity. Ecological research
should combine more forces with socio-economic research and appropriate
political and technological developments to move towards long-term ecologically
sustainable and profitable tropical forest landscapes. The conservation of tropical
forests will be a challenge, but a challenge that must be overcome for the benefit of
all organisms on Farth — including humans.
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Tropische bossen zijn van groot belang voor de wereldwijde koolstof cyclus. Ze
nemen koolstofdioxide op uit de atmosfeer door middel van fotosynthese en slaan
deze koolstof op als biomassa. Tropische bossen bevatten 25% van alle koolstof
dat opgeslagen zit in natuur op land en nemen jaarlijks ongeveer 24% van onze
broeikasgasemissies op. Hiermee leveren tropische bossen een belangrijke bijdrage
aan het tegengaan van klimaatsverandering, ook wel klimaatmitigatie genoemd. Om
deze reden wordt de potentie van tropische bossen in klimaatmitigatie steeds meer
erkend in de internationale politicke agenda. Dit blijkt bijvoorbeeld uit de
overeenstemmingen die bereikt zijn tijdens de klimaatonderhandelingen van de
United Nations Framework Convention on Climate Change (UNFCCC) in december 2015
in Parijs.

Met een geschatte 47.000 verschillende boomsoorten zijn tropische bossen,
naast hun rol die ze hebben in klimaatmitigatie, ook de meest diverse terrestrische
ecosystemen. Door deze hoge soortdiversiteit zijn ze relevant voor
biodiversiteitsbescherming, vooral vanwege ontbossing, bosdegradatie, jacht en
klimaatsverandering die de overleving van veel soorten bedreigen. Onderzoek in
minder complexe ecosystemen zoals graslanden en gematigde bossen hebben
aangetoond dat een hoge biodiversiteit niet alleen mooi is, maar ook zorgt voor
productievere ecosystemen die meer koolstof opslaan. Deze resultaten komen
overeen met de niche complementarity (niche complementariteit) hypothese die
voorspelt dat soorten verschillende strategieén hebben om hulpbronnen (zoals
water en nutriénten) te verkrijgen en te gebruiken. Hierdoor kan een diverse
plantengemeenschap efficiénter de aanwezige hulpbronnen gebruiken en in zijn
geheel een hogere productiviteit bereiken. De vraag blijft echter of dit ook het geval
zal zijn voor tropische bossen, waar veel meer soorten voorkomen en de meeste
planten langlevend zijn. Het zou namelijkook kunnen dat de koolstofopslag en —
opname in plaats van door de hoeveelheid soorten, bepaald wordt door de meest
veelvoorkomende soorten, wat overeenstemt met de ecologische mass-ratio
(massaverhouding) hypothese.

In dit proefschrift evalueer ik de relatie tussen biodiversiteit en de capaciteit
van tropische bossen om koolstof op te nemen en op te slaan. Als maat voor
koolstofopslag  gebruitk ik de hoeveelheid plantbiomassa per eenheid
grondoppervlak, ofwel de biomassavoorraad. Als maat voor koolstofopname
gebruik ik de biomassadynamiek, gemeten als de verandering van biomassa in de
tijd zoals groei en mortaliteit. Biodiversiteit wordt meestal gezien als het aantal
soorten per eenheid grondoppervlak. Enkel het tellen van soorten geeft echter geen
informatie over de functionele eigenschappen (zoals bladnutriéntenconcentraties en
houtdichtheid) van de soorten, wat impliciet belangtijk is in de niche complementarity
en de mass-ratio hypotheses. De niche complementarity hypothese voorspelt dat de
biomassavoorraad en —dynamiek van de plantengemeenschap toenemen door een
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hoge diversiteit in functionele eigenschappen van de soorten. De mass-ratio
hypothese, daarentegen, voorspelt dat biomassavoorraad en —dynamiek athangen
van de eigenschappen van de meest veelvoorkomende soorten. Functionele
planteigenschappen moeten dus een beter functioneel begrip geven van
biomassavoorraden en —dynamiek. Om die reden heeft dit proefschrift een sterke
focus op de functionele eigenschappen van planten. ‘Biodiversiteit’ in dit
proefschrift kan daarom verwijzen naar de diversiteit in soorten en hun
eigenschappen, als indicatie voor niche complementarity, maar ook naar de
eigenschappen van een ‘gemiddelde’ boom in de gemeenschap, als indicatie voor
mass-ratio.

