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Summary

Summary

Vascular epiphytes are non-parasitic plants that germinate and grow on trees without contact to
the soil. Their arboreal life style implies a strong dependence on forest structure and dynamics.
Tree architectures change constantly during ontogeny, and large and old branches of the inner
crowns are generally more suitable for epiphyte colonization and survival than small branches of
the outer crowns. In addition, microclimatic conditions within canopies, such as light, temperature
or humidity, are directly influenced by forest structure. While the influence of such gradients
within trees and forests on the vertical distribution of epiphyte species is undisputed, our
understanding of the relationship between epiphyte distribution and functional traits is limited.
Moreover, a causal relationship between the dynamics of trees and forests and the dynamics of

epiphyte assemblages is obvious, but our quantitative knowledge on this topic is strikingly scarce.

In this thesis, I provide a detailed analysis of how forest structure and dynamics influence the
structure and dynamics of epiphyte assemblages and their functional traits via both field studies

(chapters 2 and 3) and modelling studies (chapters 4 and 5).

In chapter 2, I analyzed vertical gradients of ten leaf traits based on leaf samples of > 1100
individuals belonging to 83 epiphyte species in a Panamanian lowland forest. I found that
community mean trait values of many leaf traits were significantly correlated with height above
ground. Trait-height correlations were particularly strong for specific leaf area (SLA), leaf
thickness, leaf chlorophyll concentration and carbon isotope ratio. Both linear and non-linear
trends were observed, and while the leaf thickness, for instance, increased linearly, the SLA
decreased non-linearly with height. Furthermore, intraspecific trait variability was pronounced
and accounted for one-third of total observed trait variance. Intraspecific trait adjustments along
the vertical gradient were common and seventy per cent of all species showed significant trait—
height relationships. In addition, intraspecific trait variability was positively correlated with the
vertical range occupied by species; however, this correlation was rather weak. I also observed
significant trait differences between major taxonomic groups (orchids, ferns, aroids, bromeliads)
that were linked to their vertical distributions. Orchids, for instance, had on average the thickest
leaves and lowest SLA values, while in ferns the leaf dry matter content was almost twofold
higher than in the other taxonomic groups. My study represents the most comprehensive study on
vertical trait gradients of vascular epiphytes to date and demonstrates that leaf trait syndromes
and intraspecific trait variability play important roles in explaining the vertical zonation of

vascular epiphyte species and taxonomic groups.
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In chapter 3, 1 addressed the role of forest dynamics on community structure and mortality
patterns of epiphyte assemblages by exploring the forest floor as source of information. To this
end, [ surveyed fallen branches and epiphytes in 96 transects in rainforests in Brazil and Panama.
I found that trends in epiphyte abundance, richness and composition over branch diameter on the
forest floor reflected trends in the forest canopy. This finding suggests that forest floor surveys
provide useful demographic information, particularly on epiphytes occurring on the thinnest
branches which are least accessible with the most common techniques to access the forest canopy.
Furthermore, the density of epiphytes on the forest floor was high, and I estimated mortality rates
of at least 4% per year at the community level, and of ~13% per year when considering epiphytes
on branches < 10 cm in diameter. The results of this study highlight the importance of tree and

forest dynamics for the demography of vascular epiphytes.

In chapter 4, I developed a dynamic forest stand model in which trees are represented by their
three-dimensional (3D) structure. In this model, tree species were characterized by a set of leaf
traits under consideration of trade-offs and correlations among traits. Applying the principles of
the pipe model theory, these leaf trait trade-offs were scaled to whole-tree growth. This approach
reproduced fundamental life history variation between different functional tree groups with regard
to their growth, survival, and light demand. For instance, species with high SLA values had high
initial growth rates, but lower maximum heights and shorter life spans, i.e. characteristics
associated with pioneer species. Tree growth patterns in my model were largely consistent with
observations and support the notion that the growth-survival trade-off across tropical tree species
is, at least partly, determined by leaf traits. Furthermore, I coupled the trait-based tree model with
a forest stand model which simulates key demographic processes and integrates between-tree
competition. This stand model successfully reproduced a number of important ecological patterns.
A dynamic equilibrium state was reached after ~ 100 years, and in this equilibrium twelve
important forest attributes (e.g. above-ground biomass, basal area, stem number, net-primary
production or leaf area index) were within typical ranges of Neotropical lowland forests.
Moreover, complex patterns like the vertical leaf area density or the diameter-height relationship
closely matched observations, indicating that a structurally realistic forest can be simulated with
my model. To my knowledge, the presented modelling approach allowing detailed 3D long-term
simulations of forest dynamics is unique and paves the way for further model-based analyses of
forest dynamics, or model-based studies of canopy-dwelling organisms requiring a detailed

representation of forest structures and their dynamics.

In chapter 5, I developed the first mechanistic model for epiphytes which explicitly simulates
population dynamics while being coupled with a structurally-realistic forest model. This epiphyte
model is three-dimensional, spatially-explicit, and trait- and individual-based. After the model

was validated by comparing model results with field data, I used simulation experiments to assess
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how differences in natural forest dynamics, logging strategies, and the size of forest patches
influenced the long-term dynamics of epiphyte assemblages. Tree turnover rates in natural
tropical rainforest typically vary between 1% and 3% per year, and such variations had a marked
impact on epiphyte assemblages, i.e. forests with low tree turnover rates had considerably lower
extinction rates and higher epiphyte abundances. It has been observed that even in mature forests
with low tree turnover rates, epiphyte assemblages show no sign of saturation, and my simulations
demonstrated that the saturation level was clearly influenced by forest dynamics. Furthermore,
logging had the hypothesized negative effect on epiphyte diversity and abundance. Strikingly, a
slight reduction in size of logged trees from 45 to 40 cm in diameter at breast height had a
catastrophic effect on epiphyte assemblages and resulted in nearly complete extinction. In
contrast, epiphyte extinction rates decreased with increasing forest patch sizes. The coupled
epiphyte-forest model presented in this study provided valuable insights on how forests stand
parameters influence epiphyte assemblages and has the potential to address pending question in

the field of epiphyte ecology and conservation in future studies.

In summary, the findings of my thesis represent a major advance towards a better understanding
of the relationship between forest structure and dynamics and (trait) structure and dynamics of
epiphyte communities. My thesis constitutes the most comprehensive study on the community
trait structure of vascular epiphytes to date and introduced complex mechanistic models to the
field of epiphyte ecology. The modelling approaches open new avenues for future studies of
spatial and temporal dynamics of vascular epiphyte assemblages while integrating epiphyte

research in a more theoretical context.
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Introduction

1 Introduction

The epiphytic life style

Vascular epiphytes are non-parasitic plants that germinate and grow on other plants without
contact to the soil (Zotz 2013). Their arboreal life allows them to reach the well-illuminated upper
strata of forests without substantial investments in plant structure (Benzing 1990). However,
being isolated from terrestrial soils, epiphytes have to cope with a low and irregular supply of
water and nutrients from atmospheric inputs, litter or canopy soils (Benzing 1990; Wania, Hietz
& Wanek 2002). Particularly water availability is a key factor in epiphytic habitats, and diversity
and abundance generally increases strongly with precipitation and humidity (Gentry & Dodson

1987; Kreft et al. 2004; Ding et al. 2016).

Epiphytes are a conspicuous and important component of rain forests in the tropics and subtropics
(Schimper 1888; Gentry & Dodson 1987; Benzing 1990). In fact, in wet montane forests their
species number can even exceed that of non-epiphytic species (Foster 2001; Kelly et al. 2004). In
a Peruvian cloud forest, a single tree hosted the remarkable number of 190 epiphyte species
(Catchpole & Kirkpatrick 2010). However, their distribution is not restricted to low-latitude
regions, and some temperate forests in both the northern and southern hemisphere also harbor

rich epiphyte floras (Zotz 2005; Burns & Dawson 2005).

With more than 27,000 described species, vascular epiphytes represent ~9% of the world’s
vascular plant diversity (Zotz 2013). This plant group is taxonomically diverse and 913 genera in
73 families have epiphytic members (Zotz 2013). However, epiphyte species are not evenly
distributed among taxa. Orchids are by far the largest group accounting for ~68% of all epiphytes,
but ferns and fern allies (~10%) as well as bromeliads (~6%) are also important. These structurally
dependent plants do not only contribute to local diversity, they can also have a positive effect on
forest ecosystem processes by modifying micro-environmental conditions (Stanton et al. 2014).
In addition, epiphyte associations with fauna are not uncommon. For example, the tanks of
bromeliads can provide microhabitats for a number of invertebrates and amphibians (Stuntz et al.
2002; Yanoviak, Nadkarni & Solano J. 2007). In spite of their importance, many aspects of
epiphyte ecology are still not well studied, particularly when compared to other plant groups
(Kitching 2006; Mendieta-Leiva & Zotz 2015). While there are numerous works on distribution
and floristic composition of epiphytes, studies in the field of trait-based ecology are rare. Our
knowledge on structure and dynamics of epiphyte populations and assemblages is similarly

limited (Mendieta-Leiva & Zotz 2015).
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Spatial structure of epiphyte assemblages

The non-random spatial distribution of epiphyte species within forest stands and on individual
trees is a striking characteristic of epiphyte assemblages, and usually a pronounced vertical
stratification is observed (Schimper 1888; Zotz 2007; Zotz & Schultz 2008). Some filmy fern
species are almost exclusively found at the lower trunk bases (Kromer & Kessler 2006), others
such as tiny twig epiphytes predominantly occupy the outer crowns (Chase 1987), but the majority
of species colonizes vertical ranges of different extension between these extremes (Kromer,
Kessler & Gradstein 2007). Within-tree distribution of substrate and microclimatic conditions are
considered as main reason for the spatial structure of epiphyte assemblages (Benzing 1990; Zotz
2007). In fact, conditions vary widely from the humid and shady lower trunks, which are available
for colonization over longer time periods, to the well-illuminated, drier and highly dynamic outer
crowns. Such heterogeneity in conditions is reflected in the epiphyte assemblage by the presence

of a large number of ecologically and functionally diverse species.

Functional diversity can be assessed by investigating functional traits, which are characteristics
of plants that affect their growth, reproduction and survival (Violle et al. 2007). Therefore, a
correlation between functional traits and the vertical position of epiphytes can be assumed. Few
studies addressed this topic and compared epiphytes from distinct pre-defined zones within trees
(Andrade & Nobel 1997; Hietz & Briones 1998) or within the forest (Mantovani 1999; Stuntz &
Zotz 2001). Stuntz & Zotz (2001), for instance, observed that epiphytes in the forest canopy had
lower specific leaf areas (SLA) but higher photosynthetic capacities compared to understory
epiphytes. Likewise, Hietz & Briones (2001) observed a correlation between the leaf nitrogen
content and the position in the tree crown. These studies indicate that some traits are indeed related
to their vertical position, however, Zotz (2007) pointed out that height above ground might be
more suitable to approximate the environmental gradients within forests than pre-defined zones.
Accordingly, not only trait differences between different zones but vertical trait gradients can be
expected. To our knowledge, only a single study has analyzed the trait-height relationships for
epiphytes so far, finding a significant linear decrease in SLA with height (Cavaleri et al. 2010).
However, this correlation was weaker than that in other plant groups included in the same study.
As this study focused on a single trait and did not include epiphytes from important taxonomic
groups such as orchids or bromeliads, many aspects of the vertical trait distribution of epiphytes
are thus still largely unexplored and unknown. Studies on soil-rooted plants, for instance, also
highlighted the importance of intraspecific trait variability (Albert et al. 2010b, 2012; Bolnick et
al. 2011). High intraspecific trait variability might be associated with a large ecological breadth
or ecological generalism in plants (van Valen 1965; Sides et al. 2014). For epiphytes, high

intraspecific trait variability may thus enable a high vertical range within forests, but this remains
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to be adequately addressed. Hence, there are a number of open questions in the field of trait-based

ecology of vascular epiphytes which warrant more attention.

Influence of forest dynamics on epiphyte dynamics

Forest structure and dynamics not only influence the spatial structure and trait distribution of
epiphyte assemblages, but also their dynamics (Zotz, Bermejo & Dietz 1999). Each tree is a living
organism whose architecture experiences substantial modification during ontogeny, as new
structural biomass is continuously generated by growth processes, but also lost via branch
shedding (Hall¢, Oldeman & Tomlinson 1978; Barthélémy & Caraglio 2007). Small trees in the
understory of tropical forests are usually characterized by slender trunks and few horizontal
branches which are shed frequently (Millington & Chaney 1973; Addicott 1991; Alves & Santos
2002). Such trees are poor phorophytes (i.e. host trees) and thus often free of epiphytes (Taylor
& Burns 2015). Large trees, in contrast, provide greater substrate areas that are available for
colonization for a longer period, and epiphyte richness and abundance thus generally increases
with tree size (Laube & Zotz 2006; Taylor & Burns 2015). However, each branch and tree
eventually falls (Meer ef al. 1996), carrying their epiphytes with them to the forest floor. The
survival of epiphytes on the forest floor is limited (Matelson, Nadkarni & Longino 1993) and
successful reproduction is virtually impossible. Hence, these individual are lost from the
community. In the studies by Hietz (1997) and by Zotz, Laube & Schmidt (2005), substrate failure
was the single most common cause of epiphyte mortality, which emphasizes the importance of

tree and forest dynamics for epiphyte dynamics.

Quantitative studies on the dynamics of epiphyte assemblages are, however, rare. Apart from the
study by Hietz (1997) who used repeated photographs to monitor epiphytes on branch sections,
there are two studies that assessed temporal changes on certain host tree species (Socratea
exorrhiza: Laube & Zotz 2006; Annona glabra: Zotz, Bermejo & Dietz, 1999), and two studies
with repeated censuses at the plot scale (1 ha plot in Venezuela: Schmit-Neuerburg 2002; 0.4 ha
plot in Panama: first census by Zotz & Schultz 2008; second census by G. Mendieta-Leiva, K.
Wagner & G. Zotz, unpublished data). Interestingly, all these studies found increasing
abundances, which suggests that epiphyte communities are unsaturated. However, Zotz & Schultz
(2008) also reported that a single large tree hosted almost 15% of all epiphytes in their 0.4 ha plot;
such trees disproportionately abundant with epiphytes will ultimately die and this leads to
pronounced local losses of epiphytes. This suggests that tree turnover rates, which commonly
vary between 1% and 3% per year in tropical rainforests when considering trees > 10 cm in DBH
(Phillips 1996; Phillips ef al. 2004b; Lewis et al. 2004b), should be important determinants of

local epiphyte abundance and diversity in addition to water-related climatic variables (e.g. Kreft
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et al. 2004; Ding et al. 2016). Moreover, an alarming increase in tree turnover rates in tropical
forests over the last decades has been observed (Phillips 1996; Lewis ef al. 2004b). Thus, there is
an urgent need to improve our understanding of the influence of forest dynamics on epiphyte
dynamics. Appropriate field studies, however, are tedious; forest canopy research requires labor-
intensive or costly techniques (e.g. rope-climbing, canopy cranes), which makes it difficult to
gather information on community structure and dynamics. Therefore, complementary methods

are urgently needed if we are to understand the dynamics of vascular epiphytes.

Mechanistic models of epiphyte dynamics

Mechanistic model approaches provide an opportunity to improve our knowledge on ecological
systems in addition to field studies. They can help to disentangle complex interactions and to
predict future changes (Wiegand et al. 2003; Purves & Pacala 2008). However, mechanistic
models for epiphytes have not been developed so far, precluding any ecological modeling
assessment for these important components of the world’s flora. Nevertheless, virtual forests, in
which simulation experiments on epiphyte demography can be conducted, provide a promising

starting point to include vascular epiphyte in the ecological modeling agenda.

Among the available methods to generate virtual forests, functional-structural tree models
(FSTMs) simulate the three-dimensional dynamics of plant structures and have attracted
increasing attention in recent times (Barczi et al. 2008; DeJong et al. 2011). In these models, trees
can be represented by a large number of individual branch segments, leaves or reproductive
organs (Sterck ef al. 2005; Barczi ef al. 2008). By combining function and structure, FSTMs allow
an integration of the main processes affecting tree growth, i.e. resource capture and within-tree
allocation, at a high level of detail, for instance by simulating the interactions between leaf
distribution and light conditions within individual trees (Sterck et al. 2005; Fourcaud et al. 2008).
FSTMs have mainly been applied to simulate and analyze growth of individual trees (Perttunen,
Sieva & Nikinmaa 1998; Sterck et al. 2005; Sterck & Schieving 2007), and only few attempts
have been made to couple FSTMs with forest stand models (Feng ef al. 2011; Guillemot et al.
2014). In the latter cases, the forest models focused on even age-stands in single species systems
over a limited time frame, but to our knowledge there is no long-term dynamic stand model based

on FSTMs including all demographic processes.

Three-dimensional dynamic stand models, which are able to reproduce detailed processes such as
branch turnover or gap dynamics, could function as virtual laboratories for epiphytes
communities. Simulation experiments going beyond the scope of field studies could be conducted,

for instance by modelling epiphyte dynamics over several hundred years. Moreover, Mendieta-
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Leiva & Zotz (2015) mentioned that the study of the structure and dynamics of epiphyte
assemblages lacks theory, and modelling studies have a great potential to advance this field of

research.

Study outline

This thesis aims at improving our understanding of the trait-based ecology of vascular epiphytes
and of how forest structure and dynamics influence the structure and dynamics of epiphyte
assemblages. The specific objectives are to (1) analyze vertical trends of functional leaf traits of
vascular epiphytes within forests and to assess the importance of intraspecific trait variability in
epiphyte systems, (2) document epiphyte mortality as a function of branch or tree fall, (3) develop
a detail three-dimensional forest model to simulate long-term forest dynamics, which can be
coupled with a demographic epiphyte model to (4) assess how natural or human-induced
differences in long-term forest dynamics affect the structure and dynamics of epiphyte
assemblages. This thesis comprises field studies (chapters 2 and 3) and modelling studies

(chapters 4 and 5).

In chapter 2, I analyze trait-height relationships at the community and the species level for a
number of leaf traits of vascular epiphytes. To this end, samples are collected along the vertical
gradient in a Panamanian lowland forest using a canopy crane. I quantify the importance of
intraspecific trait variability and investigate whether vertical ranges of species correlate with their
trait variability. Moreover, I test if traits and trait syndromes differ among important taxonomic

groups of epiphytes (bromeliads, orchids, aroids, ferns).

In chapter 3, I address the role of the forest floor as source of information on epiphyte mortality
and community structure. I compare patterns of fallen branches and epiphyte between two study

sites and assess the impact of branch turnover on epiphyte mortality.

In chapter 4, I develop a dynamic forest stand model in which each tree is represented by its three-
dimensional structure. This model is used to simulate the long-term forest dynamics (500-1000
years) at the plot scale (~1 ha) at a high degree of detail. I characterize each tree by a set of leaf
traits under consideration of between-trait trade-offs and correlations and hypothesize that this
trait-based approach will reproduce life history variation between different functional groups with
regard to their growth, survival, and light demand. I use multiple observed patterns at the tree and

forest level to parameterize and validate the model.
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In chapter 5, I couple the forest stand model with an individual-based model of vascular epiphytes
and assess how (1) differences in natural forest dynamics, (2) selective logging and (3) the size

of forest patches influence the long-term dynamics of epiphyte assemblages.
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Summary

21 Summary

1. Analyzing functional traits along environmental gradients can improve our understanding
of the mechanisms structuring plant communities. Within forests, vertical gradients in
light intensity, temperature and humidity are often pronounced. Vascular epiphytes are
particularly suitable for studying the influence of these vertical gradients on functional
traits because they lack contact with the soil and thus individual plants are entirely
exposed to different environmental conditions, from the dark and humid understory to

the sunny and dry outer canopy.

2. In this study, we analyzed multiple aspects of the trait-based ecology of vascular
epiphytes: shifts in trait values with height above ground (as a proxy for vertical
environmental gradients) at community and species level, the importance of intra- vs.
interspecific trait variability, and trait differences among taxonomic groups. We assessed
ten leaf traits for 1,151 individuals belonging to 83 epiphyte species of all major

taxonomic groups co-occurring in a Panamanian lowland forest.

3. Community mean trait values of many leaf traits were strongly correlated with height and
particularly specific leaf area and chlorophyll concentration showed non-linear, negative

trends.

4. Intraspecific trait variability was pronounced and accounted for one third of total
observed trait variance. Intraspecific trait adjustments along the vertical gradient were
common and seventy percent of all species showed significant trait-height relationships.
In addition, intraspecific trait variability was positively correlated with the vertical range

occupied by species.

5. We observed significant trait differences between major taxonomic groups (orchids,
ferns, aroids, bromeliads). In ferns, for instance, leaf dry matter content was almost
twofold higher than in the other taxonomic groups. This indicates that some leaf traits are

taxonomically conserved.

6. Our study demonstrates that vertical environmental gradients strongly influence
functional traits of vascular epiphytes. In order to understand community composition
along such gradients, it is central to study several aspects of trait-based ecology, including

both community and intraspecific trends of multiple traits.



2. Functional leaf traits of vascular epiphytes

2.2 Introduction

Functional traits are measurable characteristics of individual plants impacting their growth,
reproduction and survival (Violle et al. 2007). The analysis of functional traits along
environmental gradients can help to unravel the mechanisms structuring plant communities
(Wright et al. 2005b; Ackerly & Cornwell 2007). Significant shifts in community mean trait
values, for instance, indicate trait-based environmental filtering (Diaz, Cabido & Casanoves 1998;
Cornwell & Ackerly 2009). Interestingly, studies based on global trait datasets show that large-
scale changes in climatic conditions only explained a small proportion of observed variation in
leaf traits, while trait variation among co-existing species within study plots was relatively high
(Wright et al. 2004, 2005b). In fact, the environment at small scales can be very heterogeneous,
promoting the occurrence of species with different traits and ecological strategies. Moreover,
particularly in forests, environmental factors such as light intensity, temperature and humidity
normally show marked vertical gradients. Such vertical gradients, in turn, have the potential to
explain a substantial part of trait variations at plot scale, and it has been demonstrated that several
leaf traits of trees change significantly along vertical light gradients (Rozendaal, Hurtado &
Poorter 2006; Markesteijn, Poorter & Bongers 2007).

Vascular holoepiphytes, plants growing non-parasitically on other plants without contact to the
soil (Zotz 2013), are particularly suitable for studying the influence of vertical environmental
gradients on functional traits, because individuals are entirely exposed to different environmental
conditions from the dark and humid understory to the sunny and dry outer canopy. As the leaf
weight ratio (leaf mass/total plant mass) is generally high in epiphytes (Zotz & Asshoff 2010),
leaf traits should be pivotal to their performance. The frequently pronounced vertical stratification
of epiphyte species has long been recognized (Schimper 1888; Kromer et al. 2007), but few
studies have attempted to relate their vertical distribution to functional leaf traits. Most of these
studies assessed differences between sun and shade plants (e.g. Mantovani 1999) or used
predefined zones within forests or trees (e.g. Johansson zones; Johansson 1974) as surrogates for
different environmental conditions (Andrade & Nobel 1997; Hietz & Briones 1998; Stuntz &
Zotz 2001). Zotz (2007) pointed out that height above ground might be more suitable to
approximate the environmental gradients within forests than predefined zones. To our knowledge,
only a single study related height above ground to leaf traits of vascular epiphytes (Cavaleri et al.
2010). However, as this study focused on leaf mass per area (LMA) and did not include epiphytes
from important taxonomic groups like orchids or bromeliads, many aspects of the vertical leaf

trait distribution of epiphytes are still largely unexplored.

Along vertical environmental gradients, shifts in community mean trait values of functionally
important leaf traits can be expected. An increase in specific leaf area (SLA=LMA™), for instance,

increases the light-capture efficiency, which is advantageous under low-light conditions in the
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understory (Wright et al. 2004). In contrast, an increase in leaf thickness can prevent overheating
and minimize transpiration losses, which is favorable under drier und sunnier conditions in the
canopy (Cornelissen et al. 2003; Rozendaal et al. 2006). Such shifts in community trait means
might be caused by replacement of species with unsuitable traits. However, recent studies have
also highlighted that intraspecific trait variability can be quite substantial and that individuals
within species can adjust their traits in response to the environment (Bolnick ez al. 2011; de Bello
et al. 2011; Kichenin et al. 2013). Additionally, high intraspecific trait variability might be
associated with a large ecological breadth or ecological generalism, possibly increasing the

vertical range of epiphytes within forests (van Valen 1965; Sides et al. 2014).

Vascular epiphytes are a taxonomically diverse group. Orchids account for 68% of all epiphyte
species, but ferns and lycophytes, bromeliads and aroids are also prominent taxa (Zotz 2013). It
is generally assumed that traits are taxonomically conserved and, consequently, trait differences
between taxonomic groups can be expected. Moreover, epiphyte taxa independently evolved a
variety of different morphological and physiological characteristics (e.g. velamen radicum,
phytotelmata, specialized trichomes) to cope with nutrient and water limitation (Benzing 1990).
Such between-taxon differences might affect the response of leaf traits to environmental

conditions.

To analyze the multiple aspects of trait-based ecology along vertical environmental gradients, we
studied ten leaf traits for 1,151 individuals of 83 epiphyte species of all major taxonomic groups
co-occurring in a Panamanian lowland forest. We tested the following hypotheses: (H1) trait
means and trait syndromes change with height at the community level; (H2) variations in trait-
height relationships among species influence community trait structure; (H3) vertical ranges of
epiphyte species correlate with their intraspecific trait variability; (H4) trait means, trait

syndromes and trait-height relationships differ among taxonomic groups.

2.3 Materials and methods

Study site

This study was conducted at the San Lorenzo Canopy Crane Site at the Atlantic coast of Panama
(9°17'N, 79°58' W, 130 m a.s.1.; Wright et al. 2003). Mean annual precipitation in this old-growth
lowland tropical rainforest is around 3,100 mm, with a pronounced dry season from January to
March. Canopy height is variable and emergent trees reach maximum heights of ca. 45 m. The
use of a gondola attached to a construction crane allowed access to all strata of the forest within
an area of ca. 0.9 ha. A comprehensive census of the vascular epiphyte flora at the study site was
conducted in 2010 - 2012 and yielded > 22,000 individuals of > 100 species (Glenda Mendieta-
Leiva & Gerhard Zotz, unpublished data; see Zotz & Schultz 2008 for methodology).
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Among vertical environmental gradients, the light gradient is considered as most influential on
leaf traits (e.g. Poorter 1999; Markesteijn, Poorter & Bongers 2007). Changes in light intensity
with height above ground were measured in situ with light intensity loggers (HOBO UA-002—-64;
Onset Computer Corporation, Cape Cod, USA; for more details see Fig. A.1 in Appendix).

Leaf traits

As we focused on multiple aspects of trait-based ecology (e.g. community and intraspecific
trends), we applied a two-tiered sampling strategy. First, we randomly sampled epiphytes along
the vertical gradient within the entire area accessible by crane to represent the epiphyte
community. Second, for species which were quite frequent in the study area (based on the census),
but underrepresented in our sample, we additionally increased the sample size to n=10, which we
regarded as minimum to analyze intraspecific trends. However, this applied to only few species

and thus should not bias community trends.

We collected one leaf per epiphyte for 1,151 individuals belonging to 83 species (51 species > 10
samples) in 15 plant families (Table A.1). For each sampled individual, height above ground was
recorded. We sampled adults and juveniles, but not seedlings. The juvenile phase can last several
years in epiphytes, and by sampling these individuals, we were able to include more species in
our analysis. However, we note that including juveniles can lead to increased intraspecific trait
variability (~25% of all individuals were juveniles; ~60% of all species included juveniles). We
aimed at sampling the youngest, fully expanded leaves, without signs of herbivory or infections.
The taxonomic nomenclature used in the present paper follows The Plant List (2014;

http://www.theplantlist.org/).

For each sample, we determined specific leaf area (SLA = leaf area / dry weight; mm* mg™), leaf
dry matter content (LDMC = dry weight / fresh weight; g g'), leaf lamina thickness (Thickness;
mm), leaf water content on an area basis (LWCawa = (fresh weight — dry weight) / leaf area; g
H,0 m?), as well as leaf chlorophyll concentration on an area basis (Chlye,; g cm™) and on a
mass basis (Chlyss; mg g'). Chlorophyll concentration was estimated by measuring red/infrared
absorbance in the field with a SPAD-502 chlorophyll meter (Spectrum Technologies, Plainfield,
USA). SPAD measurements were converted into chlorophyll concentrations using the general
relationship from Coste et al. (2010). Collected leaves were re-watered with deionized water for
> 6h before taking additional measurements. Leaf thickness was measured with a caliper
(precision: 0.05 mm). Each leaf was photographed and leaf area was determined in Adobe
Photoshop 6.0 (Adobe Systems, San Jose, USA). Leaves were weighed to obtain fresh weight
(balance: A&D GR-202; A&D Company, Tokyo, Japan; precision: 0.1 mg), oven dried at 70 °C
for 48 h, and re-weighed to obtain dry weight.
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Additionally, for a sub-sample (224 individuals of 61 species), leaf nitrogen concentration on both
mass (Nmass; mg g') and area basis (Narea; g m™), as well as nitrogen isotope (8'°N; %o) and carbon
isotope ratios (8'°C; %o) were determined after homogenization of the dried samples in a ball mill
by elemental analyzer-isotope ratio mass spectrometry (Delta PLUS; Thermo Electron, Bremen,
Germany). As universal standards, atmospheric air was used for '’N and the Vienna Pee Dee
Belemnite for '*C. In the following, we will refer to the traits of this sub-sample as nitrogen-

carbon (NC) traits.

Data analyses

Analyses were done in R 3.0.1 (R Development Core Team 2013). Analyses for each hypothesis

are described separately in the following.

H1 - Trait means and trait syndromes change with height at the community level

We used simple linear models (LMs) to analyze the relationship between leaf traits and height.
To test for non-linearity, simple LMs (trait ~ height) and LMs including a quadratic term (trait ~
height + height?) were fitted and compared using the Akaike Information Criterion (AIC).
Choosing a conservative approach, we selected the non-linear model as minimal adequate model
(MAM) if it received higher model support by AAIC>10 (Burnham & Anderson 2004). For each
trait, LMs were applied to the entire dataset consisting of all sampled individuals, as well as to
community trait means calculated for all 1-m height intervals. CAM species, defined by §'°C
values > -20 %o (compare Zotz 2004), were excluded from analysis of vertical trends in §"*C. To
check for potential sampling bias, we took advantage of a rare feature - the information about the
vertical position and species identity of all >22,000 individuals in the epiphyte community
(Glenda Mendieta-Leiva & Gerhard Zotz, unpublished data). We used this information in
combination with intraspecific trait-height relationships (see H2) to additionally predict
community trends when considering the entire community (for details see Fig. A.2). Qualitative
comparisons with the community trends based on sampled individuals were used to detect

sampling bias in observed trends.

To assess how trait syndromes (i.e. combinations of multiple traits of individuals) are influenced
by their vertical position, we first conducted a principal component analysis (PCA; R package
‘vegan’) based on the normalized and centered trait data of the extensively sampled traits. Some
leaf traits covaried strongly (pairwise correlations between all traits were assessed by Pearson’s

correlation coefficient), and the PCA reduced correlated traits to independent components.
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Subsequently, LMs using the PCA scores of the first two PCA axes as dependent variables and

height as independent variable were applied.

H2 - Variations in trait-height relationships among species influence community trait

structure

We analyzed the influence of variations in trait-height relationships among species on community
trait structure by comparing LMs with different fixed effects (trait ~ fixed effects: height x species,
height + species, height, species) based on AIC values. Simpler LMs with fewer fixed effects and
no interactions were selected as MAM when AAIC<10 (Burnham & Anderson 2004). When the
MAM included the interaction of height and species, the community trait structure was
significantly influenced by differences in mean trait values and differences in trait responses to
height among species. If the MAM included species as fixed effect but no interaction, only

differences in mean trait values among species were significant.

Additionally, to assess the importance of intraspecific trait responses for each trait, we classified
species based on the significance of their trait-height relationship (non-significant slopes,
significant positive, or negative slopes; P<0.05). We only used species with > 10 records per trait

for these analyses (n=51), which excluded the NC traits.

H3 - Vertical ranges of epiphyte species correlate with their intraspecific trait variability

To assess the general importance of intraspecific trait variability, we first carried out variance
component analyses (R package ‘varcomp’), which partition observed trait variability into within-
species (intraspecific) and between-species (interspecific) components (Messier, McGill &
Lechowicz 2010). Subsequently, we calculated two measures of trait variability for each species:
the coefficient of variation (CV) and the trait range (TR: absolute difference between maximum
and minimum trait value divided by the maximum, given in %). The relationship between these
measures of intraspecific trait variability and species’ vertical ranges was analyzed with LMs
(vertical range ~ trait variability), whereby the vertical range for each species was estimated based

on its maximum and minimum height observed in the census.
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H4 - Trait means, trait syndromes and trait-height relationships differ among taxonomic

groups

Differences in trait means among the major taxonomic groups (aroids, bromeliads, orchids, ferns;
Table 2.1), based on trait means of associated species, were compared using max-¢ tests for
multiple comparisons that account for unbalanced group sizes, non-normality and
heteroscedasticity (R packages ‘multcomp® and ‘sandwich‘; see Herberich, Sikorski & Hothorn

2010).

Differences in trait syndromes among the taxonomic groups were tested using a permutational
multivariate analysis of variance (PERMANOVA, adonis from ‘vegan’ R package; Anderson

2001). Additionally, we used the PCA results to visualize differences among taxonomic groups.

Differences in trait-height relationships among the taxonomic groups were analyzed using

generalized linear mixed models (see Fig. A.3 and Table A.2 for details).

2.4 Results
H1 - Trait means and trait syndromes change with height at the community level

All leaf traits were significantly correlated with height (P<0.05, Fig. 2.1, Table A.3). The
strongest correlations between community trait means (for 1-m height intervals) and height were
observed for SLA (R?=0.89), Chlmass (R?=0.76), leaf thickness (R?=0.72), §"*C (R?=0.66) and
LWCaea (R*=0.64). Trait-height correlations were generally much weaker when, instead of
community means, traits of all sampled individuals were used as response variable: in this case
only 8"C (R?=0.35), SLA (R*=0.30) and Chlmass (R?=0.16) were moderately correlated with
height (Fig. 2.1). While SLA, Chlass and Niass sShowed decreasing, non-linear trends with height,
leaf thickness, LWC e, and 8"*C showed positive linear trends with height (Fig. 2.1). LDMC and
3'°N showed slightly negative trends, but rather weak correlations. Observed community trends
were largely consistent with those considering the entire censused community, indicating no

substantial sampling bias (compare Figs. 2.1 and A.2, as well as Table A.3 and A.4).

Many traits covaried significantly (Table A.5; P<0.05), for instance leaf thickness and LWCyrea
(r=0.84), Chlmass and Nass (r=0.67), as well as SLA and Chlass (1=0.64). The first two PCA axes
explained 45% and 25%, respectively, of variation in leaf traits. Height explained 16% of

variation along the first axis and 7% along the second axis (P<0.001).
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Figure 2.1. Trait-height relationships of vascular epiphytes for ten leaf traits: (a) SLA: specific leaf area, (b) LDMC:
leaf dry matter content, (c) Thickness: leaf thickness, (d) LWCarea: leaf water content per leaf area, (€) Chlmass: mass-
based chlorophyll concentration, (f) Chlarea: area-based chlorophyll concentration, (g) §'3C: carbon isotope ratio, (h)
815N: nitrogen isotope ratio, (i) Nmass: mass-based nitrogen concentration, (j) Narea: area-based nitrogen concentration.
Simple LMs (trait ~ height) and LMs including a quadratic term (trait ~ height + height?) were fitted and compared by
AIC. Non-linear models were preferred when AAIC<10 (Table S3 for summary statistics). R>m: amount of variance in
community means explained by height. R?c: amount of variance in individuals’ trait values explained by height.
Asterisks indicate significance levels of trait-height relationships (*** P<0.001, ** P<0.01, * P<0.05). Shaded areas
indicate 95% CI.

H2 - Variations in trait-height relationships among species influence community trait

structure

The MAM for SLA, LDMC, leaf thickness and Chlmass included the interaction between species
and height, indicating that the community structure for these traits was best explained when
considering that species differ in both their trait means and their trait responses to height (Table
A.6. In contrast, for Chlyea and LWCyrea only between-species differences in trait means were

significant (Table A.6).

Seventy percent of all species had at least one trait that was significantly correlated with height.
Significant intraspecific trait-height relationships (P<0.05) were most common for SLA, for
which 45% of all species revealed a significant relationship with height, followed by LDMC with
33% (Table A.7; see Figs. A.4-A.9 for intraspecific trait-height relationships of all species). The

directions of intraspecific trait-height relationships were largely consistent within traits. For
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instance, for SLA and Chlass, slopes were invariably negative (Table A.7). However, for LDMC

and thickness, there were a few species showing opposing trends (Table A.7).

H3 - Vertical ranges of epiphyte species correlate with their intraspecific trait variability

Variance component analysis revealed that intraspecific variability, on average, accounted for
31% of observed variance (Fig. A.10). The proportion of variance explained by intraspecific

variability ranged from 16% (Thickness) to 51% (Chlarea).

We observed significant positive correlations between both measures of multivariate intraspecific
trait variability (mean CV, mean TR) and vertical ranges of species (Fig. A.11). The correlation

was stronger for mean TR (R?=0.24, P<0.001) than for mean CV (R?=0.10, P=0.009).

H4 - Trait means, trait syndromes and trait-height relationships differ among taxonomic

groups

We found significant differences between trait means of taxonomic groups for all traits except
Narea, °C and §'"°N (Table 2.1). Trait differences were, however, often only significant between
individual taxonomic groups; there was no trait for which all pairwise differences were
significant. The only case in which a group’s trait mean differed significantly from that of all
other groups was LDMC, with almost two-fold higher values in ferns (Table 2.1). Orchids had,
on average, the thickest leaves, the highest LWCgr., and the smallest SLA, but differences in these
traits were consistently significant only compared to ferns (Table 2.1). Bromeliads tended towards
low nitrogen and chlorophyll concentrations, although differences were not always significant. In

contrast, the highest nitrogen and chlorophyll concentrations were consistently found in aroids.

Taxonomic groups also differed significantly in height distributions. The mean height of orchid
species (21.0+6.4 m) was significantly higher (P<0.05, max-¢ test) than that of aroids (12.2+7.5
m) and ferns (11.1+£7.2 m), but did not differ significantly from that of bromeliads (14.7+7.4 m;
Table 1).

The PERMANOVA indicated significant differences in trait syndromes among all taxonomic
groups (P<0.001). The dispersion of species in PCA trait space showed that several species of
different taxa shared similar trait syndromes, but also that there were unique tendencies within

taxonomic groups (compare, €.g., orchids and ferns; Fig. 2.2).

The fixed-effect structure of the MAMs did not include the interaction between height and
taxonomic group for any leaf trait, indicating that slopes of trait-height relationships did not differ
significantly among taxonomic groups (Table A.2). No significant differences in slopes or

intercepts were observed for SLA and all NC traits (Fig. A.3).
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Table 2.1. Mean leaf trait values + SD of the major taxonomic groups of vascular epiphytes (aroids, bromeliads,
orchids, ferns) in a Panamanian lowland forest. Species from all other taxa are summarized in ‘Others’. CAM species
were excluded from 8'3C analyses. Differences between taxonomic groups were analyzed using max-f tests for multiple
comparisons of means, and significant differences in trait means (P<0.05) are indicated by different letters. Proportions
of sampled individuals and species are given in parentheses. *For the NC traits, not all species were sampled, sample
sizes were: Aroids: n=10, Bromeliads: n=5, Orchids: n=19-24, Ferns: n=17, Others: n=5.

Aroids Bromeliads Orchids Ferns Others
Individuals 149 (12.9%) 62 (5.4%) 435 (37.8%) 379 (32.9%) 126 (10.9%)
Species 13 (15.7%) 5 (6%) 32 (38.6%) 24 (28.9%) 9 (10.8%)
Height (m) 122+£7.54 147+74*8 21.0+64° 11.1£7.24 15.4+£3.04
SLA (mm? mg) 221+10948 17.7+75%8  140+574 242+14.8% 276+11.28
LDMC (g g 0.17+0.054 0.18+0.04* 020+0.104 0.34+0.118  0.08 £ 0.05¢
Thickness (mm) 0.38+0.134  0.59+0.69"8  0.70+£0.528  0.26+0.124 0.96 +0.598
LWCae (g H2Om?) 297 +1024 378 £278ABC 488 4+ 3448 168 = 128€ 632 £ 3258
Chlpmass (mg g™ 10.1 £2.94 5.4+£32A8 6.3+2.68 7.5+£2.7AB 8.3+£3.94B
Chlyrea (ng cm?) 553+1644 313+£9.1B 476+1534 414+19.1B 323+9.68
313C (%o)* 22974274 -299+£0.74  -29.7+£2.14  -312+1.64  -304+2.04
3N (%o)* -1.8+£1.9%8 28+ 1.0° -23+£1.048 -1.7+1.14 -38+1.18
Ninass (mg g)* 14.5 £ 6.44 7.5+£2.18 11.6+£55%8  12.0+£3.64 11.8+4.0B
Narea (g m2)* 1.07+£0.294 0.57+0.36% 092+033% 0.96+0.38% 0.69+0.29
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Figure 2.2. Dispersion of trait syndromes of epiphyte species in the PCA trait space based on six leaf traits of 1,151
individuals. Trait syndromes of all species belonging to four major taxonomic groups (aroids, bromeliads, orchids,
ferns) are shown as ellipsoids of inertia, which encompass 95% of individuals of each species. The position and the
spread of the ellipsoids thus illustrate mean trait syndromes and trait variability of each species. Insets in the upper
right part show kernel densities for each taxonomic group. A PERMANOVA indicated significant differences in trait
syndromes between all taxonomic groups (P<0.001).

2.5 Discussion
H1 - Trait means and trait syndromes change with height at the community level

Our results support the hypothesis that community trait means of vascular epiphytes are
significantly correlated with height, but strength and direction of correlations varied considerably.
The strongest correlations among the extensively sampled traits were found for SLA and Chlmass,
whose negative trends from the forest floor to the upper canopy are consistent with differences
between sun and shade leaves of tropical trees (Rozendaal e al. 2006; Markesteijn et al. 2007)
and trends along tree height gradients (Rijkers, Pons & Bongers 2000). When considering that
SLA and Chlpass covaried considerably and that Chlaea did not show a strong vertical trend, it
seems likely that changes in Chlyas Were mainly driven by changes in SLA (Chlpass = Chlarea
SLA). In soil rooted plants, vertical gradients in SLA are commonly related to vertical light
gradients (Poorter 1999; McMurtrie & Dewar 2011) but hydraulic constraints have also been
discussed (Rijkers, Pons & Bongers 2000; Koch et al. 2004). A comparative study by Cavaleri et
al. (2010) found that epiphytes were the only plant group for which light was most important in

explaining vertical SLA profiles, which seems logical as epiphytes lack a hydraulic connection to
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the ground. Because SLA relates the light-capturing leaf area to investment in dry mass, an
increase in SLA increases the potential carbon gain per biomass investment. However, increased
light-capture efficiency via high SLA tends to be associated with higher respiration rates and
shorter leaf lifespans. Several such correlations between leaf traits capturing fundamental aspects
of leaf economics have been observed (‘worldwide leaf economics spectrum’; Wright et al. 2004).
Theoretical models have demonstrated that, when considering these between-trait correlations,
the carbon gain over the leaf lifespan is maximized when SLA increases non-linearly with
decreasing light (Sims, Gebauer & Pearcy 1994; McMurtrie & Dewar 2011). The non-linearly
decreasing community means of SLA with height (Fig. 2.1a) agree with these expectations and

corroborate the notion that light is the main driver of vertical SLA profiles in epiphytes.