De effecten van biodiversiteit op biomassavoorraden en —dynamiek kunnen
athangen van verschillende variabelen, zoals milieuomstandigheden (bijvoorbeeld
bodemvruchtbaarheid en regenval) en de ruimtelijke schaal en tijdsschaal waarop
het onderzoek is uitgevoerd. Een kleine ruimtelijke schaal richt zich bijvoorbeeld
op één hectare bos, terwijl een grote ruimtelijke schaal zicht richt op grotere
gebieden zoals de hele Amazone. De belangrijkste doelstellingen van dit
proefschrift zijn daarom: 1) het effect begrijpen van biodiversiteit en
omgevingscondities op biomassavoorraden en —dynamiek in tropische bossen, 2)
evalueren hoe deze relaties athangen van de ruimtelijke schaal waarop het
onderzoek is uitgevoerd en 3) evalueren hoe deze relaties athangen van de
tijdschaal die beschouwd is in het onderzoek. Om deze doelstellingen te bereiken
heb ik samengewerkt met onderzoeksinstellingen in Bolivia, Brazili€¢ en Guyana die
vele hectares tropisch bos beheren en monitoren. In deze bossen heb ik gegevens
verzameld over blad- en houteigenschappen van de meest voorkomende
boomsoorten. Deze dataset kon ik combineren met gegevens van de lokale
onderzoeksinstellingen om  verschillende  maten  van  biodiversiteit,
milieuvomstandigheden en biomassavoorraden en —dynamiek te kunnen berekenen.

Grote bomen zijn verantwoordelijk voor het grootste deel van de opname van
koolstof in tropische bossen. Daarom is het belangrijk om te begtijpen waardoor
variatie in biomassagroei bij grote bomen bepaald wordt. In Aoofdstuk 2 kijken we
naar de effecten van verschillende boomeigenschappen op de biomassagroei van
grote bomen in een vochtig tropisch bos in Bolivia. We zien dat de biomassagroei
sterk toeneemt met de grootte van het spinthout. Spinthout is het levende deel van
het hout wat verantwoordelijk is voor wateropslag en —transport van de wortels
naar de bladeren. De grote capaciteit om water op te slaan en te transporteren kan
vooral belangrijk zijn voor grote bomen, omdat deze hoog zijn en veel zonlicht en
hoge temperaturen te verdragen krijgen en daardoor veel water transpireren. Het
lijkt er dus op dat de biomassagroei van grote tropische bomen vooral gelimiteerd
is door hun hoge vraag naar water.
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Vervolgens schalen we op van individuele bomen naar hele gemeenschappen
van bomen om de effecten van biodiversiteit en milieuomstandigheden op totale
biomassavoorraden en —dynamiek te evalueren. In hoofdstuk 3 onderzocken we
deze relaties voor een tropisch regenwoud groeiend op zeer voedselarme bodems
in Guyana. We vinden geen effecten van niche complementarity (gemeten als
soortenrijkdom), maar wel een sterk effect van mass-ratio (gemeten als de
gemiddelde boomeigenschappen) en de bodemvruchtbaarheid op biomassa-
voorraden en —dynamiek. Dit betekent dat op deze arme gronden slechts een klein
aantal soorten die de juiste set van eigenschappen heeft goed kan overleven, snel
kan groeien en groot en dominant kan worden.

In hoofdstuk 4 onderzocken we dezelfde relaties voor een heel ander
bostype: een vochtig tropisch bos op zeer voedselrijke bodems in Bolivia die 6
maanden droogseizoen ervaart (hetzelfde bos als in hoofdstuk 2). Voor dit bos zien
we dat noch niche complementarity noch mass-ratio belangrijk zijn voor de biomassa
dynamiek. In plaats daarvan bepaalt de bodemwaterbeschikbaarheid de biomassa
dynamiek in dit meer seizoensgebonden en droger bos. Dit is in overeenstemming
met hoofdstuk 2 waar we het belang van waterbeschikbaarheid voor de groei van
grote bomen aantonen.

De Neotropen (de tropische gebieden in Zuid- en Meso-Amerika) omvatten
veel meer bostypes en variatie in milieuomstandigheden dan de bossen gebruikt in
hoofdstukken 3 en 4. In hoofdstuk 5 beschouwen we daarom de hele regio van de
Neotropen door gegevens te gebruiken van 201 één-ha percelen in 26 bosgebieden.
Hiermee evalueren we hoe de biodiversiteit en milieuomstandigheden de
biomassavoorraden en —dynamiek bepalen. In tegenstelling tot de vorige twee
hoofdstukken vinden we dat zowel niche compementarity als mass-ratio zeer belangrijk
zijn voor biomassavoorraad en —dynamiek. Het lijkt erop dat de sterke verschillen
tussen de bossen in bodemcondities en klimaat leiden tot grote verschillen in
biodiversiteit, die op hun beurt leiden tot grote verschillen in biomassavoorraden
en —dynamiek op deze grote ruimtelijke schaal.

Tropische bossen zijn dynamische systemen waarin continu nieuwe planten
opkomen en andere sterven. We kunnen daarom verwachten dat tropische bossen
in staat zijn te reageren op veranderingen in de omgeving, bijvoorbeeld als gevolg
van de klimaatverandering. Afhankelijk van welke milieuomstandigheden
veranderen, zal een aantal soorten met de juiste set van eigenschappen beter
groeien en overleven dan andere soorten en daarom met de tijd steeds meer
voorkomen. In hAoofdstuk 6 onderzocken we hoe vijf tropische oerbossen (dat wil
zeggen: oude bossen die volgroeid zijn en onverstoord voor tenminste enkele
decennia) veranderen over tijd in termen van hun gemiddelde boomeigenschappen.
Vervolgens evalueren we welke factoren de meest waarschijnlijke oorzaken zijn van
deze veranderingen. We zien dat na verloop van tijd de hoeveelheid individuen
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toeneemt van soorten die normaal veel voorkomen in zeer oude bossen, terwijl de
hoeveelheid afneemt van soorten die normaal veel voorkomen in jongere bossen.
Dit betekent dat deze bossen zich in een herstellend proces bevinden, mogelijk
veroorzaakt door verstoringen die lang geleden hebben plaats gevonden, zoals
intense droogte of verstoringen door (precolumbiaanse) menselijke invloeden.

De bovenstaande hoofdstukken tonen verschillende effecten aan van
biodiversiteit op biomassavoorraden en —dynamiek in tropische bossen. Om een
beter algemeen beeld te krijgen van deze relaties voeren we een literatuurstudie uit
in hoofdstuk 7. Hiervoor richten we ons niet alleen op resultaten van empirische
studies (gebaseerd op gemeten data, zoals de andere hoofdstukken van dit
proefschrift), maar ook op resultaten van studies die gebruik maken van
satelliettechnieken en ecosysteem computermodellen. Van de 38 empirische studies
laat 74% zien dat biodiversiteit belangtijk is voor biomassavoorraden en de opname
van koolstof in tropische bossen. Satellietbeelden kunnen worden gebruikt om
eenvoudig op te schalen naar grote gebieden. Bij 9 wuit 10 studies met
satellietbeelden  zien we  belangrijke effecten van  biodiversiteit op
biomassavoorraden. Ecosysteem modellen kunnen nuttig zijn voor het evalueren
van toekomstige scenario's, zoals het gevolg van klimaatverandering en verlies van
biodiversiteit op biomassavoorraden. Op dit moment zijn er slechts enkele
ecosysteem modellen die een hoge biodiversiteit kunnen simuleren, maar deze
wijzen op potentiele sterke en positieve effecten van biodiversiteit op de opname
van koolstof. De resultaten van modelsimulaties tonen aan dat biodiversiteit met
name belangrijk is om bossen weerbaar en veerkrachtig te maken voor bijvoorbeeld
klimaatverandering (omdat er bij hoge biodiversiteit altijd genoeg soorten zijn die
goed aangepast zijn aan de nieuwe klimaatcondities). Op die manier zorgt
biodiversiteit voor een stabiele koolstofvoorraad en —opname. Daarom pleiten wij
ervoor dat het behoud van biodiversiteit niet alleen een bijkomend voordeel is van
bosbescherming voor klimaat mitigatie, maar dat biodiversiteit beschouwd moet
worden als een voorwaarde om hoge en stabiele koolstofopslag en —opname, en
dus klimaatmitigatie, te waarborgen op de lange termijn.