The observed increase in leaf thickness with height is consistent with within-individual, intra- and
interspecific vertical trends found in trees (Rozendaal et al. 2006; Markesteijn ef al. 2007). Apart
from maximization of carbon gain, avoidance of damages and water loss minimization are also
requirements of optimal leaf functioning: an increase in leaf thickness is regarded as adjustment
to prevent overheating and to balance carbon gain and transpiration water-loss under drier and
sunnier conditions (Cornelissen et al. 2003; Rozendaal et al. 2006). Without anatomical
adjustments changing leaf tissue density, a decrease in SLA would induce an increase in leaf
thickness, which partially explains their covariance (r=-0.48). Nevertheless, the linear increase in
leaf thickness (Fig. 2.1c) in contrast to the non-linear decrease in SLA (Fig. 2.1a) suggests that
the trend in leaf thickness is not only related to SLA, but also to independent morphological
adjustments which are probably more influenced by the vertical gradient in potential

evapotranspiration than by the vertical light gradient.

In general, LDMC also tends to scale with SLA and is sometimes regarded as an alternative
predictor of plant strategies (Wilson, Thompson & Hodgson 1999). Interestingly, the observed
covariance between LDMC and SL A was rather low at community level (=-0.16) and the LDMC-
height correlation was rather weak (Fig. 2.1b). This suggests that plant functioning captured by

SLA is more relevant along vertical gradients within forests.

It is well established that the proportion of epiphytes with CAM increases with height (e.g. Zotz
2004). The positive trend in §'*C of C5 plants documented here (Fig. 2.1g) has arguably the same
ecological background: more demanding water relations result in increasing stomatal limitations
(Farquhar, Ehleringer & Hubick 1989). Tissue 8'°C correlates with water-use efficiency, and 8"°C
is thus used as indicator of water-stress. However, along vertical gradients in forests,
interpretation may be confounded as the atmospheric '*C signature also shows a vertical trend
(Quay, King & Wilbur 1989). Nevertheless, the strongest increase in atmospheric §'°C signature
occurs within a few meters above the forest floor due to soil respiration, and above this zone, the

gradient in 8"°C is generally weak (Quay et al. 1989). In contrast, our model predicted a linear
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trend with an average change of ~5.5 %o in 8"°C from the trunk base to the upper canopy (Fig.
2.1g), suggesting that a large part of the observed variance in tissue 8'°C can be attributed to
differences in water-use efficiency. These results agree with observations for leaves of tropical
trees (Medina & Minchin 1980). In contrast, difference in 8"°C signals of epiphytes between the
upper and lower parts of a lowland rainforest were smaller (< 2 %o; Wania et al. 2002), possibly
due to a less pronounced gradient of water stress than in our system (precipitation at this site in
Costa Rica is >6000 mm/year). Alternatively, the discrepancy may indicate that height above
ground is a better predictor for water stress than the predefined Johansson zones used by Wania
et al. (2002), which subdivide host trees according to their principal structure without considering

absolute height.

In line with Wania ez al. (2002), we observed a negative trend in tissue 8'°N with height (Fig.
2.1h). The 8"°N signatures of plants are mostly affected by their assimilatory pathway, but also
by form (NO4", NH3", N,) and §'°N signature of the nitrogen source (Evans 2001). Epiphytes use
a blend of different autochthonous (e.g. canopy soil, leachates) and allochthonous nitrogen
sources (e.g. wet and dry deposition), which can vary substantially in §'°N signatures (Wania et
al. 2002). The observed negative trend with height indicates an increasing contribution of
atmospheric N to epiphyte N in the upper canopy. However, as we did not measure source 5'°N

signatures, caution is needed when interpreting tissue 3'°N trends.

In summary, we found only moderate to weak correlations between leaf traits/leaf trait syndromes
and height when considering all individuals, but often strong correlations between community
means and height. This also reflects that height is a suitable proxy of general vertical trends in
environmental conditions, although it does not capture all relevant factors and small-scale

environmental variability (Fig. A.1).

H2 - Variations in trait-height relationships among species influence community trait

structure

For four out of six traits, the community trait structure could be best explained when including
differences in intraspecific trait response to height, which supports our hypothesis for most traits.
Intraspecific trait responses to height were particularly important for SLA, which was the trait
with the highest frequency of significant trait-height relationships (45% of all species) and
consistently showed only negative trends. SLA captures essentials of leaf economics (Wright et
al. 2004) and is a suitable trait for intraspecific adjustments because it can be relatively easily
adjusted by varying size, number and cell wall thickness of different leaf cell types (Shipley et al.
2006; Kichenin et al. 2013). In general, although we cannot rule out genetic variation as source

of intraspecific trait variability, we argue that, considering the spatial scale in our study,
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phenotypic trait plasticity in response to the environment is probably more important (also see

Grassein, Till-Bottraud & Lavorel 2010).

Interestingly, the second most frequent significant intraspecific trait-height relationships were
found for LDMC, which, in contrast, was rather weakly correlated with height at the community
level. The high frequency might partly be explained by correlations between SLA and LDMC,
which can be much stronger at the species level than at the community level (compare Figs. A.4
and A.5). However, species-specific differences in strategies might also play a role (Wilson et al.
1999). For instance, in Elaphoglossum doanense only LDMC was strongly correlated with height

(R?=0.81) while there was no significant correlation for any of the other traits.

Although intraspecific trait response to height was common in epiphytes, the absence of a
significant intraspecific trait-height relationship was not always accompanied by limited trait
variability. Most species that lacked a significant trait-height correlation had a pronounced
intraspecific trait variability unrelated to height. Apart from the uncertainties associated with
height as proxy for environmental gradients, plant size and age are additional sources of
intraspecific trait variability (Zotz 2000; Wanek et al. 2002; Hietz & Wanek 2003), which might
weaken trait-height relationships. It is therefore striking that height emerged as significant factor

for intraspecific changes in leaf traits.

In summary, our results corroborate the growing evidence that not only differences in trait means,
but also differences in intraspecific trait response to environmental gradients among species are

non-negligible aspects of community assembly (Bolnick et al. 2011; Kichenin et al. 2013).

H3 - Vertical ranges of epiphyte species correlate with their intraspecific trait variability

Intraspecific variability explained almost one third of the observed variance in our trait data,
which is in the same range as observed for terrestrial plants (Hulshof & Swenson 2010; Albert et
al. 2010b). This supports previous findings underlining the importance of considering trait
variability not only between but also within species (Albert et al. 2010b). Such intraspecific
variability seems to be important for species’ spatial distribution, as our results supported the
hypothesis that species occupying larger vertical ranges tended towards higher leaf trait variability
(Fig. A.11). The inherent ability of species to vary their leaf traits might increase their ability to
tolerate a wider range of environmental conditions (van Valen 1965). In this context, it is not
surprising that TR explained a larger amount of variation in species vertical ranges than CV (TR:
R?=0.24, CV: R*=0.10). This is because TR is based on extreme trait values and is thus a better
approximation of the theoretical maximal trait range of a species, whereas CV is affected by the
trait frequency distribution. Sides et al. (2014) conducted a comparable study of 21 herbaceous

perennials along an elevational gradient of ca. 700 m, using CV as measure of trait variability.
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They observed a stronger correlation between intraspecific trait variability in SLA and elevational
range (R?=0.51). The weaker correlation in our study might partly be explained by the
uncertainties associated with the height gradient as approximation of environmental gradients.
Furthermore, Sides et al. (2014) pointed out that intraspecific trait plasticity should be essential
when strong trends in community mean trait values exist. Community mean trends were less
pronounced in our study, indicating that height was a weaker filter than elevation. In summary,
epiphyte species that can adjust their leaf traits to the environment can potentially occupy larger
vertical ranges. However, the substantial amount of unexplained variance also emphasizes that
unstudied characteristics (e.g. root traits, specific morphological and physiological
characteristics) or other processes (e.g. germination, seedling survival) might be likewise

important in explaining why some species are restricted to smaller vertical ranges than others.

H4 - Trait means, trait syndromes and trait-height relationships differ among taxonomic

groups

For most traits, we found significant differences in trait means between taxonomic groups, which
partially confirm our hypothesis. Trait differences were, however, often only significant between
certain pairs of taxonomic groups. The frequent absence of pairwise differences was mainly due
to the high trait variation between species within taxonomic groups, and less due to similarities
in group trait means. The pronounced within-group trait variation and associated among-group
trait overlap become apparent when comparing species’ trait syndromes in the multivariate trait
space (Fig. 2.2). Nevertheless, the unique tendencies within taxonomic groups indicate that some

leaf traits are taxonomically conserved (Fig. 2.2).

The marked differences in morphological leaf traits between orchids and ferns were consistent
with previous studies reporting orchids having thicker leaves and lower SLA (Stuntz & Zotz 2001;
Cardelus & Mack 2010). Community means of leaf thickness and SLA were strongly correlated
with height, which emphasizes their functional relevance along the vertical gradient. It is thus
unsurprising that differences in these traits were reflected in different height distributions of these
taxa (Table 2.1; also see Fig. 2.3). This pattern might be partly explained by environmental
filtering of species with unsuitable traits, but intraspecific leaf trait adjustments, particularly for
SLA, might also be important. Interestingly, SLA was the only extensively sampled trait without
significant differences in slopes or intercepts among the taxonomic groups (Fig. A.3a). This
suggests an optimal SLA value at a given height independent of taxonomic group and further
indicates that environmental changes along the height gradient act as a particularly strong filter

on SLA.
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The most striking among-group differences were observed for LDMC, with LDMC of ferns being
twofold higher, on average, than in all other groups. LDMC values have not been reported for
many epiphyte species, but Woods (2013) also found high LDMC values in two Elaphoglossum
species and low values in one Microgramma species. This agrees with our results and shows that
the LDMC of fern species can differ substantially (Table A.1). However, the large number of fern

species sampled in our study (n=24) suggests that high LDMC values are more common in ferns.

Aroids had the highest leaf nitrogen and chlorophyll concentrations, whereas bromeliads
consistently had the lowest. In fact, both traits were correlated (1=0.67; Table S5). Chlorophyll
concentrations have not yet been compared among major epiphyte taxa, but our results agree with
reported leaf nitrogen values. For example, Stuntz & Zotz (2001) also found the highest nitrogen
concentrations in aroids. Lowest nitrogen concentrations, in turn, were consistently observed in
bromeliads (Hietz, Wanek & Popp 1999; Stuntz & Zotz 2001; Cardelis & Mack 2010). An
increase in leaf nitrogen content is usually associated with an increase in photosynthetic capacity
(Stuntz & Zotz 2001; Wright et al. 2004). Interestingly, differences in photosynthetic nitrogen-
use efficiency (PNUE) were observed among epiphyte taxa, with aroids having the lowest PNUE,
and bromeliads having the highest (Stuntz & Zotz 2001). Thus, for a given nitrogen concentration,
the photosynthetic capacity was higher in bromeliads. This suggests that the observed among-
taxa differences in leaf nitrogen cannot be used to infer similar differences in photosynthetic

capacity.

We did not observe significant among-group differences in §°C and §"°N values. Our results
largely agree with observations along an elevational gradient in Costa Rica (Cardelus & Mack
2010). In contrast, Hietz et al. (1999) observed significantly depleted 3'°N values in bromeliads,
but these were mainly of atmospheric habit. All these studies found high variability in isotope
ratios of species within taxonomic groups, suggesting that the environmental conditions and
species-specific characteristics are more important in determining isotope ratios in leaf tissue of

individual epiphytes than their taxonomic affiliation.

Compared to global trait means of non-epiphytic taxa (TRY; Kattge et al. 2011), both low
nitrogen concentrations and thick leaves are particularly noticeable differences (Table A.1 for
details). These trait differences can be regarded as adaptation of epiphytes to an environment in

which water and nutrients are only intermittently available.
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Figure 2.3. Schematic diagram illustrating main findings. Arrows on left side: Environmental factors commonly
changing with height above ground within forests. In this study, only the vertical light gradient was measured (Fig. S1).
Boxplots: Height distribution of the major taxonomic groups of epiphytes at the study site in Panama. Height
distributions are based on either the height of each individual or the mean height of each species. Boxplots depict
median heights (horizontal line), interquartile ranges (boxes), and approximate 95% confidence intervals (whiskers).
Outliers are not shown. Arrows on right side: Significant vertical leaf trait gradients at the study site (trait abbreviations
as in Fig. 1). Leaf traits showing pronounced changes in community trait means with height are marked by *.

Conclusion

Our findings indicate that analyzing multiple aspects of trait-based ecology (e.g. community and
intraspecific trends, inter- and intraspecific variability, correlations among traits) is key to
advance the understanding of mechanisms structuring plant communities. Leaf trait syndromes
and intraspecific trait variability play an important role in explaining the vertical zonation of
vascular epiphyte species and taxonomic groups (see Fig. 2.3 for a schematic representation of
key findings). However, other adaptations of epiphytes, like water- and nutrient-storing
pseudobulbs in orchids or phytotelmata in bromeliads, are probably likewise important. As height
above ground as proxy of vertical environmental gradients explained substantial amounts of total
trait variations, we propose to use height in addition to the more frequently used zonation scheme

by Johansson in trait-based studies of epiphytes.
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Abstract

3.1 Abstract

Local variation in abundance and richness of vascular epiphytes is often attributed to
environmental (substrate and abiotic) characteristics. Less is known, however, about the impacts
of tree and branch turnover on epiphyte communities. To address this issue, we surveyed branches
and epiphytes found on the forest floor in a total of 96 transects in two forests (Atlantic rainforest
in Brazil and Caribbean rainforest in Panama). In the Brazilian forest, we distinguished between
edge and core. We quantified branch abundance, epiphyte abundance, richness and proportion of
adults to investigate the trends of these variables over branch diameter. In the Panamanian forest,
epiphytes had been previously inventoried, allowing an evaluation of our surveying method.
Branches <2 cm in diameter comprised >90% of all branches on the forest floor. Abundance and
richness of fallen epiphytes per transect were highest in the Brazilian core transects and lowest in
the Panamanian transects. The majority of epiphytes on the floor (c. 65%) were still attached to
their branches. At all three study sites (Brazilian core, Brazilian edge and Panamanian transects),
branch abundance and branch diameter were negatively correlated, whereas epiphyte abundance
and richness per branch and proportion of adults were positively correlated with branch diameter.
The relationship between branch diameter and absolute epiphyte abundance and richness differed
between study sites, which might be explained by differences in forest structure and dynamics.
Individuals found on the forest floor corresponded to >12% of all individuals on branches <10
cm in diameter (including crowns), with abundance, richness and composition trends on forest
floor reflecting canopy trends. We argue that forest floor surveys provide useful floristic and,
most notably, demographic information particularly on epiphytes occurring on thinnest branches,
which are the least accessible. Here, branchfall acts as an important demographic filter structuring

epiphyte communities.

3.2 Introduction

Vascular epiphytes are plants that grow on shrubs and trees, and thereby on a substrate distributed
in three-dimensional space (Benzing 1990; Zotz 2007; Kromer et al. 2007). Microclimatic
conditions change dramatically within this three dimensional space, with generally drier and
sunnier conditions towards the outer crowns of the trees (e.g. Woods, Cardeliis & Dewalt 2015).
These conditions seem to cause higher drought-related mortality at early life stages compared to
those in inner crowns and trunks (Wagner, Bogusch & Zotz 2013). Moreover, abiotic conditions
vary within inner-crowns and between tree species (Cardelus et al. 2005; Cardelus 2007). These
environmental gradients have been suggested to structure the distribution of epiphyte species
(Freiberg 1996; Freiberg & Freiberg 2000; Zotz et al. 2005; Zotz 2007; Cardelas 2007; Woods et

al. 2015). However, apart from the abiotic environmental conditions, the dynamics of the
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3. Branchfall as demographic filter for epiphyte communities

substrate itself should also influence epiphyte communities. This is because trees are constantly
growing, producing new and losing older branches, meaning that the substrate persists only for a
limited period (Malhi 2012; Woods et al. 2015). For example, trees commonly abscise branches
lacking photosynthetically active leaves, which are more likely to be thin branches (Millington &
Chaney 1973; Addicott 1991). Moreover, thin branches stand less mechanical stress by epiphyte
load, wind force, rainfall, or arboreal animals (Zotz et al. 2005). This might be particularly
important in the outer crown of overstorey trees, but the crown of understory trees can also be
disturbed by tree- and branchfall of large and emergent trees (Meer et al. 1996). Such a highly
dynamic system should have profound consequences on the population and community dynamics
of vascular epiphytes. In fact, because thin branches fall more often than thick branches, epiphytes
growing on these thin branches are particularly susceptible to substrate failure (Hietz 1997).
Correspondingly, only fast colonizing and maturing species are able to survive and reproduce on
smaller branches (Chase 1987; Zotz 2007). Branchfall may thus profoundly influence distribution

of epiphyte species within the canopy, contributing to niche partitioning in epiphyte communities.

Despite the apparent effects of diameter-dependent branchfall on community and population
dynamics of epiphytes, related studies are rare. Hietz (1997) was able to quantify mortality rates
via branchfall by monitoring selected branches through tree climbing and repeated photography.
However, this technique is costly, requires training and is time-consuming. These limitations are
a general barrier to improve our understanding on epiphyte ecology, as the accessibility of the
tree canopies poses technical and logistic challenges. Among the several techniques that are
currently used to assess the epiphytes, the use of binoculars is the simplest (Krémer et al. 2007;
Werner & Gradstein 2009), whereas tree climbing (Cardelus et al. 2006; Wolf, Gradstein &
Nadkarni 2009), tree climbing and photographs (e.g. Hietz 1997; Hietz, Ausserer & Schindler
2002) and canopy cranes (Nieder et al. 2000; Zotz & Schultz 2008) demand considerable work
and/or investment efforts. An alternative, inexpensive method to gather information on epiphyte
demography is to sample the forest floor, particularly if combined with data on branchfall, a main
cause of epiphyte mortality (Hietz 1997). In fact, epiphytes on the forest floor may also provide
information on the community structure and composition of epiphytes in the tree crowns, but this
data is also surprisingly scarce in the literature (Mondragon & Ticktin 2011). This is intriguing,
given that epiphytes on the forest floor could be further assessed for sustainable economic
activities, such as gathering of fallen individuals for horticulture (Mondragén & Ticktin 2011;
Toledo-Aceves, Garcia-Franco & Lopez-Barrera 2014). Hence, despite the evident occurrence of

epiphytes on the forest floor due to branchfall, this information source has been largely neglected.

To assess the usefulness of forest floor-based sampling to study vascular epiphytes, this study
aimed to quantify branchfall and vascular epiphytes on the forest floor. This information was used

to assess the relationship of epiphyte fall with branch diameter. For this purpose, we surveyed
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two Neotropical forests differing in epiphyte flora, elevation and climate (Atlantic submontane
rainforest in northeastern Brazil and Caribbean lowland rainforest in Panama). We sampled edge
and core forest habitats in the Brazilian forest. For each study site, we addressed three hypotheses
for epiphytes on the forest floor: 1) epiphyte abundance, 2) epiphyte richness and 3) proportion
of adult epiphytes are positively correlated with branch diameter (Fig. 3.1). In addition, we took
advantage of data on exact three-dimensional positions of each individual epiphyte at the
Panamanian site (Mendieta-Leiva, Wagner & Zotz, unpubl. data) to evaluate our sampling
method and results by assessing how patterns on the forest floor relate to the canopies. For this
purpose, we compared epiphyte abundance, richness and composition of both forest floor and
canopies. Overall, our results supported the hypotheses and demonstrated that branchfall-induced
mortality has a non-negligible effect on the epiphyte community, particularly in the thin branches

of tree canopies.

Branch diameter

>

Age of the branch
Epiphyte abundance
Epiphyte richness
Proportion of
adults

Water stress
Disturbance
Branch abundance

Figure 3.1. Schematic figure summarizing the expected trends with increasing branch diameter. We expect a decrease
in water stress, mechanical disturbance and branch abundance with an increasing branch diameter. These drivers plus
the increase in branch age should lead to higher epiphyte colonization and survival and an increase in epiphyte

abundance, richness and proportion of adults per branch.

3.3 Materials and methods

Study sites

We surveyed branches and vascular epiphytes on the forest floor at two Neotropical forests. The
first forest was located within Usina Serra Grande, a large private sugar-cane landholding in the
State of Alagoas, northeastern Brazil (8°58°50°’S, 35° 54°30°°W). It is part of the fragmented
Brazilian Atlantic forest (da Silva & Tabarelli 2000) which retains c. 90 km? of forest of the
Pernambuco Centre of Endemism (Prance 1982), a unique biogeographic region within the
Atlantic forest and a global biodiversity hotspot (Myers et al. 2000). We studied a forest fragment

of ¢. 50 hasurrounded by a uniform matrix of sugar-cane monoculture. The forest fragment was
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3. Branchfall as demographic filter for epiphyte communities

located at c¢. 550 m a.s.l. in a fairly flat hilltop terrain, lacking gorges and riverbeds. The area
receives ¢. 2000 mm of rainfall per year with a 3-month dry season (<60 mm/month) from
November to January and the wettest period is between April and August (Oliveira, Grillo &
Tabarelli 2004). The forest can be classified as lower montane or submontane rainforest. The
fragment harbors a rich epiphyte flora (11 species of bromeliads, 2 cacti, 31 orchids and 4
peperomias; ferns and aroids have not been studied - (Siqueira Filho & Felix 2005; Siqueira Filho
et al. 2006). The fragment has a relatively old and stable edge (> 80 years), whose effects can be
detected up to 100 m from the forest borders (Oliveira et al. 2004). We sampled both forest core
and edge habitat (see next section). These two habitats are referred to as Brazilian core and

Brazilian edge study sites.

The second forest and our third study site was the San Lorenzo Canopy Crane plot located near
the Atlantic coast of the Republic of Panama (9°16'50°’N, 79°58°30°°W, [31]). The site is part of
one of the largest undisturbed forest landscapes in Panama. It is at ¢. 130 m a.s.l. and receives c.
3500 mm of rainfall per year, with a three-month dry season (<60 mm/month) between January
and March. The epiphyte flora has already been described in detail (>90 species of holoepiphytes;
Zotz & Schultz 2008). At the crane site, only core forest conditions could be sampled, due to land
mines from the US-American period of military training in the area outside the field station. The
crane site is located in a narrow valley (slopes partially measuring slightly over 45° of inclination),
with a centrally-located and seasonally dry creek. The proximity to the Caribbean coast also
exposes the area to frequent heavy storms and thus disturbances. The total area covered by the

crane plot is c. 0.9 ha (more details of the study site in Zotz 2007b; Zotz & Schultz 2008).