Kortom, in dit proefschrift toon ik aan dat biodiversiteit — waaronder de
gemiddelde en diversiteit in boomeigenschappen — belangrijk is voor het
functioneren van tropische bossen, maar dat het precieze effect athankelijk is van
de miliecuomstandigheden, ruimtelijke schaal en tijdsschaal. Niche complementarity is
het meest belangrijk op grote ruimtelijke schaal mogelijk als gevolg van grote
verschillen in de biodiversiteit tussen bossen (hoofdstuk 5), terwijl mass-ratio
belangrijk is op grote ruimtelijke schaal en in bossen met suboptimale
milieuomstandigheden (bijvoorbeeld de voedselarme bodems in Guyana,
hoofdstuk 3). Bovendien zijn tropische bossen niet stabiel, maar veranderen ze in
hun biodiversiteit (in gemiddelde boomeigenschappen, hoofdstuk 6) als gevolg van
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veranderende  milieuomstandigheden  (waarschijnlijk ~ veroorzaakt  door
verstoringen). Omdat biodiversiteit sterk bepalend is voor het functioneren van het
bos op de lange termijn, zullen die veranderingen in biodiversiteit kunnen leiden tot
veranderingen in de toekomstige biomassavoorraden en koolstof opname van het
bos (hoofdstukken 7, 8).

Tropische bossen hebben vele lokale en mondiale voordelen, zoals het
tegengaan van klimaatverandering, water recycling en de productie van hout- en
andere bosproducten. In dit proefschrift laat ik zien en bediscussieer ik dat het
bestaan en voortbestaan van deze bossen mede athankelijk is van hun
biodiversiteit. Ecologisch onderzoek zal zijn krachten moeten bundelen met
sociaaleconomisch onderzoek en met passende politieke en technologische
ontwikkelingen. Dit is nodig om te garanderen dat tropische boslandschappen
ecologisch duurzaam en winstgevend zijn en zullen blijven. De bescherming en het
behoud van tropische bossen zal een uitdaging zijn. Een uitdaging die overwonnen
moet worden in het belang van alle organismen op aarde — inclusief de mens.
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Los bosques tropicales son muy importantes para el ciclo global del carbono.
Eliminan el dioxido de carbono de la atmosfera a través de la fotosintesis,
secuestrandolo en forma de biomasa. Los bosques tropicales contienen el 25% de
todo el carbono almacenado en la biosfera terrestre y anualmente eliminan
alrededor del 24% de las emisiones de gases de efecto invernadero, lo cual
contribuye a mitigar el cambio climatico. Por esta razoén, las politicas
internacionales tales como los acuerdos alcanzados durante las negociaciones sobre
el clima de la United Nations Framework Convention on Climate Change (UNFCCC), en
diciembre 2015 en Paris, reconocen cada vez mas el potencial de los bosques
tropicales para ayudar en la mitigaciéon del cambio climatico.