Field work in the Brazilian study sites was supported by the Federal University of Pernambuco,
which has a research agreement with the landholding that owns the forest fragments. Field permit
in the Panamanian study site was obtained from the Panamanian Environmental Agency (ANAM)
via Smithsonian Tropical Research Institute (STRI). Field work was done in four weeks each in
each country: July 2012 (Brazil) and in September/October 2012 (Panama). The surveyed period
coincided with the second half of the rainy season in each forest, and thus we were able to sample
branches freshly broken due to heavy storms. This was important, as fallen epiphytes may die

within a few months after branchfall, but can live up to a year (Matelson ef al. 1993).

Branchfall

Surveys of branches on the forest floor were conducted within randomly placed 5 x 0.5 m transects
(60 in Brazil, 36 in Panama). In Brazil, 30 transects were placed at least 200 m from the forest
edge (from now on called 'Brazilian core transects'); 30 transects were placed within 60 m of the

forest edge (‘Brazilian edge transects'). In each of the 96 transects, we screened the forest floor
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for branches. We counted only branches with > 50% of their length within transects and that did
not crumble due to advanced decomposition when handled. Branches were divided into four
diameter classes based on the thickest internode (0.5-2, 2-4, 4-6, >6 cm). Number and size of side
branches were ignored. Branches with < 0.5 cm diameter were surveyed in 1 x 0.5 m subplots
nested and centrally located in each transect, and their number was extrapolated from the subplot

to the 5 x 0.5 m branch transect.

We follow the terminology presented by Moffett (2000) for the terms 'canopy' (aboveground
parts, including tree crowns and trunks) and 'crown' (branches, excluding the trunk). We were not
able to identify the origin of the branches found on the forest floor. Hence, although most thin
branches can be assumed to have their origin in the outer crowns of overstorey trees, they could
also be from understory trees and shrubs as well as from inner crowns. We did not count thin
branches attached to thick ones, but it is reasonable to assume that at least some thin branches
detach during descent or upon impact on the forest floor. This detachment of thin branches should

thus increase their abundance on the forest floor.

Epiphytes

We extended the 96 branch transects longitudinally to 5 x 10 m and surveyed vascular
holoepiphytes on the forest floor. For each individual, we recorded species identity, life stage
(juvenile or adult), and diameter of host branch if present. Classification as adult was based on
remains of inflorescence and/or size comparable to reproductive conspecifics. We sampled all
epiphyte taxa in Panama, but excluded ferns and aroids at Brazilian transects due to difficulties
with species identification. The full sampling in Panama allowed the comparison between forest
floor and canopy besides addressing branchfall effects on epiphyte community, whereas Brazilian
transects were mainly used for addressing branchfall effects. Excluding ferns and aroids from the
Panamanian transects did not change the relationships of epiphyte community (abundance,
richness and proportion of adults) with branch diameter (results not shown). This suggests that
the absence of ferns and aroids in the Brazilian transects should not affect the analysis of

branchfall effects. A list of observed vascular holoepiphyte species is given in Table B.1.

Epiphytes species in the canopy were surveyed using a combination of ground-based observation
with binoculars and tree climbing at the Brazilian sites (Table B.2). In Panama, the epiphytes
occurring in the canopy had recently been surveyed in a comprehensive census from 2010-2012,
in which the precise identity and the host branch diameter of every individual epiphyte was

recorded (Mendieta-Leiva, Wagner & Zotz, unpubl. data; Table B.2).
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3. Branchfall as demographic filter for epiphyte communities

As additional structural characteristic of each transect, we determined diameter at breast height
(DBH), mean height at first branching (first ramification of the stem) and total tree height for all
trees with DBH > 5 cm.

Analyses

First, we quantified mean values of key physiognomic variables of the forest per transect (number
of trees, tree DBH, height at first branching, tree height), as well as of branch abundance, epiphyte
abundance and epiphyte richness on the forest floor. We additionally quantified mean values of
abundance and richness for epiphytes attached to branches, detached from branches and adult
individuals. For epiphytes attached to branches, we further quantified mean values of epiphyte
abundance and richness per branch in each transect. We accounted for the difference in area
between epiphyte and branch transects (50 and 2.5 m?, respectively) by multiplying the number
of branches found in the branch transects by 20. For all variables, we compared the three study
sites (Brazilian core, Brazilian edge, Panamanian transects) with simultaneous max-z tests using
Tukey contrasts that are robust under non-normality, heteroscedasticity and variable sample size
(Herberich et al. 2010). For adequate comparisons, ferns and aroids were excluded from

Panamanian transects.

To investigate the effect of sampling effort on species numbers, we generated species
accumulation curves per study site by randomizing 100 times the increase in species richness
caused by adding one transect to the sample. Species accumulation curves tending to an

asymptotic value (near the actual number of species) reveal appropriate sampling effort.

With the branches on the forest floor, we addressed whether the assumption that branch
abundance on the forest floor is negatively correlated with branch diameter. Due to possible non-
linear relationships with branch diameter (e.g. Hietz 1997), we used generalized additive mixed-
effects models (GAMMs) with the absolute number of branches per transect as response, branch
diameter class as fixed effect and transect as random effect (Zuur ef al. 2009). Transect was used
as random effect because branch abundances varied between transects, probably reflecting
variation in age, structure and abscission patterns of local tree species. We applied negative
binomial GAMMSs (with log link function) to account for possible overdispersion in count data
(Barry & Welsh 2002; Zuur et al. 2009; O’Hara & Kotze 2010). Thereafter, we addressed the
hypotheses that 1) epiphyte abundance, 2) epiphyte richness and 3) proportion of adult epiphytes
are positively correlated with branch diameter (Fig. 3.1). Similarly to branch abundance, we
performed GAMMs with the same fixed and random effects. As response variables, we firstly
assessed trends of absolute values, using absolute number of individuals per transect (referred to

as absolute epiphyte abundance) and absolute number of species per transect (i.e. absolute
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epiphyte richness). In both cases, we applied negative binomial GAMMs. Secondly, to adequately
test the hypotheses given potential differences in branch, we performed GAMMS controlling
epiphyte abundance and richness for branch abundance per diameter class. To this end, we
standardized both epiphyte abundance and richness by dividing them by branch abundance (from
now on referred to as abundance per branch and richness per branch, respectively). These two
variables were used as response in gamma family GAMMSs with log link function (Zuur et al.
2009). Finally, the proportion of adults was used as response variable for binomial GAMM:s (Zuur
et al. 2009).

We further assessed whether epiphyte abundance and richness observed on the forest floor reflect
the trends observed in the canopy (trunk and crowns). To address this question, we analyzed the
epiphyte abundance and richness in branch diameter classes in the canopy directly above the
Panamanian transects. For this purpose, we used the vascular epiphyte inventory of the crane plot
(Zotz & Schultz 2008, Mendieta-Leiva, Wagner & Zotz, unpubl. data). From our 36 Panamanian
transects, 29 had their canopy epiphytes inventoried. Similarly to the analyses of the forest floor,
we applied negative binomial GAMMs (with log link function) with epiphyte abundance and
richness as response variables, branch diameter class as fixed effect and transect as random effect
(Zuur et al. 2009). Additionally, we used Spearman correlations to test whether abundance and
richness on the forest floor were correlated with their canopy counterparts. For these correlations,
two analyses were performed: i) per transect (all epiphytes found on the forest floor and
inventoried in the canopy) and ii) per transect and per branch diameter class (only epiphytes found
on the forest floor attached to branches and canopy epiphytes on substrate with the same thickness
distribution as in the forest floor). Thereafter, we assessed the proportion of the epiphytes over
branch diameter found on the forest floor in relation to the entire transect (floor and canopy). For
this analysis, we applied binomial GAMMSs with the proportion of individuals and species on the
forest floor as response variables, branch diameter class as fixed effect and transect as random

effect (Zuur et al. 2009).

The species composition found on the forest floor was compared with that from the inventoried
canopy above Panamanian transects. We compared 1) all epiphytes and 2) epiphytes found only
on branches < 10 cm in diameter. Initially, we built a species per transect matrix with abundances
separately for ground and for canopy individuals. To avoid bias due to low richness in the forest
floor per transect but still retain a reasonable number of transects, we included only transects with
at least two species on the ground (n=18 considering all epiphytes, n=17 considering only
epiphytes on branches < 10 cm in diameter). We performed a non-metric multidimensional
scaling (NMDS) and plotted the resulting ordination showing separate convex hulls for ground
and canopy. For this analysis, we estimated a dissimilarity matrix (Bray-Curtis index) between

transects. Thereafter, we used this dissimilarity matrix to perform an analysis of similarities
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3. Branchfall as demographic filter for epiphyte communities

(ANOSIM) between ground and canopy. We then assessed which species were responsible for
significant differences between ground and canopy by performing a Dufrene-Legendre indicator
species analysis (Dufréne & Legendre 1997). Finally, we tested whether paired ground and
canopy transects were more similar than expected by chance. For this analysis, we estimated the
Bray-Curtis dissimilarity index for each transect pair and for random pairs (n=18 pairs
considering all epiphytes, n=17 considering only epiphytes on branches < 10 ¢cm in diameter).
The dissimilarity of each random pair was an average of the dissimilarity between each ground
sample and n random canopy samples other than its actual canopy sample. We then compared the
mean dissimilarity between actual vs. random pairs with simultaneous max-¢ tests using Tukey

contrasts (Herberich et al. 2010).

All analyses were done in R (version 3.0.1). GAMMs were implemented using the R library
‘mgev’ version 1.7-24 (Wood 2011). Ordination, dissimilarity matrices and analysis of
similarities were implemented using the R library 'vegan', whereas Dufrene-Legendre indicator

species analysis used the library 'labdsv'.

3.4 Results

In total, we counted >24,000 branches at the two sites. Brazilian core transects had 325 + 284
(mean + SD, n= 30) branches per transect, Brazilian edge transects had 224 (+ 102, n = 30)
branches per transect and the 36 Panamanian transects 220 (= 169) branches per
transect (equivalent to an average of 130, 90 and 88 branches per m?, respectively). Although
Brazilian core transects had, on average, the highest number of branches, branch abundance did
not differ significantly between study sites (Table 3.1; see Table B.3 for an extended version of
Table 3.1). At all three study sites, the abundance of the thinnest branches was significantly higher
than those of thicker ones, with > 90% of all branches belonging to the first two diameter classes

(<0.5 cm and 0.5-2 cm, Fig. 3.2; Table 3.1).
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Figure 3.2. Branch abundances as a function of branch diameter. A) Brazilian core transects (n=30). B) Brazilian edge
transects (n=30). C) Panamanian transects (n=36). Box-plots show the median as central line, the first and third
quantiles as the bottom and top box limits, 1.5 interquantile range as whiskers, and outliers as circles. Solid lines show
fits from GAMMSs with 95% CI indicated by dashed lines.
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Table 3.1. Comparisons between study sites. Several measures characterizing forest structure, branch abundance,
epiphyte abundance and epiphyte richness. Total numbers and means + SD per study site are provided. Percentages of
adults and epiphytes attached to branches to the study site totals are given in parentheses. Means were compared with
simultaneous max-t tests using Tukey contrasts that are robust under non-normality, heteroscedasticity and variable
sample size. Significantly different means are indicated by different letters representing pairwise differences. Note that
for epiphytes, only mean values for Panamanian transects without ferns and aroids were used in the comparisons with
Brazilian study sites. The symbol 1 indicates n=35 (excluding one transect without trees).

Variable Brazilian core Brazilian edge Panamanian transects (n=36)
transects (n=30) transects (n=30) No ferns and All species
aroids
Trees Mean number per transect 5.1+£2.1ab 64+32a 48+21b
Mean DBH (m) 02+0.1a 0.18£0.06b 0.16 +0.06
bt
Mean height at 82+20a 47+2.0b 8.0+£2.0
first branching (m) af
Mean height (m) 154+34a 109+2.7b 13.2+2.6
ct
Branch Total 9759 6721 7939
abundance Mean per transect 325+284a 224+£102a 220+ 169
a
Mean per transect (< 0.5 cm 215+237a 142+85a 135151
diameter) a
Mean per transect (< 2 cm 316+283a 219+101a 214+168
diameter) a
Epiphyte Total 546 349 164 232
abundance Total adults 211 (39%) 153 (44%) 86 (52%) 101 (44%)
Total attached to branches 367 (67%) 260 (74%) 112 (68%) 164 (71%)
Mean per transect 182+20.5a 11.6 £ 17.8 ab 46+7.1b 6.4+9.8
Mean attached to branches 122+17.0a 8.7+ 16.8 ab 31+£5.1b 46+6.4
per transect
Mean attached to branches 2.8 10°+3.510? 1.1103+2.0 1.810°+3.1103
2310%+4.510%a
per transect per branch a 103 a
Epiphyte Total 23 16 27 39
richness Total adults 21 (91%) 14 (88%) 17 (63%) 24 (62%)
Total attached to branches 17 (74%) 13 (81%) 18 (67%) 29 (74%)
Mean per transect 5.1+32a 23+19b 19+£23b 2.8+3.6
Mean attached to branches 33+25a 1.8+1.8b 14+1.6b 22423
per transect
Mean attached to branches 7.7 10*+7.1 10* 5310*+7.5 7310%+7.9 10"
5210*+5510%a
per transect per branch a 10*a

We found a total of 546 individuals of 23 epiphyte species in Brazilian core, 349 individuals of

16 species in Brazilian edge, and 232 individuals of 39 species in Panamanian transects (Table 1;

see Table B.1 for species lists). Overall, the transects captured a considerable proportion of the

epiphyte species found in the forests of the respective study sites (36-52%, Fig. 3.3). When
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considering only the species in transects' canopies, a larger proportion of epiphytes species was
found on the forest floor (49-89%, Fig. 3.3). Excluding ferns and aroids of the Panamanian
transects for comparisons between study sites, absolute epiphyte abundance was significantly
higher in Brazilian core transects (ca. 18 individuals per transect) compared to Brazilian edge (12
individuals per transect) and Panamanian (5 individuals per transect) transects (Table 3.1;
equivalent to ca. 0.36, 0.23 and 0.11 individuals per m? respectively). Similarly, the average
absolute species richness per transect was significantly higher in Brazilian core transects (ca. 5
species per transect) than in Brazilian edge (2.3 species per transect) and Panamanian (2 species
per transect) transects (Table 3.1; equivalent to ca. 0.1, 0.05 and 0.04 species per m? respectively).
However, differences in epiphyte abundance and richness per branch were not significant (Table

3.1).
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Figure 3.3. Species accumulation curves based on forest floor-based sampling of epiphytes. A) Brazilian core transects
(n=30). B) Brazilian edge transects (n=30). C) Panamanian transects, excluding ferns and aroids (n=36). D) Panamanian
transects, all species (n=36). Solid curves give the mean number of species based on 100 randomized samplings, dashed
curves the estimated 95% CI. Horizontal lines indicate the number of species present in the canopy of the transects
(thin lines), in the study site (thick lines, same estimate for both Brazilian study sites) and on substrate < 10 cm in
diameter (dot line, in ¢ and d). See Table B.1 for the list of species found in the transects and Table B.2 for species lists
found in the study sites. Note that the Brazilian study sites showed curves leveling off, whereas the Panamanian site
revealed a slightly steeper curve in agreement with the higher number of species.

Most individuals fell attached to branches (>65%), particularly in the Brazilian edge transects
(Table 3.1). Epiphytes detached from branches were often attached to bark pieces, canopy soil or
moss mats. Between 39% and 52% of the individuals on the forest floor were adults Table 3.1).
Adults were found for most of the species, particularly at the Brazilian core transects (91% of
species; Table 3.1). Remarkably, the proportion of adults among those individuals detached from
branches was much higher (56% in Brazilian core, 64% in Brazilian edge, and 72% in Panamanian
transects) than among those attached to branches (30% in Brazilian core, 37% in Brazilian edge,

and 36% in Panamanian transects; see Table B.3 for total numbers).
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3. Branchfall as demographic filter for epiphyte communities

The relationship between absolute epiphyte abundance or richness and branch diameter differed
in the three study sites (Fig. 3.4; see Table B.4 for summary statistics). Absolute epiphyte
abundance showed a hump-shaped relationship with increasing branch diameter in Brazilian core
transects (Fig. 3.4a), with no clear relationship in Brazilian edge transects (Fig. 3.4b) and a
positive relationship in Panamanian transects (Fig. 3.4c). Absolute species richness showed a
hump-shaped relationship with increasing branch diameter at both Brazilian study sites (Fig. 3.4d-
e) and a positive relationship in the Panamanian transects (Fig. 3.4f). In contrast to these trends,
the abundance (Fig. 3.5a-c) and richness (Fig. 3.5d-f) per branch showed a positive relationship
with branch diameter at all three study sites (Fig. 3.5, Table B.4). There was a positive relationship
between proportion of adults and branch diameter at all three study sites (Fig. 3.6, Table B.4).
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Figure 3.4. Absolute epiphyte abundance (A-C) and richness (D-F) per transect as a function of branch diameter.
Trends are shown for Brazilian core (A,D, n=30), Brazilian edge (B,E, n=30), and Panamanian (C,F, n=36) transects.
Box-plots show the median as central line, 1.5 interquantile range as whiskers, and outliers as circles. Solid lines give
the values predicted by the estimated GAMMs, dashed lines show 95% CI. Note that the number of epiphytes was
generally hump-shaped along diameter classes in Brazilian transects, whereas it was positive in Panamanian transects.
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Figure 3.5. Epiphyte abundance (A-C) and richness (D-F) per branch as a function of branch diameter. Trends are
shown for Brazilian core (A,D, n=26), Brazilian edge (B,E, n=21), and Panamanian (C,F, n=25) transects. Box-plots
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Figure 3.6. Proportion of adults as a function of branch diameter. A) Brazilian core transects (n=30). B) Brazilian edge
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as whiskers, and outliers as circles. Solid lines give the values predicted by the estimated GAMMSs. Dashed lines show
the estimated 95% CI.
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The inventoried canopy above our Panamanian transects had 4386 epiphyte individuals
(corresponding to 151 individuals per transect or ~3 individuals per m?) of 80 species.
Considering only substrates with diameters comparable to those found on the forest floor (<10
cm), the inventoried canopies above our transects hosted 866 epiphyte individuals (30 individuals
per transect, 0.6 individuals per m?) belonging to 64 species (20% of all individuals and 80% of
all species). Epiphyte abundance (P <0.001, dfesr = 1.98) and richness (P <0.001, dfex= 1.97)
above the Panamanian transects were positively related to increasing branch diameter (Fig. 3.7a-
b). There was no correlation between the number of individuals and species on the forest floor
and in the canopy. Across Panamanian transects, epiphytes on the forest floor (either attached to
or detached from branches) corresponded to c. 4% of total number of individuals and to 48% of
the species found. Considering only individuals found attached to branches (< 10 cm in diameter),
this proportion was of 13% for individuals and 40% for species, gradually decreasing with branch
diameter for individuals (P <0.05, dfesr = 1.53) and species (P <0.001, dfesr = 1.00; Fig. 3.7c-d).
Species composition differed significantly between ground and canopy for all epiphytes (P =
0.001, ANOSIM statistic R =0.37) and for epiphytes on substrate < 10 cm in diameter (P =0.001,
ANOSIM statistic R = 0.29). Species composition on the ground was more variable than in the
canopy (Fig. 3.7e-f), particularly considering all epiphytes (Fig. 3.7¢). Most indicator species of
these compositional differences were aroids and ferns found only or mostly in the canopy (Table
B.5). Mean species similarity between actual ground and canopy transect pairs was not

significantly different from the mean species similarity between random ground and canopy pairs.
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Figure 3.7. Epiphytes in the canopy and their relationship with forest floor trends. (A) Epiphyte abundance and (B)
species richness in the canopy directly above the Panamanian transects (n=29) as a function of branch diameter.
Proportion of individuals (C) and species (D) found on the forest floor compared to the transects' total abundance (forest
floor and canopy). (E-F) Non-metric multidimensional scaling of transects based on species composition and
abundance considering (E) all individuals found on the forest floor and canopy (n=18 forest floor and canopy pairs)
and (F) only individuals on substrate < 10 cm in diameter (n=17). Forest floor and canopy pairs are indicated by the
same numbers in E-F (legend in F). See S2 File for the number of individuals and species censed within the whole
crane plot (ca. 0.9 ha). Solid lines give the values predicted by the estimated GAMMs, whereas dashed lines show the
estimated 95% CI in A-D. Lines connecting numbers indicate convex hulls in D-F. We excluded the thinnest branch
diameter class in C and D due to overall low abundances in the canopy (see A-B). Box-plots show the median as central
line, 1.5 interquantile range as whiskers, and outliers as circles.
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3.5 Discussion
Surveying epiphytes on the forest floor

A considerable proportion of the species above the transects was also found on the forest floor
(Fig. 3.3 and Fig. 3.7¢c-d). Single transects entailed random subsets of the epiphyte community
in the canopy (Fig. 3.7e-f). Although this may be the main limitation of this method, at least some
species typically restricted to stable substrates (i.e. tree trunks and inner crowns, Zotz 2007b;
Woods et al. 2015) were found on the forest floor. In fact, most of the individuals found detached
from branches were attached to substrate parts (e.g. bark pieces or canopy soil) and thus may have
fallen from trunks and inner crowns. Most indicator species for the Panamanian canopy transects
preferentially occur, however, on trunks and inner-crowns (e.g. Trichomanes spp.,
Campyloneurum spp., Anthurium spp., Dichaea panamensis; full list in Table B.5). Hence, to
increase the effectiveness and completeness, forest floor-based surveys could target transects with
fallen trees or near old trees, as old trees have been indicated to host a higher number of species
and should always be included in epiphyte surveys (Shaw & Bergstrom 1997; Zotz & Bader
2011).

Sampling the forest floor might be particularly useful for investigating epiphytes occurring on
branches < 10 cm in diameter. This is illustrated by the fact that there were considerably fewer
canopy indicator species when limiting the comparison between canopy and forest floor to
branches < 10 cm in diameter than when considering the entire canopy (Table B.5). This is also
supported by the lower species number (Fig. 3.3¢c-d) and variation in composition (Fig. 3.7e-f)
compared to similar analyses considering epiphytes of the entire canopy. Furthermore, an
unexpected high proportion of epiphytes on branches < 10 ¢cm in diameter were on the forest floor
(>12% all individuals belonging to 40% of all species, see also Fig. 3.7c-d for averages over each
diameter class). This is important because these thin branches, often located in the outer crowns,
are the most difficult canopy habitats to access despite hosting a sizable portion of individuals

and species (20% and 80%, respectively, for Panamanian transects).

Besides floristic information, the forest floor proved to be an important source of information on
epiphyte demography and community structure. The fact that the patterns of epiphyte abundance
and richness over branch diameter found on the forest floor mirrored the community structure of
the canopy (compare Figs. 3.4, 3.5 and 3.7) indicates the community structure on the canopy can
be surveyed in the forest floor. Hence, demographical inferences can be attempted with a survey
method that is faster, cheaper and safer than commonly applied techniques, such as tree climbing
and research cranes (see also Mondragén & Ticktin 2011). This is valuable information,
considering that even if floristic data from the forest floor might not be as complete as from tree

climbing, the forest floor offers much needed demographic data. Furthermore, besides surveys
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focusing on economic value of fallen epiphytes (Mondragon & Ticktin 2011; Toledo-Aceves et
al. 2014), further studies incorporating forest floor information can focus on combining

demography and community structure with substrate characteristics (see next section).

Epiphyte fall and branch diameter

We found a high density of epiphytes on the forest floor (1100-3600 individuals per hectare). The
fact that most epiphytes on the forest floor were found attached to branches emphasizes the
importance of branchfall as a cause of epiphyte mortality. Although we have not directly
measured mortality rates via falling with or from branches (Nadkarni & Matelson 1992), indirect
estimates are possible if epiphytes in the canopy have been inventoried, as in our Panamanian
study site. In this case, the mortality rate caused by falling with or from branches would be at
least 4% per year (percentage of individuals found on the forest floor), considering that the
majority of epiphytes on the forest floor dies within less than one year (Matelson et al. 1993). Our
estimate is lower the annual mortality rate reported for a humid montane forest via monitoring
selected branches with photographs (16%, Hietz 1997). However, epiphyte abundances in the
canopy of the Panamanian study site were generally low compared to montane cloud forests
(Nadkarni & Matelson 1992; Freiberg & Freiberg 2000), which may contribute to branchfall (Zotz
et al. 2005).

When considering only epiphytes falling with branches, absolute epiphyte abundance and
richness revealed site-specific types of relationships with branch diameter (Fig. 3.4). As such
differences disappeared after accounting for branch abundance (Fig. 3.5), they likely reflect local
differences in branch dynamics. The resulting epiphyte abundance and richness per branch
supported the hypotheses of higher abundance and richness on thick branches (compare Figs. 3.1
and 3.5). The main explanation for higher epiphyte abundance and richness on branches of larger
diameter classes is lower epiphyte mortality via branchfall (also found by Hietz 1997) and more
time for colonization. In fact, branchfall was identified as main cause of epiphyte fall (Table 3.1)
and the assumption that thin branches are more abundant on the forest floor than thicker ones was
confirmed (Fig. 3.2; Hallé, Oldeman & Tomlinson 1978; Addicott 1991; Rust & Roloff 2004;
Zotz et al. 2005). Furthermore, thicker branches support a micro-environment that is more
suitable for the epiphytic lifestyle, with lower mortality at the seedling stage due lower exposure
to wind, high radiation and water stress (Wagner et al. 2013) and more suitable substrate
properties, such as higher moss cover, humus volume and humus layer thickness (Freiberg 1996;
Woods et al. 2015). As a consequence, epiphyte richness, cover and biomass are usually higher
on the thicker branches of the inner crowns (Freiberg 1996; Hietz 1997; Zotz 2007). Accordingly,

higher epiphyte abundance and richness on thicker rather than thin branches were also observed
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in the canopy at the Panamanian site (compare Figs. 3.4, 3.5 and 3.7a-b). However, quantifying
branch abundance, as done for the forest floor but not for the canopy, seems essential to account
for the effects of site-specific branch dynamics on the gradients of epiphyte abundance and

richness over branch (compare Figs. 3.4 and 3.5).

Our hypothesis of a positive correlation between the proportion of adults and branch diameter
was also supported (compare Figs. 3.1 and 3.6), indicating a strong role of branchfall on the spatial
structuring of epiphyte populations. Consequently, most adults in the outer crowns are twig
epiphytes with fast life-cycles (Chase 1986, 1987). In fact, most adults in the two thinnest
diameter classes were from small species classifying as twig epiphytes: Campylocentrum
crassyrhyzum, Rodriguezia bahiensis and Notylia lyrata in Brazilian transects as well as

Campylocentrum micranthum in Panamanian transects.

Study sites

We found small site-related differences in total species richness (Table 3.1) and in species-
accumulation curves (Fig. 3.3). The lower total species richness of edge transects was associated
with the fact that most species absent in the edge have long life cycles, requiring at least 10 or
more years to reproduce (e.g. Maxillaria ochroleuca, Prosthechea fragrans - first author's
observations based on pseudobulb and inflorescence skeletons), or are probably less tolerant to
water-stress (e.g. Anathallis sclerophylla, Acianthera pernambucensis, which were observed only
on moss-rich shaded substrate). Consequently, the lack of large, stable, old trees and dominance
of fast-growing pioneer trees at the same studied edge compared to core site (Oliveira-Filho, de
Mello & Scolforo 1997; Tabarelli, Mantovani & Peres 1999) may reduce the establishment and
survival of late-maturing and moisture-demanding epiphytes due to greater substrate dynamics
and drier microclimate (Einzmann et al. 2015). Such lower colonization would explain why our
forest floor-based sampling detected almost all species present in the canopy of edge transects but
not in that of core transects (Fig. 3.3). However, because we only have one edge and core pair,
we cannot statistically compare edge vs. core due to pseudoreplication, and thus further studies
incorporating more pairs are necessary to investigate to what extent edge conditions affect

epiphyte community composition.

The total observed epiphyte richness at the Panamanian study site in turn was slightly higher than
at the Brazilian core (Table 3.1, Fig. 3.3). However, at the transect scale, Panamanian transects
had fewer species than the Brazilian transects (Table 3.1). High total species richness but low
richness at the transect scale indicates a high spatial turnover of epiphyte species in Panama. This
high turnover might be associated with increasing turnover of aboveground biomass with

decreasing elevation (Raich et al. 2006) . Considering single trees or branches as habitat patches,
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local communities are colonized by species occurring in adjacent patches (higher recruitment near
source areas - Leibold ef al. 2004). Hence, an increase in turnover of such patches might preclude
the accumulation of species. This idea is supported by the high number of fallen trees and gaps
observed in and outside the crane plot, which suggests a high rate of patch turnover, effectively
limiting species accumulation. Similarly to the edge vs. core comparison, the interpretation of the
differences between Brazilian core and Panamanian transects is limited due to low number of
study sites. Further studies including forests along environmental and productivity gradients are
necessary for a better assessment of the relationship between aboveground biomass turnover of
trees and epiphyte communities. Alternatively, studies could assess such relationship by
incorporating age as an additional substrate characteristic, as substrates with similar diameter may
differ in age and thus time available for colonization. While data on age of tropical trees are
scarce, this topic has received increasing attention, with age estimation methods spanning from
allometric relationships, over counting rings to isotope dating (Lieberman et al. 1985; Fichtler,
Clark & Worbes 2003; Metcalf et al. 2009). While this much useful data is still not largely
available, studies monitoring epiphytes information could extend their scope to monitor branches
(with and without epiphytes). This branch monitoring would provide data on the time of
occurrence of key events of substrate dynamics, such as formation, diameter growth and fall of
branches. Hence, monitoring branches since their formation, and thus knowing their age, would
give the time that these branches had been available for epiphyte colonization. If branches are
also monitored on the forest floor, a complete appraisal of branch dynamics could provide further

insights into the role of branch dynamics to epiphyte communities.

Conclusion

Sampling the forest floor for epiphytes constitutes a fast method that can provide, besides floristic
data, useful information on epiphyte diversity, community composition and structure, as
highlighted by the comparisons with canopy data as shown in our Panamanian transects.
Furthermore, by requiring less work and training efforts as well as being cheaper and safer than
climbing techniques and canopy cranes, this method can open new avenues for investigations of
epiphyte demography. This is particularly valuable for the epiphyte community occurring in the
least accessible, thinnest branches of the canopy. In this sense, our results confirmed branchfall
as a main cause of epiphyte fall. This effect poses demographic constraints on epiphyte
populations by increasing mortality (see also Hietz 1997) and by reducing time for colonization
and for sexual maturation. Consequently, branchfall acts as a strong demographical filter for
epiphyte populations. Moreover, branch diameter is a key factor of this demographic filter
because branchfall decreases with branch diameter. This is truly independent of local forest

dynamics, making demographic filtering greatest in the thin branches of the canopy. In this highly
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dynamic environment, only small, stress-tolerant and fast growing species are able to recruit,
survive and reproduce. Therefore, branchfall seems to play a key role in structuring the spatial

distribution of epiphytic communities.
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Introduction

4.1 Abstract

In complex tropical forests many different tree species compete for resources in 3D space. To
understand the processes driving tree growth and forest dynamics, we developed a long-term
dynamic forest stand model simulating trees as detailed 3D functional-structural tree models
(FSTMs). The accurate representation of tree structure in FSTMs allows detailed simulations of
within-tree processes and interactions with the environment, making such models suitable tools
to explore how 3D tree growth emerges from low-level processes. In addition, complex
interactions between individual trees at the metamer level can be simulated when integrating

FSTMs in forest models, which goes beyond modern forest stand models.

High species numbers and diverse ecological strategies of tropical trees pose a particular
challenge for dynamic forest models. We expected a correlation between leaf economic and life
history traits. Important leaf economic traits (e.g. leaf life span, photosynthetic capacity) co-vary
strongly and variation is largely explained by a single principle axis - the leaf economics spectrum
(LES). Consequently, tree species in our model are characterized by a set of traits corresponding
to a specific position on the LES. Applying the principles of the pipe model theory, light-driven
carbon assimilation and within-tree carbon allocation are coupled, i.e. 3D tree growth is
essentially driven by leaf scale processes. To investigate the suitability of this approach, we
compared a large number of emergent patterns at the tree level as well as at the forest level in a

pattern-oriented modeling framework.

We found that a species’ set of economic leaf traits determined the maximum height and age of a
tree, as well as its size-dependent growth rate and shade tolerance, indicating a fundamental
impact of leaf traits on the life history growth patterns of trees. In addition, many ecological
patterns at the forest level (e.g. above-ground biomass, basal area, stem number, net-primary
production and leaf area index) were reproduced, further validating the model and indicating that
our model adequately simulates structurally realistic forests. The modelling approach presented
here paves the way for further model-based analyses of 3D forest dynamics, or model-based
studies of canopy-dwelling organisms requiring a detailed representation of forest structures and

their dynamics.

4.2 Introduction

Tropical forests provide valuable social, ecological and economical services to society and play
an important role in the global carbon cycle (Malhi & Grace 2000; Hassan, Scholes & Ash 2005).
They are the most species-rich ecosystems harboring more than half of the species on earth

(Heywood & Watson 1995). In addition to the large number of tree species (ter Steege et al.
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2013), there are even more plant and animal species that directly or indirectly depend on the
structure, resources and shelter provided by complex forest canopies (Erwin 1988). Almost 9%
of all vascular plant species, for instance, live as epiphytes on trees, predominantly in subtropical
or tropical regions (Zotz 2013). Ongoing deforestation and potential adverse effects of climate
change thus pose a threat to all species associated with tropical forest systems (Wright 2005). To
assess the impact of a changing environment on tropical biodiversity, we thus need to understand
how these forests function and respond to those changes, but also how associated species respond

to changing forest dynamics.

There are a number of dynamic forest models available to predict future changes of tropical forests
and/or to analyze their ecosystem functions. These models differ substantially in the level of detail
and temporal and spatial resolution. Among these models, dynamic global vegetation models
focus on large-scale predictions of vegetation dynamics and carbon cycles, but commonly use
very simplified representations of forest structure (e.g. Cramer et al. 2001; Purves & Pacala 2008).
At small to medium scales (< 1 ha to > 100 km), forest gap models and forest landscape model
are applied to simulate forest dynamics and tree species composition (reviewed in Bugmann
2001). Such models represent forest structure in more detail by including stems and crowns of
individual trees or cohorts, they consider within-canopy light attenuation and simulate growth of
and competition among different species or functional types (Kohler & Huth 1998; Tietjen &
Huth 2006). An even more detailed simulation of tree structure is given in functional-structural
tree models (FSTMs), in which trees are represented in 3D space by interconnected structural and
functional units, such as branch segments, leaves, or reproductive organs (Godin & Sinoquet
2005; Sievénen et al. 2014). These ‘virtual tree’ models allow to model complex, mechanistic
interactions between tree architecture and physiological processes, for instance the light-
dependent within-tree carbon acquisition and allocation at the meristem level in dynamically
growing trees (Sterck et al. 2005; Fourcaud et al. 2008). FSTMs are thus suitable tools to explore
and deepen our understanding of structural tree growth, and a natural next step would be the
integration of FSTMs in forest stand models. In such models, interactions among trees,
microclimatic changes and branch dynamics could be simulated in detail at the forest level. Such
detailed simulations of forest structures and their dynamics would also be useful for model-based
studies of canopy-dwelling plants and animals (Sarmento Cabral et al. 2015). However, only few
attempts have been made to couple FSTMs with forest stand models, and these studies focused
on growth of even-age monocultures over a limited time frame (Feng et al. 2011; Guillemot et al.
2014). So far, there is no long-term fully-dynamic stand model based on FSTMs including

demographic processes beyond vegetative growth.

Developing a fully-dynamic 3D tropical stand model is computationally and conceptually

challenging. On the one hand, FSTMs are computer intensive due to their complexity, and stand-
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scale FSTMs thus require efficient modelling techniques allowing detailed simulations while
keeping the simulation time reasonably low. On the other hand, tropical forests pose particular
challenges to dynamic forest models due to their large number of tree species (ter Steege et al.
2013; Slik et al. 2015). In contrast to temperate forests, where the low number of well-studied
tree species allow models to be parameterized at the species level, alternative approaches are
required. In individual-based tropical forest models, distinct functional groups aggregating tree
species with similar characteristics are thus usually used (e.g. Kéhler & Huth 1998; Tietjen &
Huth 2006). In the simplest case, only shade-intolerant pioneers and shade-tolerant climax species
are distinguished (Swaine & Whitmore 1988), but a classification into more groups has also been
proposed (Gourlet-Fleury et al. 2005; Chazdon ef al. 2010). While functional group approaches
are often useful, they still are a simplification of the continuum from fast growing, short-lived
pioneer to slow growing, long-lived shade-tolerant species (Denslow 1987; Wright et al. 2003b).
Similar trade-offs between growth and mortality have also been observed at the leaf scale by
Wright et al. (2004), who found that many leaf traits co-vary strongly and that this variation is
largely explained by a single principle axis - the leaf economics spectrum (LES). This spectrum
runs from leaves with high photosynthetic capacities but low life spans at the one end to leaves
with low photosynthetic capacities but long life spans at the other end. Hence, a relationship
between the leaf traits and the whole-tree performance can be assumed, and significant
relationships were indeed observed for many tropical tree species (Sterck, Poorter & Schieving
2006; Poorter & Bongers 2006). A trait-based approach should thus be a promising way to
integrate the different life history strategies of trees into a forest model, obliterating the use of a
priori functional groups. However, we are not aware of any study in which 3D growth over a

tree’s entire life span is modelled as an emergent property of the tree’s set of traits.

In this study, we present a dynamic forest stand model in which each trees is represented as a 3D
FSTM. This model was developed to simulate the long-term forest dynamics (500-1000 years) at
the plot scale (~1 ha) with a high degree of detail. Branches are considered up to the second order

3. which allows detailed

and leaf biomass development is modelled at a resolution of 1 m
simulations of competition for light and space. Tree species are characterized by a set of leaf traits
under consideration of the between-traits trade-offs and correlations (LES; Wright et al. 2004).
Using the principles of the pipe model theory (Shinozaki ef al. 1964), the light-driven carbon
assimilation and the within-tree carbon allocation are coupled, i.e. the leaf trade-offs are scaled
to whole-tree growth. We hypothesize that this trait-based approach captures essential life history
variations between different species/functional groups with regard to their growth, survival, and
light demand. In addition, we assume that the long-term dynamics of natural tropical forests can

be reproduced by coupling the FSTM with a forest stand model, in which the key demographic

processes and between-tree competition are simulated in a simplistic manner (e.g. only
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considering competition for light and space, neutral regeneration). Such a model can, on the one
hand, improve our understanding of how low-level processes (leaf scale) influence pattern at
higher hierarchical levels (tree and forest scale). On the other hand, by providing the 3D forest
structure and dynamics, this model can form the basis for future modelling studies of canopy

dwelling organisms, e.g. vascular epiphytes (see chapter 5).

4.3 Materials and methods

In this section, we provide the model description of the bottom-up functional-structural forest

model (FSFM) and details on the parameterization and validation process.

4.3.1 Model description

The model description follows the ODD (Overview, Design concepts, Details) protocol, which
was proposed as a standard protocol to communicate agent-based models or large, complex

models (Grimm et al. 2006, 2010).

4.3.1.1 Purpose

The FSFM serves two main purposes. On the one hand, it was developed to study the relationship
between leaf trait trade-offs and life-history variation in trees. Ontogenetic growth patterns,
maximum height and life-span, as well as the light-dependent growth behavior in our model
emerge from the tree’s traits, and the model thus allows to compare simulated structural tree
growth with observations and theoretical expectations. On the other hand, it was developed to
simulate the long-term dynamics of forest stands at a high level of detail. By combining the trait-
based tree growth model with a simple demographic model, the suitability of our approach can
also be evaluated at the forest level. Our forest model increases the understanding of bottom-up
mechanisms controlling forest dynamics, and in addition, it is useful for follow-up model studies
on canopy-dwelling organisms, which require a detailed 3D representation of forest structure and

dynamics.

4.3.1.2 Entities, state variables and scales

This FSFM simulates establishment, growth and mortality of virtual 3D trees at the plot level.
The spatial and temporal scale of the model can by defined by the user. Here, we simulated forest
stands between 0.25 and 1 hectare over 500 to 1000 years in annual time steps. The vertical

extension of the model space is associated with typical maximum tree heights and usually ranges
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between 50 and 60 m. The entire 3D model space is divided into a regular 3D grid consisting of
cubic voxels with a side length of 1 m (Fig. 4.1a). This grid defines the spatial resolution of both
light and leaf area/biomass distribution. Light is the main driver of tree growth and the light

intensity is calculated for all voxels based on the 3D distribution of leaf area.

This model comprises three hierarchical levels: tree components, individual trees, and the forest
stand. Tree components are trunks, branches, apical meristems and leaf compartments (Fig. 4.1b).
Each tree consists of one erect trunk described by length and diameter. Attached to the trunk are
branches up to the second order. Branches are defined at two different scales. At the coarse scale,
branches are described by their total length and diameter, while at the fine scale branches are
described as a collection of topologically connected smaller branch segments (this multiscale
approach was chosen to optimize both model speed and visual aspects; see section 4.3.1.7 for
more details). Located at the end of each trunk or branch, apical meristems sense the local
environment and are able to control primary growth. Leaf compartments are connected with
second order branches and are conceptualized as aggregations of leaves within the cubic voxels.
Besides leaf biomass and area, leaf compartments also comprise the active pipes, i.e. the sapwood,
connecting the leaves with the roots to support leaf functioning. This means that leaf
compartments form leaf-pipe elements in accordance with the pipe model theory (Shinozaki et al.
1964; Fig 4.1b). Each tree component is characterized by a set of state variables including its 3D
position (Table 4.1). In addition to the absolute 3D position, the topological position within the
tree of each tree component is also tracked throughout the simulation. Based on this information,
the 3D structure and internal organization of each tree can be deduced (Fig. 4.1c). Structural tree
growth is thus the result of addition, removal, and changes in tree components. Aggregation over

all trees in the community yields the 3D forest structure and dynamics.

Structural tree growth is driven by the distribution of light and the functional and structural traits
of trees, which can be understood as intrinsic properties (Table 4.1). While the functional traits
regulate tree carbon balance depending on the light conditions, the structural traits can be regarded
as inherent architectural model defining the tree’s structural organization. This includes, for
instance, branching angles or average internode lengths (see submodel structural growth in
section 4.3.1.7 for more details). Growth and performance of individual trees are thus closely
associated with their combination of traits. Some functional trait combinations allow effective
carbon assimilation under low-light conditions and thus to grow and survive in the dark
understory, while other trait combinations might be more favorable under high-light conditions.
Consequently, forest dynamics results from structural growth of individual trees with different
traits interacting and competing for space and light, whose distribution, in turn, is influenced by

the forest structure (Fig. 4.1d).
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Figure 4.1. State variables, scales and visualization. (a) 3D model space. The extent of the model space can be defined
by the user. The model space is a 3D grid that is subdivided into cubic voxels with a volume of 1 m? containing the
information about local leaf biomass and area, as well as, light intensity. (b) Overview of tree components (trunks,
branches, apical meristems and leaf compartments). Trees consist of a trunk and branches up to the second order which
are terminated by an apical meristem. Leaf compartments describe the leaf biomass and area within a voxel attached to
a specific section of a second order branch, as well as the woody pipes connected to these leaves. The length of the
pipe system depends on the within-tree position. One leaf compartment (green square) and its woody pipe (red line)
are exemplified. (c) 3D tree visualization. Tree structures are visualized based on the state variables and topology of
each tree. Several visualization options are integrated in this model (section 4.3.2). Here, the leaf biomass in the leaf
compartments is displayed by spatial objects imitating ‘real’ leaves. (d) 3D forest visualization. The forest structure
can be displayed in this model, which allows visual inspections and comparisons with real forests.
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Table 4.1. State variables, functional and structural traits of the FSFM. Each tree component (trunk, branch, leaf
compartment, apical meristem) is characterized by a set of state variables. The functional and structural traits describe
the intrinsic properties of each tree species, and the value ranges of these traits can be defined by the user. These trait
ranges are thus among the model parameters that are used to calibrate and validate the model. Empirical correlations
between leaf traits (Wright et al. 2004) are considered in this model (Table 4.2).