Ademas de su importancia para la mitigacion del cambio climatico, los
bosques tropicales son los ecosistemas terrestres mas diversos, albergando cerca de
47.000 especies de arboles. Esta alta diversidad hace que los bosques tropicales
sean particularmente relevantes para la conservacion de la biodiversidad,
especialmente dada la amenaza por deforestacion, degradacion de los bosques, caza
y cambio climatico a la sobrevivencia de muchas especies. Investigaciones en
ecosistemas menos complejos, tales como praderas o bosques templados, han
demostrado que no solo es bueno tener alta biodiversidad, sino que también podria
resultar en ecosistemas mas productivos al almacenar y secuestrar mas carbono.
Estos resultados son afines con la hipotesis de complementariedad de nichos ecoldgicos,
que predice que las especies tienen diferentes estrategias para obtener y utilizar
recursos (tales como agua y nutrientes), y por tanto, una comunidad muy diversa de
especies de plantas puede utilizar los recursos de una manera mas eficiente y
resultar en una mayor productividad total. Sin embargo, continuamos
preguntandonos si esta hipétesis también se cumple para los bosques tropicales,
donde el numero de especies es mucho mas alto y la mayoria de las plantas viven
por mucho mas tiempo. También podria ser que en vez de la diversidad de
especies, las especies mas abundantes son las que principalmente determinan la
cantidad de carbono almacenado y absorbido por el bosque, lo cual concuerda con
la hipoétesis ecolégica de peso proporcional (“mass-ratio” en Inglés).

En esta tesis, investigo la relacién entre la biodiversidad y la capacidad de los
bosques tropicales para almacenar y capturar carbono. Como medidas del
almacenamiento de carbono utilizo las ‘reservas de biomasa’, tales como la biomasa
en pie por unidad de superficie. Como medida de la captacién de carbono utilizo
‘dinamica de la biomasa’, tales como los flujos de biomasa a través del tiempo:
crecimiento y reduccién de biomasa. Usualmente, a la biodiversidad se la conoce
como el nimero de especies por area. No obstante, el sélo hecho de contar el
numero de especies no provee ninguna informacién sobre las caracteristicas (o
"rasgos") funcionales de las especies, los cuales son implicitamente importantes
para las hipétesis de complementariedad de nichos ecolégicos y peso proporcional.
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En otras palabras, donde las reservas y la dindmica de biomasa de una comunidad
de plantas deberfa aumentar con la diversidad de rasgos funcionales (segun la
hipotesis de complementariedad de nichos ecolégicos), y deberia depender de los
valores promedios de rasgos funcionales (segun la hipétesis de peso proporcional).
Por esa razon, esta tesis tiene un enfoque mayor en rasgos funcionales de plantas
(tales como la concentracion de nutrientes en la hoja y la densidad de la madera)
que deberfan proveer una mejor comprension del funcionamiento de las reservas y
dinamica de biomasa. Por lo tanto, en esta tesis se entiende por 'biodiversidad' a la
diversidad de especies y sus rasgos (que refleja la complementariedad de nichos), pero
también a los rasgos promedios de una comunidad de arboles (que refleja el peso
proporcional).

Los efectos de la biodiversidad en las reservas y dinamica de biomasa pueden
depender de varias variables, tales como las condiciones ambientales (por ejemplo,
la fertilidad del suelo y precipitacion), la escala espacial, y la escala temporal en
consideracion. Por tanto, los objetivos principales de mi tesis fueron los siguientes:

1) entender el efecto de la biodiversidad y el medio ambiente en las reservas y
dindmica de biomasa de los bosques tropicales,

2) evaluar como estas relaciones dependen de la escala espacial considerada,

3) evaluar como estas relaciones dependen de la escala temporal considerada.

Para alcanzar estos objetivos, colaboré con instituciones de investigacion en
Bolivia, Brasil y Guyana que manejan e investigan una cantidad considerable de
hectareas de bosques tropicales. En estos bosques, colecté datos de los rasgos de
las hojas y tallos de las especies de arboles mas abundantes. Mediante la
combinaciéon de estas dos bases de datos, obtuvimos datos para las diferentes
medidas de biodiversidad, de condiciones ambientales, y de reservas y dinamica de
biomasa.