Symbol Description Unit Type

Ap Cross-sectional area of branch cm? State variable
Ay Leaf area in leaf compartment cm? State variable
ALprod Total leaf area produced in leaf compartment cm? State variable
As Cross-sectional area of branch segment cm? State variable
Ar Cross-sectional area of trunk cm? State variable
By Leaf biomass in leaf compartment g State variable
Dy Diameter of branch cm State variable
Dg Diameter of branch segment cm State variable
Dy Diameter of trunk cm State variable
Iv Light conditions at apical meristem pumol m? s™! State variable
Ly Length of branch cm State variable
Ly Pipe length of leaf compartment (corrected after apical control) cm State variable
Lps Pipe length of leaf compartment cm State variable
Lg Length of branch segment cm State variable
Ly Length of trunk cm State variable
Og Branch order - State variable
Ppgng Y% End position of branch (in X, Y and Z direction) cm State variable
Prsar Y2 Start position of branch (in X, Y and Z direction) cm State variable
PrcXv2 Position of leaf compartment (in X, Y and Z direction) cm State variable
Py Position of apical meristem (in X, Y and Z direction) cm State variable
PgpngXY? End position of branch segment (in X, Y and Z direction) cm State variable
Pssar N7 Start position of branch segment (in X, Y and Z direction) cm State variable
PrXY Position of trunk (in X and Y direction) cm State variable
G max Maximum gross photosynthetic rate ggld! Functional trait
k Light intensity at which the gross photosynthetic rate is half maximal umol m? s™! Functional trait
LL Leaf lifespan d Functional trait
Ninass Nitrogen concentration % Functional trait
Ry Leaf respiration rate gg'd! Functional trait
SLA Specific leaf area cm? g! Functional trait
pw Wood density gcm? Functional trait
ALprod Maximal leaf area production per leaf compartment cm? Structural trait
It Light intensity threshold regulating apical dominance of SAM umol m? s™! Structural trait
Kint factor controlling the increase in internode length - Structural trait
LDy Length-diameter ratio of branches mcm’! Structural trait
LD+t Length-diameter ratio of trunks mcm’ Structural trait
L 1BMax Maximal internode length of branches cm Structural trait
L sMin Minimal internode length of branches cm Structural trait
Litmax Maximal internode length of trunk cm Structural trait
Litmin Minimal internode length of trunk cm Structural trait
PHro Number of first order branches arranged in a 360° circle - Structural trait
Pry Pipe-reuse factor - Structural trait
St Shortening factor - Structural trait
Strop Strength of tropism - Structural trait
ST Trop Stochasticity in tropism strength (Strp); only used if Stochasticity=1 % Structural trait
STty Stochasticity in branch growth; only used if Stochasticity=1 % Structural trait
STasro Stochasticity in second order angle (asro); only used if Stochasticity=1 % Structural trait
STatro Stochasticity in first order angle (a7rp); only used if Stochasticity=1 % Structural trait
STarso Stochasticity in first order angle (a750); only used if Stochasticity=1 % Structural trait
Asro Angle between first order branches and trunk from side view ° Structural trait
A 7r0 Angle between first order branches from top view ° Structural trait
750 Angle between second order branches and first order branches fromtop ~ ° Structural trait
6)p Maximum relative increase in height growth when the Iy < It - Structural trait
Bs Shape parameter regulating apical dominance of trunk apical meristem - Structural trait
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4.3.1.3 Process overview and scheduling

At the beginning of each simulation, a species pool with a defined number of tree species is
generated. Each species has a unique identifier and is characterized by a set of functional and
structural traits (Table 4.1). We assume that the structural traits are uncorrelated, and these traits
are randomly selected from user-defined ranges. In contrast, for functional leaf traits, we consider
the strong between-trait correlations (Wright et al. 2004; Marino, Aqil & Shipley 2010; more
details in section 4.3.1.5). After this initialization, light distribution, tree establishment, tree

growth, and tree mortality are simulated successively in annual time steps (Fig. 4.2).

The 3D distribution of light intensity is calculated via the Lambert-Beer light extinction law based
on the distribution of leaf area. Subsequently, the establishment of tree seedlings is simulated as
a neutral process, i.e. the forest floor is regarded as seed bank containing equal numbers of seeds
of all tree species. Depending on an average area-based establishment rate, a certain number of
new seedlings is initialized at random positions within the model area. Each seedling is randomly
assigned to a species from the species pool. After this neutral germination, seedlings of species

with unsuitable traits may die immediately within the current time step due to carbon starvation.

Tree growth is simulated in three subsequent submodels: i) apical control/dominance, ii) carbon
balance, iii) structural growth (Fig. 4.2): 1) controlled by hormones, carbon allocation to apical
meristem can either be inhibited (apical control) or intensified (apical dominance; Wilson 2000).
These processes control how much of the carbon assimilated by photosynthesis is invested into
primary growth of branches and the trunk. In this model, apical control is simulated for branches.
Branches inhibit carbon allocation to primary growth when branch apical meristems are either
deeply shaded, i.e. if the carbon balance under the given light conditions at the meristem is
negative, or when branches from other trees grow in the immediate vicinity. By this, competition
for light and space is simulated at the branch level. In contrast, apical dominance is simulated for
trunks, i.e. carbon allocation to trunk apical meristems is intensified under shade as a mechanism
to quickly reach higher, potentially less shaded zones (Poorter 1999; Poorter et al. 2011).
Naturally, by influencing the within-tree carbon allocation, the processes of apical
dominance/control affect local carbon balance, which is simulated in the second step. ii) Local
carbon balance corresponds to the carbon balance at the level of leaf compartments. Apart from
the carbon assimilated by leaf compartments and allocated to primary growth, leaf compartments
act independently from each other and directly respond to the local light conditions. This means
that no carbon flow is assumed between leaf compartments, and thus the assimilated carbon is
locally reinvested into biomass of new leaves and connected pipes. Leaves are the
photosynthetically active organs, but both leaves and pipes incur respiration costs. The annual

leaf biomass production and the annual change in leaf biomass in each leaf compartment are thus
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important results of the carbon balance submodel. Due to the leaf-pipe connection, these results
are directly linked to secondary growth of branches and trunks. iii) Structural growth is an
immediate result of the carbon balance submodel. It comprises secondary, but also primary
growth, which, in turn, is calculated based on secondary growth using species-specific allometric
relationships between height and diameter. Primary growth causes the establishment of new
apical branch segments and often new lateral branch segments, which might be associated with
new leaf compartments and apical meristems. In addition, trees may also shed branches, for
instance after losing all photosynthetically active leaf compartments, and this is simulated in the

final step of the structural growth submodel.

At the end of each simulation step, tree mortality is simulated. Trees die due to carbon starvation
when they have lost all leaf compartments. In addition, we integrated a biomass-dependent
mortality rate according to metabolic theory of ecology (Brown et al. 2004). This rate accounts
for processes which are not explicitly simulated (e.g. herbivory, pathogens) and assumes that the
chance of survival increases non-linearly with total tree biomass. Gap dynamics are also an
important mechanism in tropical forests (Brokaw 1985). Falling dead trees may kill surrounding

trees and create gaps, and thus we also integrated the option to model this.

After each of the processes illustrated in Fig. 4.2 the state variables of all trees components are

updated synchronously.

Initialization

Light distribution
|

Tree establishment

Apical control

Carbon balance

Structural growth

Tree mortality

Figure 4.2. Flowchart of the forest model. After initialization, light distribution, tree establishment, growth and
mortality are simulated consecutively in each annual time step. Tree growth is the most complex process and thus split
into three submodels: apical control, carbon balance and structural growth. Details on all submodels are provided in
section 4.3.1.7.
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4.3.1.4 Design concepts

Basic principles

Carbon assimilation and allocation are the key processes in functional-structural tree and forest
models. In our model, these processes are simulated based on the principles of the leaf economics
spectrum (Wright et al. 2004), the pipe model theory (Shinozaki et al. 1964), and the principles
of module autonomy (Sprugel, Hinckley & Schaap 1991). The LES quantifies relationships
between crucial leaf economic traits, such as SLA, leaf lifespan or mass-based photosynthetic
capacity. These leaf traits co-vary strongly and, in multidimensional trait space, the vast majority
of variation is explained by a single principle axis (Wright et al. 2004). This axis can be
considered as spectrum, ranging from leaves with low SLA values, low photosynthetic capacities,
and respiration rates, but long leaf lifespans, to leaves with high SLA values, high photosynthetic
capacities and respiration rates, but short leaf lifespans. The position on this spectrum thus has a
direct influence on potential carbon assimilation and re-allocation at the leaf level. Furthermore,
Marino, Aqil & Shipley (2010) observed that not only photosynthetic capacity, but also entire
photosynthetic light-response curves can be predicted from the leaf traits of the LES. With this
information, the carbon balance at the leaf level under varying light conditions can thus be
simulated based on the specific leaf trait combination described by the position at the LES.
However, the carbon assimilated by the leaves may be allocated among different tree parts, i.e. it
may be invested into new leaves or branches at different within-tree positions. In this model, the
within-tree carbon allocation is based mainly on the principles of module autonomy (Sprugel et
al. 1991) and the pipe model theory (Shinozaki et al. 1964). The principles of module autonomy
state that different parts of the tree may be regarded as autonomous modules whose carbon
balance is independent of that of other modules. In our model, leaf compartments are these
autonomous modules, which assimilate carbon based on their leaf traits and the local light
intensity, and re-invest assimilates locally (Only a small exception from this rule is allowed in
our model, as a small part of the assimilates in each leaf compartment is allocated for primary
growth of the corresponding branch. There is, however, no carbon flow among leaf
compartments). Local re-investment means investments in leaf biomass within the leaf
compartment which, however, are coupled with investments in connected woody pipes. In other
words, for each new unit of leaf biomass an equivalent unit of pipes connecting leaves and roots
has to be established, whereby the within-tree position of a leaf compartment determines the
carbon costs for the pipes. New active pipes form the sapwood, which is equivalent to secondary
or primary growth of branches and the trunk. By considering all leaf compartments of a tree, the
whole-tree carbon balance and resulting structural growth can thus sufficiently be simulated based

on the principles described above.
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Emergence

Each tree is characterized by a set of traits, and structural tree growth, i.e. development, addition
and removal of tree components, is a direct result of the interplay between these traits and light
conditions. Hence, tree growth and tree mortality emerge from the traits of a tree. Some trait
combinations might be unsuitable under low-light conditions and thus lead to carbon-based
starvation. However, even under optimal conditions, each tree in the model will inevitably die at
some point in time because it has lost all its photosynthetically-active parts. This is because the
maximum height of each tree also emerges from its traits. When a tree grows close to its maximum
height it will enter senescence, which is characterized by the reduction of active meristems
ultimately leading to the loss of all leaves (for more details see submodel structural growth in in
section 4.3.1.7). Consequently, all crucial processes over the entire life cycle, as well as life
expectancy itself, emerge directly from the functional and structural traits characterizing an

individual tree.

While forest structure is the result of the growth of interacting and competing trees with different
traits, community dynamics emerges from the trait-based mechanism at the tree level, as well as
from tree establishment and additional source of tree mortality. The establishment rate defines
how many new recruits enter the community, and different tree mortality rates are integrated to

account for additional sources of mortality not captured by the FSTM.

Adaptation/Sensing

In this model, the interplay between the invariable functional and structural traits of trees and the
dynamic environment determines their growth, but trees cannot adapt their traits to the
environment. In reality, trait adaptations in response to environmental conditions may be observed
within individuals. For instance, traits of sun and shade leaves might differ (Rozendaal ez al. 2006;
Markesteijn et al. 2007). However, in this model approach, we were more interested in

interspecific trait differences than in trait differences within individuals

While adaptation and fitness-seeking of individual trees is not modelled explicitly at the trait
level, we integrated two mechanisms controlling the primary growth of branches and trunks in
dependence on the light conditions. The apical branch and trunk meristems sense their
environment and, on this basis, either inhibit or intensify carbon allocation to the apical
meristems. For branches, carbon allocation and thus primary growth is inhibited if the apical
meristem senses insufficient light conditions or branches from neighboring trees in the immediate
vicinity. This prevents carbon investments in tree parts with potentially low photosynthetic

revenue. For trunks, primary growth is intensified under shade to reach higher, potentially less
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shaded zones faster. These apical control mechanisms can be understood as adaptation to the

environment which may improve the fitness of the individuals.

Interaction

Both indirect and direct interactions among individuals are simulated. As the 3D light distribution
is determined by the 3D leaf distribution in the community, competition for light is modelled as
indirect interaction among the individuals. In contrast, crown development is directly influenced
by competition for space between neighboring trees, because if trees sense tree components from
neighboring trees in their immediate vicinity, they stop carbon allocation to this area. In addition,
we integrated an option to simulate a direct feedback of falling trees on the mortality of

neighboring trees, i.e. gap formation.

Stochasticity

The species pool containing the trait information of all local tree species is randomly drawn from
user-defined ranges or estimated based on established between-trait correlations according to the
LES (Wright et al. 2004). Tree establishment and mortality are also stochastic. The number of
new seedlings at each time step can either be defined as a fixed value or as a range, from which
the actual number is randomly chosen. Each new seedling is randomly distributed over the model
area and a random species identity is assigned to it. Apart from trait-based cause of mortality (e.g.
carbon starvation), we additionally integrated stochastic mortality: based on its current biomass
the mortality probability for each individual is estimated, and the decision whether to live or die
is based on randomly drawn numbers. This additional mortality term covers sources of mortality
which are not captured by the FSTM, such as infections by pathogens or excessive herbivory.
Furthermore, if gap formation is simulated, trees die with a certain probability if large trees die

nearby.

While the carbon balance of each individual tree is deterministic, the user can define if structural
growth should be deterministic or stochastic. Deterministic structural growth means that trees
strictly follow their structural model defined by their traits, i.e. branching angles are invariable
and branches grow straight. Alternatively, stochastic structural growth can be switched on. In this
case, individuals may randomly deviate from their regular structural growth within defined ranges
and, as a consequence, branches grow irregularly. Choosing the stochastic structural growth

model generates trees with a more natural and realistic appearance.
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Observation

Emergent results can be monitored and saved at any hierarchical level (community, individuals,
and tree components) at each time step from an omniscient perspective. Results at the community
level include both stand variables and rates, such as the total above-ground biomass, the number
of trees, total mortality rates or the net primary production. At the level of individual trees,
aggregated variable such as the total tree height, crown width or height at first branching are
recorded, while at the lowest hierarchical level, the state variables of all tree components are
monitored (Table 4.1). As the amount of data at the low hierarchical levels can be enormous (a 1
ha plot may consist of several million tree components), we integrated the opportunity to select
the time intervals at which the different model results are saved. Additionally, the graphical
display of the simulated forest can be saved at each time step. More details on model outputs and

options for customization are provided after the model description.

4.3.1.5 |Initialization

At the beginning of each simulation, a 3D grid space is initialized, whose spatial extent is defined
by the parameters MaxX, MaxY, MaxZ and Lco. MaxX and MaxY define the core area in which
trees can root, while Lcor defines the width of the corridor surrounding the core area in which
trees may expand their crowns (Fig. 4.3). Cubic voxels of the grid space have a side length of Lv
and are clustered as 3D matrix (Fig. 4.1a). As the model space is initially empty, the total leaf

area in all voxels is zero and thus the light intensity is at the global maximum /max.

In addition, the species pool containing the trait information of nspec species is initialized. For this
purpose, the values of all structural traits for all species (Table 4.1) are randomly drawn from
uniform distributions, whose minimum and maximum values are user-defined. In contrast, only
two main functional traits characterizing the wood density (pw) and the specific leaf area (SLA)
are randomly drawn from uniform distributions with natural trait ranges. The additional functional
traits are estimated based on correlations with these traits (Table 4.2) These correlations account
for inevitable trade-offs and thus the sets of species-specific leaf traits represent natural trait

combinations.
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MaxY

LCor

MaxX

Figure 4.3. Top view on the model area. The core area in which trees can root is depicted in dark grey, the corridor in
which trees may expand their crowns in light grey.

Table 4.2. Correlations between functional traits. The wood density pw and the specific leaf area SLA4 are the only
traits which are freely chosen from defined ranges for each species. The leaf life span LL and foliar nitrogen
concentration Nmass are determined based on correlations with SLA following Wright et al. (2004). RL, Gmax and k are
parameters of a hyperbolic Michaelis-Menten function determining the light response. Marino et al. (2010) found that
these parameters are significantly correlated with the SL4 and Nmass.

Trait Description Trait value Reference

Wright et al. (2005);
Patifio ef al. (2012)
Patifio et al. (2009);

SLA Specific leaf area Randomly selected from defined ranges

; Randomly selected from defined ranges
Pw Wood density Quesada ef al. (2012)
10000 .
IL Leaf lifespan LL = 30 - 10 12%++1:108108(5577) Wright et al. (2004)
L . 1.415-059010g(1220) Wright et al. (2004
N nass Foliar nitrogen concentration Npass = 10 SLA right et al. ( )
10000 .
Ry Leaf respiration rate R, = 10306-1010g(*7) Marino ez al. (2010)
10000 .
G inax Maximum gross photosynthetic rate Gmax = 103'71+0'47'1°g(N’"“$‘)_O'BS'IOg( 54) Marino et al. (2010)
k Light intensity at which the gross k, = 101.61—0.3Z-log(12220) Marino et al. (2010)

photosynthetic rate is half maximal

4.3.1.6 Input

The model does not use input data to represent time-varying processes.
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4.3.1.7 Submodels

In this section all submodels (light distribution, tree establishment, tree growth, tree mortality;
Fig. 4.2) are described in detail and chronologically. A list of all symbols, including explanations

and units, is provided as Supplementary Table C.1.

Light distribution
The 3D light environment is calculated based on the 3D leaf distribution. At first, the total leaf
area in each voxel Arro '~ is estimated based on the leaf area of leaf compartments within the

particular voxel 41 "%,

Apro™"? = ZALXYZ 4.1)

Note that superscripts are used to indicate 3D positions. Second, based on the sum of 4110 % in

all voxels above the specified voxel, the leaf area index LAF*Y? for each voxel is calculated.

ZMaxZ A XYZ
z Ltot

LAIXYZ =
L,?

(4.2)

where Lv is the side length of a voxel. Assuming a Lambert-Beer extinction law, the single-

XYZ IXYZ

column light intensity /sc”“ is calculated based on L4

XYz
=1

(k,-LAIXYZ
Isc = lmax " € (kp LAIZEE) 4.3)

where Imax is the light intensity above the canopy and kp the light extinction coefficient. This
method assumes that solar radiation only penetrates directly from above and disregards additional
processes like light reflection. This is an oversimplification, particularly in such heterogeneous
forests as simulated here. To get a more realistic estimation of the average, effective light intensity

Y%, the single column light intensity /sc*"* in the voxels surrounding the focal

within a voxel
voxel in x and y direction are additionally taken into account. The number of surrounding voxels
considered depends on the parameter LR which defines how many rectangular rings around the
focal voxel are considered (Fig. 4.4). For each considered voxel, the relative contribution C*¥% is

XYZ in each voxel

calculated, with ZC*¥#=1. The parameter C*¥* thus defines how strong Isc
contributes to X¥# and three different methods to calculate C*¥* defined by the parameter LightC

can be applied: either (1) all voxels or (2) all rings contribute equally, or (3) the contribution of
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each voxel decays exponentially with distance from the focal voxel. On this basis, IXY* is

calculated as

Xmax Ymax

IXYZ — Z Z ISCXYZ . CXYZ (44)

Xmin Ymin

where Xmin=X-LR and Xmax=X+LR (likewise for Y; Fig. 4.4).

Ymax

Ymin

Xmin X Xmax
-

LR=3

Figure 4.4. Illustration of voxels considered in calculation of effective light intensity. The light range LR defines how
many rectangular rings of voxels (colored in grey shades) around the focal voxel (black) are considered. For each voxel
(including the focal voxel), the relative contribution of the single-column light intensity to the effective light intensity
of the focal voxel is calculated based on LightC. This parameter specifies whether each voxel or each ring contributes
equally, or whether the contribution of each ring decreases exponentially with distance from the focal voxel. Adjacent
voxels are only considered in X and Y direction, and not in Z direction.

As trees can only root in the core area but expand their crowns in the corridor, the total leaf area

Avrtor "% decreases with distance from the forest edge, what increases the single-column light

XYZ IXYZ

intensity /sc” '~ at the corridor. Consequently, the effective light intensity also increases in
the corridor or in the core area near the corridor. Such a pattern would resemble the light
distribution in small forest fragments, whose edges permit light penetration. Because we were
interested in also simulating pure forest core conditions, we integrated the possibility to choose
between two options: small forest fragment (EdgeC = 1) or forest core (EdgeC = 0). In the latter

case, [XY2

would not be reasonably estimated in the vicinity of the edges of the model area and
thus, periodic boundary conditions are applied. This means that the forest matrix surrounding the

core area is similar to the forest in the core area and thus, before applying Eq. 4.4, the single-
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XYZ calculated inside the core model are copied to the corridor in such

column light conditions /sc
a way that the conditions in the corridor resemble the conditions at the opposite side of the core
area (Fig. 4.5). When the focal voxel for which X% is to be calculated is located near the edge of
the entire model area (e.g. see voxel X2 in Fig. 4.5), not all adjacent voxels within the distance
defined by LR may exist. In this case, if periodic boundaries are specified, /sc*¥* for these voxels
can be obtained by strictly following the principles of periodic boundaries (Fig. 4.5). If real edge

XYZ

conditions are specified, Isc*"* for these voxels are obtained by mirroring /sc*"* at the outer

border.

LCor

MaxX IENG(aN

Figure 4.5. Illustration of principles applied when a small forest fragment (EdgeC=1) or a forest stand within a larger
forest matrix (EdgeC=0) is simulated. The graph on the left side illustrates typical single-column light conditions for
one horizontal voxel layer (darker colors represent lower light intensities). As tree only germinate within the core area,
the single-column light conditions within the core area are typically higher compared to the corridor. If a small forest
fragment (EdgeC=1) is simulated, the higher light intensity values in the corridor are used to calculate the effective
light intensity (bottom right panel). When, as it is the case for the voxel X2*, not all surrounding voxel within LR (see
Fig. 4.4) exists, voxel from inside are mirrored at the outer border and considered in light calculations. If a forest stand
within a larger forest (EdgeC=0) is simulated, the single-column light conditions of the core area are first copied to the
corridor before the effective light intensity is calculated (indicated by the blue arrows in top right panel; periodic
boundary conditions).