Los arboles grandes son responsables de la mayor parte del carbono
absorbido por los bosques tropicales. Por tanto, es importante entender lo que
determina la variacion en el crecimiento de la biomasa entre los arboles grandes. En
el capitulo 2investigamos los efectos de las diferentes caracteristicas de las plantas
en el crecimiento de la biomasa de arboles grandes en un bosque himedo tropical
en Bolivia. Encontramos que el crecimiento de biomasa aument6 fuertemente con
el tamafio de la albura del tronco, que es la parte viva de la madera responsable del
almacenamiento y del transporte de agua desde las raices hasta las hojas. El hecho
de tener una alta capacidad para transportar y almacenar agua puede ser importante
especialmente para estos arboles grandes. Por ser altos, reciben una gran cantidad
de luz solar y estan expuestos a temperaturas altas, y por lo tanto transpiran una
mayor cantidad de agua. De esta manera, el crecimiento de la biomasa de arboles
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grandes tropicales parece estar limitado principalmente por su alta demanda de
agua.

Seguidamente, ampliamos nuestro estudio de arboles individuales a
comunidades enteras de arboles para evaluar las relaciones entre la biodiversidad y
las condiciones ambientales con las reservas y dinamica de biomasa. En el capitulo
3 evaluamos estas relaciones para un bosque tropical himedo que crece en suelos
muy pobres en nutrientes de Guyana. No encontramos efectos de la
complementariedad de nichos (medido a través de la diversidad de especies), pero un
efecto importante del peso proporcional (medido a través de los rasgos promedios) y la
tertilidad del suelo en las reservas y dinamica de biomasa. Este significa que en
estos suelos pobres, sélo un pequefio grupo de especies con un conjunto de rasgos
apropiados pueden sobrevivir mas, crecer rapidamente, y llegar a ser grande y
abundante.

En el capitulo 4 investigamos los mismos efectos para un bosque
completamente diferente: un bosque tropical himedo en suelos muy ricos en
nutrientes en Bolivia (el mismo bosque del capitulo 2) que experimenta 6 meses de
época seca al afio. En este caso, encontramos que ni la complementariedad de
nichos ni el peso proporcional son importantes para la dinimica de la biomasa. Mas
bien, la disponibilidad de agua en el suelo determiné la dinamica de biomasa en este
bosque mas estacional y mas seco, lo que concuerda con la importancia de la
disponibilidad de agua para el crecimiento de arboles grandes del capitulo 2.

El Neotropico (es decir, las regiones tropicales de Sudamérica y Mesoamérica)
comprende mucho mids tipos de bosques y mayor variabilidad en cuanto a
condiciones ambientales de los que incluimos en los capitulos 3 y 4. Por lo tanto,
en el capitulo 5 consideramos toda la region del Neotropico, utilizando datos de
201 parcelas de una hectarea en 26 sitios de bosques, y evaluamos cémo la
biodiversidad y las condiciones ambientales determinan las reservas y la dinamica
de biomasa. En contraste con los dos capitulos anteriores, encontramos que ambos
complementariedad de nichos 'y peso proporcional fueron muy importantes para las reservas
y la dinamica de biomasa. Parece que las grandes diferencias en las condiciones del
suelo y clima entre los bosques ocasionan grandes diferencias en la diversidad
biolégica, que a su vez conllevan a grandes diferencias en las reservas y la dinamica
de biomasa a una escala espacial mayor.