Tree establishment

Establishment is simulated as a neutral process, i.e. all species have the same probability of
establishment. New seedlings are randomly distributed over the core model area (spatial
resolution: 1 cm), whereby the total number of seedlings is controlled by the area-based

establishment rate nsc.q. This rate can either be defined as a constant, or as a range from which
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the number of seedlings is randomly drawn at each time step. A randomly selected species ID
from the species pool is assigned to each seedling, which is then initialized with the species-

specific functional and structural traits (Table 4.1).

A seedling consists of a trunk with an apical meristem and an associated leaf compartment. Note
that only at this seedling stage, leaf compartments are associated with the trunk. Thereafter leaf
compartments are always associated with second order branches. The initial trunk diameter is
given by Dini. Because species differ in their intrinsic height-diameter relationships, the initial
height is calculated based on Djyi according to Eq. 4.6. Due to the relationship between leaf area
and cross-sectional area of active pipes (Shinozaki et al. 1964), the initial leaf area is coupled to
Dini (Eq. 4.52). Consequently, all seedlings start with a leaf compartment with equal initial leaf

area Ay, but due to difference in SLA, the initial leaf biomass B differs among species.

Tree growth

Simulating tree growth using carbon-based FSTMs involves calculating carbon assimilation and
allocation. Whereas the process of carbon assimilation is well-understood, the process of carbon
allocation among different tree organs/components is debated (Lacointe 2000; Franklin et al.
2012). Several approaches to simulate carbon allocation have been proposed (Allen,
Prusinkiewicz & DeJong 2005; Franklin et al. 2012; Mikeld 2012). Here, we largely follow the
principles of module autonomy, which state that plants are composed of repetitive modules which
respond independently to their local environment (Sprugel et al. 1991; de Kroon et al. 2005).
Hence, the assimilated carbon is reinvested locally into production of new leaves and branches
(Sprugel et al. 1991). If light is unevenly distributed within canopies, module autonomy will
create irregular tree crowns where the leaf biomass is mostly located in favorable, bright regions,

which is a pattern often observed in nature.

In this model, the leaf compartments are the independent modules. Leaf compartments represent
leaf-pipe elements attached to second order branches. While simulating the development of leaf
compartments, all crucial processes (i.e. carbon assimilation, respiration, re-investment of surplus
carbon) for both leaves and attached pipes are considered. Consequently, secondary growth of
branches and the trunk emerge from the development of all connected leaf compartments. While
secondary growth up to most distal branch junctions can sufficiently be simulated applying
module autonomy in this model, the costs for primary growth are not explicitly accounted for. To
account for theses carbon costs, leaf compartments would have to allocate a certain amount to the
apical meristems for primary growth instead of re-investing it locally. This, however, means that

leaf compartments cannot act as perfectly autonomous modules. Instead, a set of rules regulating
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carbon allocation among the different potential carbon sinks needs to be defined, which leads

back to the initially stated problem concerning carbon allocation modelling methods.

Apart from the uncertainty which method to choose, carbon allocation models are commonly
complex and thus computationally costly (Franklin et al. 2012). As model speed is a major
constraint in this model, we chose not to use complex methods (e.g. maximization or optimization
methods), but rather to simulate the carbon allocation to primary growth using a simple
approximation method which largely keeps the autonomy of the leaf compartments. This means
that we approximated the costs for primary growth based on the growth during the previous year
and distribute these costs among all connected leaf compartments. We regard this approximation
method as suitable trade-off between complexity and model speed, but in some situations this
might not be appropriate. For instance, primary growth of branches predicted based on previous
year growth might be overestimated if a branch collides with the crown of an adjacent tree or if
its apical meristem is heavily shaded. In such situation, the apical meristem would commonly
send the signal to cease or reduce carbon allocation for primary growth of this branch (King 1991;

Stoll & Schmid 1998; Wilson 2000).

Thus, we integrated control mechanisms regulating primary growth based on the conditions of
apical meristems (apical dominance/control). The carbon costs for primary growth according to
these described approximation methods are estimated in the first submodel (apical control) in tree
growth. For the sake of clarity, this step only approximates the costs that each leaf compartment
contributes to primary growth, and not the actual primary growth, which is simulated thereafter.
The relative costs for primary growth are usually small compared to the costs for new leaves and
secondary growth and thus, approximating these costs seems sufficient. In the second submodel,
the carbon balance of all leaf compartments is calculated. This includes carbon assimilation,
maintenance, and re-investment into new leaf and woody biomass. The change in leaf
area/biomass and the leaf area/biomass production results from these processes. Secondary
growth resulting from the carbon balance of all connected leaf compartments, as well as primary

growth of all branches and the trunk is simulated in the submodel structural growth.

Apical control
Each leaf compartment forms a leaf-pipe element whose pipe length Lps is calculated based on

the relative position of the leaf compartment in the tree.

Lps = P e + J(PLCX — Pr®)2 + (P — Pr")? 4.5)
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where Prc*, Pic” and Pc” are the spatial coordinates (centroids) of the leaf compartment, and
P+* and Pt are the coordinates of the trunk (we selected this simple method to approximate Lps
for reasons of efficiency; calculating Lps based on the tree topology requires graph queries in
GroIMP, which are computationally demanding). By controlling the maintenance and
construction cost of pipes, Lps influences the carbon balance of a leaf compartment. Now, we
assume that not the entire carbon assimilated by a leaf compartment is locally re-invested, but
that a certain proportion is allocated to the apical meristem of the connected first order branch
and the trunk for primary growth. These additional costs for primary growth are taken into account
by increasing the pipe length according to the predicted, potential length growth of the trunk and
the first order branch. To predict the potential length growth in the current time step, we assume
that the diameter increase equals the diameter increase in the previous year. On the basis of

allometric relationships, the potential length increase can then be predicted:

2
Ly =100 LDy - DT/3 (4.6)
— . .¢ Op, °f3
Ly =100 LDy - Sz - D, 4.7)

where Lt, Ly is the length and D+, Dg is the diameter of trunks and branches, respectively. LDp
and LDt are species-specific allometric shape parameter, with higher values representing more
slender trunks or branches, and Sr is a species-specific factor regulating the shortening of
branches with their order O (Sr < 1). The factor 100 converts m to cm as in such allometric
relationships the diameter is generally given in cm and the length in m. These allometric
relationships are based on McMahon (1971), who described that the critical length L¢, for

buckling is proportional to the diameter D raised to the 2/3 power.

Lep = 100 LD, - D/3 = 100 - 4.39 - D*/3 (4.8)

where LDc; is the critical allometric shape parameter. This parameter is influenced by the ratio
between wood density and elastic modulus, which is fairly constant in green wood, with the
estimated values of LDc=4.39 being regarded as upper limit across many tree species (McMahon
1971). Trees species commonly include stability safety factors, meaning that they grow below the

critical length and hence LDg and LDt < LDc;.

Based on Eqs. 4.6 and 4.7, the potential length increase can be predicted, but assuming that trunks
and branches always grow according to allometric relationships might be too simplistic.
Controlled by hormones, the allocation of carbon to apical meristems can either be inhibited

(apical control; Wilson 2000) or intensified (apical dominance; Cline 1997), which modifies the
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shape of branches/trunks substantially. For instance, trees often intensify carbon allocation to the
trunk apical meristem when they are shaded, most likely to quickly reach higher zones with more
light (Poorter 1999). This process leads to more slender trunks. In contrast, branches commonly
inhibit primary growth when their apical meristem is shaded or when branches collide. To account

for these processes, we integrated additional mechanisms controlling the potential length increase.

For trunks, we assume that intensified carbon allocation to the trunk apical meristem is initiated
when the light intensity at the apical meristem /v is below a species-specific threshold /r. The
relative intensification in height growth Li,. (compared to the regular allometric growth) is
implemented as function of the light intensity.

LuyPs

Line = Bp 'e_(IT 4.9)

where s defines the shape of the function and PBp is the maximum relative deviation. When

considering Lixc, the potential length increase of the trunk ALtpor is calculated as

2 2
Algpocrg = D1+ ((2- Driyoy = Driy-ny) " = (D) 72) - (1 + Lin) @.10)

where Do) and Dr-1) are the diameter at the beginning of the current time step and at the
beginning of the previous time step, respectively. Continued apical dominance might lead to
slender trunks which could potentially exceed the critical length (Eq. 4.8). Thus, the potential

length increase up to the critical length ALtpoc: is additionally estimated.

2/
ALrpotcr = LD¢y (2 *Dryoy — DT(y—l)) 3 — Lr(yoy (4.11)

where L) is the length of the trunk at the beginning of the current time step. Each species has
a maximum height Ltmax resulting from its functional traits (Eqs. 4.42 and 4.43), which
additionally limits the potential length increase. The potential length increase up to the maximum

height ALtpovax 1s calculated as

ALrpotmax = Lrmax — Ly (4.12)
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Consequently, the effective potential length increase of the trunk ALtpo: is the minimum of these

three variables.

ALrpor = min(ALrpotrg, ALrpotcrit: ALTpotmax) (4.13)

For first order branches, we integrated two mechanisms regulating their potential length increase.
First, branches stop to grow in length if the light intensity at the apical meristem is not sufficient
to allow positive growth, i.e. if the photosynthetic rate GRp,<0 (see next section). Second,
branches stop to grow in length if adjacent trees grow in the immediate surroundings, i.e. it is
tested if there are any tree components from other trees in the same voxel as the apical meristem
(this mechanism can be disabled by setting the global parameter BrCollide=0). In both cases, the
potential length increase of branches is set to ALppor=0. This means that branches may stop
growing in length while continuing to grow in diameter, and thus they might deviate from their
regular allometric relationship (Eq. 4.7). If, after a period of apical control, primary growth would
be reactivated, for instance by more favorable light conditions, length increase would not be
appropriately simulated based on Eq. 4.7, as branches could show an unrealistically huge increase
in length in one time step. Thus, the potential length increase of branches ALgpoi, when not limited

by low light or adjacent trees, is calculated as

2/ 2/
ALgpo: = LDy -SFOB . ((2 *Dp(yo) — DB(y—l)) - (DB(yO)) 3) (4.14)

This assumes that the increase in length at a given diameter can be approximated by the length

increase if the branch would strictly have grown according to its regular allometric growth routine.

After the potential length increase of the first order branch and trunk associated with a leaf
compartment has been calculated, the effective pipe length Lp of each leaf compartment is updated

accordingly

Lp = Lps + ALrpot+ALppor (4.15)

The effective pipe length Lp thus includes the pipe length of the leaf compartment according to
its position within the tree plus the potential length increase of its associated first order branch

ALgpo: and trunk AL tpot.
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Carbon balance

This submodel simulates the carbon balance of all leaf compartments, which includes carbon
assimilation and respiration, as well as loss of and investment into new biomass. When carbon
assimilation exceeds the respiration/maintenance cost for leaves and connected pipes, the surplus
carbon is invested into new leaf and pipe biomass. The sum of all leaf compartments of a tree

comprises its total leaf and sapwood biomass.

To understand this submodel, we distinguish differences between voxels and leaf compartments.
Voxels are not associated with any tree parts and contain aggregated information like the average
light intensity (Eq. 4.4) or the total leaf area of all leaf compartments in the voxel (Eq. 4.1). If a
new second order branch is generated within a voxel, a new leaf compartment is generated, which
means that within the same voxel multiple leaf compartments may exit. Likewise, if a second
order branch grows into a new voxel, a new leaf compartment is generated, which means that a
leaf compartment is always associated with a specific part of a second order branch and

consequently, each branch may have multiple leaf compartments.

While the model proceeds in annual time steps, many processes take place at shorter time
intervals. For instance, new leaves may be produced, which by increasing the photosynthetically
active area positively influence the annual carbon balance. To better account for these effects, our
model considers daily rates and simulates the development of the leaf compartments during one
year. The annual rates are then estimated as the result of these simulations after #y..=360 days.

An additional advantage of this approach is that seasonal forests can be simulated by reducing

t year.

Each leaf compartment contains leaves whose leaf dry mass B and leaf area 41 can be mutually

converted via the species-specific SLA.

A, =B, -SLA (4.16)

Leaves are the photosynthetically active organs and the gross carbon assimilation rate per unit of
leaf dry mass Cgross 1s calculated as hyperbolic Michaelis-Menten function.

Gmax " 1

Coross = k+1 =Sl (4.17)

where [ is the light intensity at the leaf compartment (superscripts depicting spatial coordinates
are not explicitly given here), and Gmax and k are species-specific traits (Table 4.1). The site index

ST [0, 1] describes the relative environmental quality of the site and can be understood as
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aggregated information on all extrinsic factors which are not explicitly simulated in our model,
e.g. nutrient, water availability or temperature. A S/ of 1 thus refers to optimum external factors

and no resource limitation.

Maintenance costs have to be paid for both the leaves (R1) and the sapwood, i.e. the pipes (Rwrot)-
While R is a species-specific trait, the maintenance rate for connected pipes per unit of leaf dry
mass Rwro depend on the position of the leaf compartment within the tree and are calculated as
follows.

Lp
Ryrot = Rw P pw * SLA (4.18)

where Ry, are the general respiration costs per dry mass of pipes. Because we assume a fixed ratio
between leaf area and cross-sectional area of connected pipes (L Pratio ), the total dry mass of pipes
per unit of leaf dry mass can be calculated based on the length of the pipe system Lp, the wood

density pw and the specific leaf area SLA.

Subtraction of the maintenance rates from the gross carbon assimilation rate yields the net carbon

assimilation rate per unit of leaf mass Che.

Chet = Cgross — Ry — Rwrot (4.19)

If Chet s positive, the surplus carbon can be reinvested into new leaf biomass and associated pipes.
The amount of leaf dry mass that can be produced per unit of assimilated carbon Cz depends on

the ratio of leaf dry mass to pipe dry mass and can be calculated as follows.

-1
Lp
Cp = ((CBLmn-o T CBWy i P+ SLA - Pry ) C0> (4.20)

ratio

While Cye is expressed in g carbon, the leaf and woody biomass is expressed in dry mass. Thus,
the C-mass to biomass ratio of wood CBWyi, and of leaves CBLrio is considered here. In
addition, we assume that a certain proportion of C invested into new leaf or woody biomass is
lost as growth respiration Co. Pru [0, 1] is the pipe-reuse factor which specifies the ratio of new
pipes to reused old pipes when new leaves are generated. When strictly following the pipe-model
theory, new pipes are generated for each new leaf, while old pipes are converted from sapwood
to heartwood when the leaves die (i.e. Pru=1). However, it is assumed that a certain proportion

of old pipes can be reused (it is difficult to observe/measure this behavior, but see Mikeld, 1986,
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2002). We thus added the possibility to include this mechanism (Pru<1). For the sake of clarity,
Cg defines how much of the assimilated carbon is invested into leaf biomass considering the
carbon costs for the pipes associated with the leaves. This means that, when calculating the total
annual leaf biomass production based on Cy and Cg, both the maintenance costs and the
construction costs for leaves and pipes are fully included. From this it also follows that, due to
the fixed leaf area to pipe area ratio (LPraio ), secondary growth is directly linked to the total annual

leaf biomass production (next section).

Multiplication of Cye: and Cg yields the relative growth rate of leaf biomass. Without considering
leaf losses, the change in leaf biomass B over time in a leaf compartment could thus be described
by the following ordinary differential equation.

dB,

ar =GB Cnee B (4.21)

It can be seen that, if Cye is negative, leaf biomass is lost. In addition, as the average leaf lifespan
LL is an additional species-specific trait, leaves are constantly lost at a rate of 1/LL. Thus, when
considering both the (potential) production term (Cyree Cg) and the loss term (1/LL), the change in
leaf biomass By over time is

dB,

1
L = o Cuer B =7 Bu = (G Coee

1
- —) B, = GRyo; " By (4.22)

LL

Positive growth of leaf biomass is possible only if the carbon production rate is higher than the
carbon loss rate (i.e. GRpo>0). Solving this equation yields the leaf biomass as a general function

of time.

B.,(t) = Byto) - €“Feot™ (4.23)

where Bro) is the initial leaf biomass. Eq. 4.23 describes the temporal dynamics of leaf biomass
by an exponential function to the base e, implying that surplus carbon is directly reinvested into
new leaf biomass, which immediately participates in photosynthesis. However, in reality, surplus
carbon is first allocated to leaf primordia, which develop into photosynthetically active organs
with a time lag (Hallé et al. 1978). To account for this, we use the base 2 instead of e in our

simulations.

B, (t) = By - 2°Fpert (4.24)
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As daily rates are used (Eqs. 4.17-4.19), the leaf biomass at the end of one year Biy+1) can be
calculated by inserting the number of suitable days #y.r and the initial biomass at the beginning

of the year Biyo).

. ZGRpot'tyear

Bry+1) = Bryo) (4.25)

Eq. 4.26 constitutes the basic rule to simulate the leaf biomass dynamics. Under sustained
favorable light conditions this equation would predict a potentially infinite accumulation of leaf
biomass, which is not adequate as leaf compartments are limited by their discrete volumes (1 m?).
To get a more realistic behavior of the leaf biomass dynamics, two modifications are
implemented. First, a global upper maximum of the total leaf area per voxel (4rmax) is applied.
Plants tend to avoid self-shading through efficient arrangements of leaf areas (King et al. 1997),
and thus a maximal leaf area instead of a maximal leaf biomass is defined. Second, a species-
specific maximum leaf production per leaf compartment (Arprodmax) 18 implemented. The
production of new leaves and branch segments is regulated by the activity of meristems, which
generally follow specific intrinsic architectural rules (Hallé et al. 1978). Existing parts of branches
do not have the potential to produce an unlimited number of new meristems capable of
differentiating into leaves. Arproamax can thus be understood as the maximum amount of leaves,
expressed as leaf area that can be produced within a leaf compartments associated with a specific
section of a second order branch. As long as the total amount of leaves produced is lower than
Arproamax, New leaf biomass can be produced if the light conditions are suitable. In the following,
the modifications of the basic Eq. 4.25 under consideration of Armax and Arproamax are described.
At first, to prevent the total leaf area in a voxel Arto (Eq. 4.1) to exceed the maximum A1 max, the
theoretical maximal growth rate GRmax is calculated so that Arte= ArLmax When GRmax is applied

in Eq. 4.25 instead of GR .

GRpax = — —Afot” (ALtots tyear # 0) (4.26)

Note that the necessary conditions are always satisfied because naturally #y..>0 and, as leaf
compartments without any leaf biomass are removed, for all existing leaf compartment 4;1>0 and

thus Ar10>0. The effective growth rate GR is then calculated as follows.

GR = min(GRmazx, GRpor) 4.27)
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Integrating the effective growth rate GR in Eq. 4.25 ensures that the total leaf area of all leaf
compartments in a voxel never exceeds Armax. To ensure that the production maximum A tprodMax
is never exceeded, it is essential to log the total leaf area production of a leaf compartment

A LProdTot-

ALProdTot(y+1) = ALProdTot(yO) + ALproa (4.28)

where Arproa 1S the annual leaf area production. Based on Arproator and Arprodmax, the theoretical

maximal leaf area production in the current time step Arprodtheo Can be estimated.

ALproarheo = ALproamax — ALProdTot (4.29)

Dividing Aiproatheo by the SLA yields the theoretical maximal leaf biomass production in the
current time step BLprodTheo-

ALProdTheo

BLprodTheo = T SIA (4.30)

Consequently, it has to be verified whether the annual leaf biomass production, when applying
the effective growth rate GR (Eq. 4.28), would exceed this maximum. Please note that the annual
leaf biomass production is not the same as the annual change in leaf biomass (Eq. 4.25), which is
the result of leaf biomass production minus leaf loss. Thus, these two processes have to be
separated. Using the effective growth rate GR, the potential leaf biomass production Byprodpot: can

be calculated as follows.

BLyo) cret By 1 ]
Bk year — /). -
(GR € GR) (GR+LL) if GR # 0

Biproapot = tyear
BL(yO) T lf GR=0

4.31)

where Biyo) initial leaf biomass of the leaf compartment. The case discrimination is necessary
because the regular Eq. to calculate Brprodrot is not defined if GR=0 (the additional necessary
condition LL#0 is always satisfied, as the leaf lifespan naturally is larger than zero). If GR=0, the
leaf production rate must equal the leaf loss rate and consequently Biproarot can be calculated based
on the leaf loss rate 1/LL, which is constant and species-specific rate. The effective leaf biomass
production Brprd is simply calculated by applying the minimum function on Bprprodtheo and

B LProdPot .
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Biproa = min(BLproapots BLproarheo) (4.32)

Recapitulating, the effective leaf biomass production Biprd is the total amount of leaf biomass
produced by a leaf compartment under consideration of Armax and Arprodmax. NOW that the leaf
biomass production for each leaf compartment is known, the change in leaf biomass equivalent
to Eq. 4.25 has to be simulated. In Eq. 4.25 we assume that both the production rate and the loss
rate are constant throughout the entire year. If the leaf production maximum A proamax Would not
be reached during a time step, which is the case if Biprodtheo™>=BLprodrot, application of Eq. 4.25
would properly estimate the change in leaf biomass. However, if 4rproamax Would be reached, i.e.
if BrprodTheo<BLprodrot, Eq. 4.25 could not be applied. In this case, the production of new leaf
biomass would stop during the year as soon as A1prodmax 1s reached. To account for this, we divide
the year into two periods. In the first period, both leaf production and leaf loss are active and thus
the leaf biomass dynamics can follow its regular mechanisms. In the second period, as soon as
AtrproaMax 18 reached, leaf production ceases and only leaf loss remains active. Based on the known
leaf biomass production Brprd the length of the first period ¢, i.e. the ‘productive time period’,

can be calculated as follows.

i

In BLPTOd "GR 1 +1
p = if GR#0 (4.33)
GR
Biproa * LL ifGR=0
By (yo)

Under consideration of #p, the annual change in leaf biomass can be calculated as follows.