Los bosques tropicales son ecosistemas dinamicos con plantas que nacen y
mueren continuamente. Por esta razén podemos esperar que los bosques tropicales
pueden responder a los cambios en las condiciones ambientales, por ejemplo
debido al cambio climatico. Dependiendo de cémo cambian las condiciones
ambientales, algunas especies con los rasgos adecuados creceran y sobreviviran
mejor que otros, y por lo tanto seran mas abundantes con el tiempo. En el
capitulo 6 evaluamos como cinco bosques tropicales primarios (es decir, bosques
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maduros que no han experimentado disturbios mayores durante las ultimas
décadas) estan transformando sus rasgos promedios con el tiempo, y evaluamos las
causas mas probables de estos cambios. Encontramos que la abundancia de
especies que normalmente son comunes en los bosques primarios aument6 con el
tiempo, mientras que la abundancia de especies que normalmente son comunes en
los bosques mas jovenes disminuyo. Esto significa que estos bosques parecen estar
en un proceso de recuperacion, posiblemente a causa de disturbios que sucedieron
hace mucho tiempo, como sequias intensas u ocupacion humana precolombina.
Los capitulos anteriores muestran diferentes efectos de la biodiversidad en las
reservas y la dinamica de biomasa de los bosques tropicales. Para poder generalizar
mejor, hemos realizado una revision de la literatura en el capitulo 7. Para esto, nos
enfocamos no sélo en los resultados de estudios empiricos (como los otros
capitulos de esta tesis), sino también en los resultados de estudios que utilizan
técnicas de teledeteccion y modelos informaticos para ecosistemas. De los 38
estudios empiricos, el 74% mostré que la biodiversidad es importante para las
reservas de biomasa y la captura de carbono en los bosques tropicales. La
teledeteccion se puede utilizar para medir facilmente grandes areas. 9 de 10 estudios
que utilizan técnicas de teledeteccién reportaron efectos importantes de la
biodiversidad en las reservas de biomasa. L.os modelos de ecosistemas pueden ser
utiles para evaluar escenarios futuros, por ejemplo para evaluar el efecto de la
pérdida de biodiversidad o del cambio climatico en las reservas de biomasa.
Actualmente, sélo unos pocos modelos de ecosistemas pueden simular niveles de
biodiversidad mas altos, pero todos ellos mostraron efectos potencialmente fuertes
y positivos de la biodiversidad en la absorcion de carbono. Los resultados de las
simulaciones indican que la biodiversidad es especialmente importante para
asegurar una absorcion estable de carbono frente al cambio climatico. En
consecuencia, abogamos que la conservacion de biodiversidad no es solamente un
beneficio adicional de los bosques para la mitigaciéon del cambio climatico, mas
bien, se deberfa considerar a la biodiversidad como un requisito previo para
mejorar y garantizar la reserva y absorcion alta y estable de carbono a largo plazo.
En resumen, en esta tesis encontré que la biodiversidad — incluyendo la
diversidad de especies y los rasgos funcionales promedios — es importante para el
funcionamiento de los bosques tropicales, pero que su efecto depende de las
condiciones ambientales, y la escala espacial y temporal en consideracion. La
complementariedad de nichos fue mas importante a mayor escala espacial, posiblemente
a causa de los fuertes diferencias en diversidad entre los bosques (capitulo 5),
mientras que el peso proporcional fue importante a mayor escala espacial y en
bosques con condiciones ambientales duras (por ejemplo, los suelos pobres en
nutrientes en Guyana, capitulo 3). Ademas, los bosques tropicales no se encuentran
en un estado estable, sino que las condiciones ambientales cambiantes conllevan a
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cambios en biodiversidad (expresado en los rasgos promedios, capitulo 6). En
consecuencia, esto podria conllevar a cambios en las reservas futuras de biomasa y
absorciéon de carbono de los bosques, ya que la biodiversidad es muy importante
para el funcionamiento de los bosques a largo plazo (capitulos 7, 8).

Los bosques tropicales proveen muchos beneficios locales y globales para la
sociedad, tales como la mitigaciéon del cambio climatico, reciclaje del agua, y la
produccién de productos forestales maderables y no maderables. En esta tesis
demuestro y argumento que la existencia y persistencia de estos bosques dependen
en parte de su biodiversidad. La investigacion ecologica deberfa combinarse mas
con investigacion socio-econémica y con el desarrollo de politicas y tecnologia
apropiados para lograr paisajes forestales tropicales que sean ecologicamente
sostenibles y rentables a largo plazo. La conservacion de los bosques tropicales sera
un desafio, pero un desafio que debe ser superada para el beneficio de todos los
organismos de la Tierra — incluyendo los seres humanos.
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