Rt - year—tp)
BL(y+1) = BL(_’YO) -2 p-2 LL (434)

This equation thus replaces the basic Eq. 4.25 and constitutes the final equation based on which
the annual change in leaf biomass for each leaf compartment is calculated. This equation covers
all possible scenarios. First, if there is no limitation in annual biomass production imposed by
Atvprodmax, the productive time period becomes #p=tyc.r and thus Eq. 4.34 equals Eq. 4.25. Second,
if Arproamax 18 already reached at the beginning of the time step, i.e. if Brpoa=0, the productive
time period becomes ¢p=0. In this case, only leaf loss is considered in Eq. 4.34. Third, if 41 proamax
is reached during the annual time step, the productive time period is estimated by Eq. 4.34 so that

it exactly describes the time needed to reach A1 prodmax-
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Structural growth

This submodel simulates the structural growth of trees and includes changes in the state variables
of existing tree components, establishment of new tree components and removal of old ones. All
of these processes result from the carbon balance. The secondary growth results from the leaf
biomass production in all topologically connected leaf compartments. The primary growth, in
turn, is related to secondary growth via allometric relationships. Secondary and primary growth
involve both changes in the state variables of existing tree components and the establishment of
new ones. As we assume that photosynthetically inactive, leafless branches are shed, the removal
of tree components is also a direct outcome of the carbon balance. In the following, after an
introduction to the modelling software GroIMP used here, we describe how the results of the
preceding submodel are translated into structural growth. The structural traits are described in

detail at the end of this section.

This model is implemented using the open-source software GroIMP (Growth Grammar
Interactive Modelling Platform; available under the GNU General Public License at
www.grogra.de). GroIMP is a 3D modelling platform suited to simulate the structural growth of
plants. Here we illustrate the main concepts essential for understanding the functioning of this
submodel (refer to Kniemeyer (2008) for detailed information on GroIMP). In GroIMP, relational
growth grammars are implemented by the programming language XL, which is a graph-based
extension of the Lindenmeyer-Systems (L-Systems), a formal language for the description of
plant structure (Lindenmayer 1968a; b). XL is built on top of the programming language Java and
thus both the XL-specific set of rules tailored to model plant structures, as well as the general
Java classes can be used. Graphs are the underlying data structure in XL defining the tree
topology. They describe how the different tree components of a tree, which can be defined as 3D

geometric objects, are interconnected and spatially arranged to one another.

In our model, the trunk is defined as 3D cone, while the branch segments are defined as 3D
cylinders. Taking into account the state variables of the tree components, the graph of each tree
can thus be interpreted as 3D tree structure (Fig. 4.1a). XL contains a set of rules to modify the
graph and thereby to induce structural growth. A rule consists of a graph query, an expressions
used to select specific parts of the graph, and a statement which specifies how to modify the
selected parts. For example, a query selects all second order branches not connected to any leaf
compartments and a statement removes them. As another example, the rule to sum up the leaf
biomass production over all leaf compartments topologically connected to a branch segment, and
to change state variables of the branch segment accordingly, would, for each individual branch
segment, traverse through the graph. Replacement rules are also common types of rules. Such
rules select specific parts of a graph and replace them with other graph nodes, which, in this

model, are the tree components. Meristems are the place of growth in trees and accordingly, apical
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meristems are replaced by other tree components to simulate primary growth in this model. Using
these rules, the results of the carbon balance submodel are translated into structural growth in
XL.

The first step in this submodel is to calculate the updated total diameter of branches Dgy+1) and
the trunk D(+1) based on the sum of the annual leaf biomass production Bypra 0f all topologically
connected leaf compartments (Eq. 4.33). As the maintenance and construction costs of the pipes
associated with leaf compartments have already been considered, the updated diameter is

estimated using the ratio LPrao.

2
<(DT(3’0)) T+ 2 BLPTOd -SLA - PRU)
LP,

2 ratio (4.35)
Drys1y =2 -
DB(W))2 2 Brp
—=| w4+ SGEred . 514 - P
<( 2 LPyati0 kU (4.36)
DB(y+1) =2

/A

Based on the updated diameter, the updated length of the trunks and branches can be calculated
via allometric relationships (Eqs. 4.6 and 4.7) under consideration of the mechanisms of apical
control/dominance. For branches, the potential length increase was set to ALgpo=0 either if their
apical meristems are heavily shaded or if they collide with other trees (see submodel apical

control). On this basis, the updated branch length Lgy+1) is calculated as follows.

2/ 2/
Lp(yo) + LDp - Sp%8 - ((DB(y+1)) 3 — (Do) 3) ALgpos # 0

Lp(yo) ALgpot =0

LB(y+1) = (437)

For trunks, no apical control mechanisms preventing length growth under unfavorable conditions
are integrated. Rather, length growth can be intensified, and the relative intensification in height
growth is expressed by Lin. (Eq. 4.9; see submodel apical control for details). The regular and
otherwise unrestricted updated length of a trunk Ltrg can thus be estimated according to Eq. 4.10

as follows.

2/ 2/
Lrrg = Lr(yoy + LDg - ((Dr(y+1)) *~ (Droo) 3) 1+ L) (4.38)
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While the environmental conditions at the trunk apical meristem do not limit height growth, it
can be limited by the critical height Ltc: (Eq. 4.8) or the maximum trunk height Ltmax. Thus, the

effective updated height of the tree Lty+1) is calculated as follows.

Lry+1y = min(Lrrg, Lrcrs Lrmax) (4.39)

The critical length L., is estimated based on Dry+1) (Eq. 4.8). The maximum trunk height L tmax
is a species-specific variable emerging from the functional traits, which is described in the
following. A positive carbon balance in a leaf compartment can only be maintained if the carbon
gain exceeds the carbon cost, i.e. if GRp>0 (Eq. 4.22). The carbon gain generally increases with
increasing light intensity / (Eq. 4.17), while the carbon costs increase with the pipe length Lp
(Egs. 4.18 and 4.20). At the theoretical maximal light intensity /max, there is thus a maximum

pipe length Lpmax at which the carbon gain and the carbon costs are equal, i.e. at which GRp,=0.

1
GRpot = Cp * Cret — L =0 (4.40)

By substitution of Egs. 4.17-4.20 into Eq. 4.40, and setting [ = I'max and Lp = Lpmax, the maximum

pipe length Lpmax can be calculated.

Gmax " Imax * S1 _ CBLygtio " Co

L k¥, LL
PMax =R " 5. - SLA N Co - CBW, g0 - Pw - SLA - Py (4.41)
LPyatio LP;qatio * LL

This equation contains only global constants and species-specific leaf and wood traits, making
Lpmax an emergent species-specific variable. Lpmax thus represents the maximum pipe length under
the given plot quality (i.e. site index SI), and the absolute maximum Lpmaxabs can be estimated by

setting SI=1.

As each tree is assumed to have only one trunk, the trunk length should never exceed Lpmax. For
branches, testing if the length of the pipe system exceeds Lpmax iS not necessary, as this is
implicitly done in the apical control submodel: if the carbon balance at the apical meristem would
be negative (GRpy:<0), which is always the case if Lp> Lpmax, primary branch growth ceases (Eq.
4.38). However, if the maximum trunk height is defined as Lpmax and the apical control for
branches is applied, the shape of trees can appear unrealistic. This is because Lpmax describes the
theoretical, maximum pipe length at maximum light intensity, while the apical control of the

branches considers the actual light intensity in the voxels. Hence, particularly when a trunk is
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close to Lpmax, it might be that it continues to grow in length, while new lateral branches might
not. In such a tree, it would appear as if the main trunk would grow through its own tree crown.
To prevent this behavior, we introduce a safety factor for trunk growth ST (S7<1) that defines the
ratio of the actual maximum trunk height to the theoretical maximum pipe length Lpmax. The

maximum trunk height is thus given as

Lrmax = ST * Lpymax (4.42)

While a trunk stops to grow in height at Ltvax (Eq. 4.40), lateral branches may grow above this
point, by this creating realistic looking tree crowns (note that ST is defined as a global constant

and thus Ltwmax remains a species-specific emergent trait).

While trunks are simply updated based on the updated state variables, updating the visual
representation of branches is more complicated because branches are described at two scales. At
the coarse scale, a branch is described by its total length and diameter, what has been calculated
above. At the fine scale, a branch is described by a set of topologically connected segments, which
may further be connected to higher order segments. These branch segments at the fine scale are
the tree components which are visually represented in GroIMP and thus, the state variables of the
existing branch segments have to be updated and new branch segments have to be introduced
according to the simulated total length and diameter growth. This means that in this model the
total length growth of a branch is calculated first, resulting in establishment of a corresponding
number of branch segments and not vice versa as in most FSTMs. We choose this two-scale
approach as trade-off between computational costs and visual aspects. Treating the branch as an
entity at the coarse scale reduced the computational cost by reducing the number of graph queries.
If these coarse-scale branches would be visually displayed, the tree structure would appear
unrealistic and consequently, we used smaller branch segments for visualization. This lends more
realistic, irregular branch structures, including twisting of branches or effects of photo- or
gravitropism (Fig. 4.6a). In the following, the essential information to calculate the fine-scale

branch segments is provided.

Second order branches are the simplest case because they cannot ramify into higher order
branches. The apical meristem of each second order branch is thus replaced by a segment with a

length Ls corresponding to the total length increase.

Ls = Lgy+1) = Leyo) (4.43)
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The diameter of this new and all existing second order branch segments Ds are updated based on
their distance to their branch base DIs (Fig. 4.6a).

Lp(y+1) — DI

Dg = Dp(y+1) (4.44)

Lpy+1)

The situation is more complex for first order branches because their primary growth might induce
the establishment of new lateral branches. Thus, the number of lateral branches, as well as the
length/diameter of both internodes and lateral branches, needs to be estimated (Fig. 4.6b). At first,
the internode length Lz which defines the distance between two branching points is calculated.
In reality, the average internode length usually varies between species, but often also within
individuals. A positive correlation between the total annual length growth and the internode length
has been observed within individual trees (King 1997; Nicolini et al. 2003). On this basis, a
flexible internode length Lz as function of total annual length growth (4Ls=Lg(y+1)-LB0)), which
can vary between the species-specific minimum Ligmin and maximum internode length Ligmax, 1S

used here.

(LIBMax - LIBMin)

Ligp = Lipmin + (4.45)

1 + e(_klnt'( (LB(y+1)_LB(y0)+LSLast) — LiBMax2))

where Lsias: is the lengths of the last apical branch segment (Fig. 4.6b) and ki is a global constant
controlling the change of Lig with total length growth. For clarity, Lis can differ between different
branches of an individual tree, and obviously also from year to year, but for an individual branch
we assume Lp to be invariable within one year. Based on Lig, the number of new lateral branches

of a single branch ngra can thus be calculated.

(LB(Y+1) - LB(y0)+LSLast))
Lip

Ngrar = floor( (4.46)

Naturally, the number of new branch segments is npseg=nBLa1. Since the total length growth
ALg is usually not an integer multiple of the internode length Lig, the first and the last segment

may be smaller than Lz (Fig. 4.6b). The length of the first segment Lsrirs; is estimated as follows.

Lsrirst = Lip — Lspast (4.47)
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where Lgsias¢ refers to the last lateral segment of the previous year. The current Lgias is estimated

as

Lsrast = Lp(y+1) = Lsrirst — (Nrar —1) " Ly (4.48)

This ensures that that the total length growth ALg equals the sum of the lengths of all new

segments. To estimate the diameter of these branch segments Ds, Eq. 4.44 can be applied.

After the length and diameter of all new first order branch segments has been calculated, the
length and diameter of all new lateral second order branches are estimated. For this, since the total
length growth of the first order branch ALg is known, we first calculate the cross-sectional area

Asec of the branch section representing this growth (Fig. 4.6c¢).

2
D L —-L
_ < T(y+1) ET(y+1) T(y0) > - (4.49)

Ac.. =
Sec 2 LT(y+1)

In compliance with the pipe model theory, the sum of the cross-sectional areas of all new lateral
branches is assumed to equal Asec. 4sec is thus equally divided between all new lateral branches.
This also means that we assume that all new lateral branches have the same size, i.e. we do not
explicitly consider effects such as acrotony or mesotony. With ngra, the diameter of each new

lateral branch Dgy. is calculated as follows.

’ As
Dprat = 2~ . eC, T (4.50)
at

Finally, the length of each new lateral second order branch Ly is calculated based on the species-
specific allometric diameter-length relationship (Eq. 4.7). We have to remember that branches are
represented at two scales, and thus for each new branch, the total length and diameter as well as
the segment lengths and diameters have to be calculated. As these new second order branches

consist of a single segment, Ls=Lp and Ds=Dp= DpLa.
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(b)
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y+1:
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Figure 4.6. Illustration of structural variables. (a) Branches are represented at two different scales. At the coarse scale,
branches are described by their total length Ls and diameter Dg, while at the fine scale they are described as a collection
of topologically connected smaller branch segments (length Ls, diameter Ds), which are visually represented by 3D
cylinders (here: 2D representation). The distance of each branch segment to the branch base DIs, which is exemplarily
shown for the fourth branch segment, determines the diameter of the branch segment Ds. The fine-scale representation
of branches allows a more realistic irregular visualization (blue colored branch as example). (b) Branch development
in two successive years (y0 and y+1). The upper panel shows a newly created 1st order branch with lateral second order
branch segments. The variable internode length Lis defines the length of the first two branch segments and the
branching points between first and second order branches. Since the total length growth AL is not an integer multiple
of the internode length Lis, the length of the last lateral segment Lsrast differs from Lis. The lower panel shows the
further development of this branch in the next time step. The internode length Lis in this time step may vary from that
in the previous step, and because a shorter later lateral branch segment exists, and additional segment with a length of
Lsrirst is inserted so that distance between the branching points equals Lis. (c) Branch growth at the coarse scale. Based
on the diameter and length growth in one time step, the cross-sectional area Asec of the branch section representing the
current length growth ALB can be calculated. Ascc is used to estimate the diameter of lateral branches.

So far, we have demonstrated how to calculate the state variables of branches at both scales when
branches grow in length. However, when trunks grow in length, new lateral first order branches
may establish, which, in turn, may ramify into second order branches. Trunks are not divided into

separate segments, but nonetheless the internode length between two branching points at the trunk

85



4. Functional-structural forest model

is an important information. The species-specific internode length of the trunk can be specified
separately (minimum Lrmin, maximum Litmax ), and the method to calculate the variable internode
length of trunks Lir corresponds to that for branches (Eq. 4.45). Lir thus defines the position at
the trunk where to attach the new first order branch. When applying the methods describe above
(Egs. 4.43-4.50) in a recursive manner, all essential state variables of this first order branch and

attached second order branches can be calculated.

The last step remaining is to update the diameter of all branch segments that already existed,
which is done by applying Eq. 4.44. Obviously, the length of existing branch segments does not

change.

After the structure of all woody tree components has been simulated, the remaining tree
components, namely apical meristems and leaf compartments, need to be considered. Branches
and trunks are always terminated by an apical meristem, and thus the structural growth
simulations in GroIMP are carried out in a ways that this condition is true at all times. Each
meristem is re-associated with the voxel in which it is located after the tree structure has been

updated.

As a result of structural growth, new second order branches may be generated, and/or existing
second order branches may grow into adjacent voxels. In these cases, new leaf compartments are
associated with these branches and the initial leaf biomass is specified. We assume that the newly
generated branches or branch sections consist entirely of sapwood and consequently, following
the pipe model theory, their cross-sectional area and the leaf area of the associated leaf
compartments are correlated via the parameter LPrai0. For new second order branches, the cross-
sectional area Ap can thus be estimated from their known diameter, while for second order
branches that increased in length, the cross-sectional area representing this growth Asec can be
calculated based on Eq. 4.49. Based on the cross-sectional area (4 or As.c) and the specific leaf
area SLA, the total leaf area A1 sym associated with the branch/branch section can be estimated.

_ Ap * LPygtio
Apsum = —SIA 4.51)

For simplicity, we assume that Arsum is evenly divided among all new leaf compartments. For
this, all new voxels a branch is intersecting with are estimated and in each voxel a new leaf

compartment with the initial leaf biomass Brmi: is generated.
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ALSum

Brmit =

§ (4.52)

where nv is the number of new voxels a branch is intersecting with.

Structural growth also includes the loss of existing tree components. Leaf compartments are lost
if they no longer contain leaves (i.e. leaf biomass is zero). However, since the leaf biomass is
simulated using an exponential function (Eq. 4.34), it would only converge to, but never reach
zero, if the exponent is negative. Thus, we defined that leaf compartments are removed when the
leaf biomass drops below a minimum threshold Bimin. This threshold can be understood as the
biomass of one leaf; the last leaf is thus dropped if Br<Brmin. If a leaf compartment is removed,
it cannot be reestablished. This means that such leafless parts of a branch do not contain resting

meristems.

Branches are shed if they lost all associated leaf compartments. This also implies that first order
branches are shed when all connected second order branches are shed. Apart from this
physiologically determined branch turnover, we also integrated the option to remove branches
based on disturbances or mechanical stress. Branches may either be randomly removed
(BrMortMethod=1) or based on their biomass (BrMortMethod=2). In the first case the branch
mortality rate mgr defines the chance of a branch to be removed randomly at each time step, in

the second case the branch mortality rate mg is calculated as follows.

—Mps

1

Mg = Mpp* <§ mDp-Lp 'PW) (4.53)

where mapp is the biomass-based branch mortality rate, and the product within brackets is the mass
of the branch, which is calculated by its diameter Dg, length Lg and wood density pw assuming
that it is cone-shaped. Mps is a scaling factor describing the decrease in mortality rate with
increasing biomass (negative exponent). According to the metabolic theory, this scaling factor is
assumed to be close to /4 regarding the mortality of entire trees (Brown et al. 2004; Muller-Landau
et al. 2006b). However, the scaling factor for branches may be site-specific and thus we integrated
it as freely definable variable. Nevertheless, the user can choose to simulate only physiologically-

determined branch fall (BrMortMethod=0).

In the previous description of structural growth, the structural traits were mentioned only briefly.
The structural traits define how the different tree segments are spatially arranged, and thus they
are required for a sufficient representation of the visible 3D tree structure. It was our intention to

specify a minimal set of structural traits capable of reproducing the most obvious differences in
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tree structure observed in nature (Table 4.1; Fig. 4.7). The main functional traits and concepts are

described hereafter.

The trunk is the orthotropic axis in each tree. First order branches are plagiotropic shoots that
show a radial symmetry around the trunk. The angle between successive first order branches, seen
from the bird’s eye view, is calculated based on Phro which defines how many first order
branches are arranged within a complete 360° circle (Fig. 4.7a). Thus, the angle between two
successive first order branches arro is calculated as

360
Arro = m (454)

After a complete 360° circle, the successive first order branch is generated at an angle of %4 times
arro after its predecessor. This ensures that the branches do not directly shade the branches below.
The angle of first order branches seen from the side is defined by asro (Fig. 4.7b). In contrast to
the first order branches, we assume that second order branches do not show a radial but rather a
dorsiventral symmetry, i.e. they are arranged in the same plane as their mother branch. Their
branching angle relative to the mother branch is defined by arso (Fig. 4.7¢). For simplicity, second
order branches are always arranged in an alternating manner. As mentioned, the model
differentiates between the internode lengths of branches Lig and trunks Lir. The actual internode
length at a given time step depends on the total growth of the specific branch or trunk and varies
between the minimum (Lsmin, Litmin) and maximum internode lengths (Lismax, Litmax ), Which are
species-specific structural traits. Gravitropism or phototropism is often observed in trees:
branches may bend downwards due to gravity and/or upwards to the sun. The strength of tropism
Strop 18 an additional functional trait, whereby negative values represent phototropism and positive

values represent gravitropism.
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(a) Top view on tree (b) Side view on tree (c) Top view on 15t order branch
1st order 27 order
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Figure 4.7. Illustration of the main structural traits. (a) Top view on tree showing the main trunk and first order
branches. The angle between two consecutive first order branches is given by arro. (b) Side view on tree showing main
trunk and first order branches. The trunk internode length Lir and the angle of the first order branch relative to the
horizontal plane asro define the coarse structure of the tree (c¢) Top view on tree showing one first and three second
order branches. The branch internode length Lis and the angle between first order branch and second order branch arso
define the fine branching structure of the tree.

Differences in the mentioned structural traits create a variety of different tree structures. However,
if a tree grows according to its structural traits in a deterministic manner, the resulting tree
becomes too symmetrical. Thus, our model allows activating stochastic variation of structural
traits if more realistic structures are desired (Stochasticity=0: deterministic growth,
Stochasticity=1: stochastic growth). If stochastic growth is chosen, trees can deviate from their
intrinsic structural growth pattern, whereby the strength of the random deviation is defined by a
set of additional structural traits defining the maximum deviation of a specific species. For
instance, the maximum deviation from orso is given by Stqrso and, in this case, the branching
angle may thus vary within arso+ Stqrso. The ‘stochastic’ structural traits can be understood as
additional characteristic of species defining their structural irregularity. Such traits can be defined
for all angles (Stqrso, Statro, Stesro) and the tropism strength (Sttrop). In addition, Sttw specifies
the strength of branch twisting. This means that each time a new branch segment is generated, it
may deviate from the direction of its predecessor by the three axis in space (head, left, up),

whereby the maximal rotation along each axis is given by Sttw.

Tree mortality

The metabolic theory of ecology generally predicts natural mortality rates to scale with biomass
as the negative ¥ power (McCoy & Gillooly 2008). Muller-Landau et al. (2006) tested this scaling
relationship based on data from 10 old-growth tropical forest. They found large differences in the
scaling factors between forest sites, which were mostly inconsistent with metabolic theory.
However, at all sites the mortality rates consistently decreased with size when considering small

trees < 20 cm diameter. For the larger trees, this trend differed and sometimes even reversed, i.e.
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the mortality rate of larger tree increased at some forest sites. Muller-Landau et al. (2006) argued
that there are additional site-specific mechanisms not explicitly considered in the metabolic

theory.

In this model, there is only one explicit cause of mortality that directly emerges from the model
approach, which is mortality due to carbon starvation. This happens when a tree has lost all its
leaf compartments. The probability to lose a leaf compartment due to a negative carbon budget is
higher in the dark understory compared to the upper forest zones. Therefore, the likelihood that a
tree dies due to carbon starvation is higher for smaller trees and commonly decreases with size,
which agrees with the pattern for small trees observed by Muller-Landau et al. (2006). However,
large trees growing in the canopy can also die due to carbon starvation in this model. When a tree
grows close to its maximum height, it enters a phase of senescence where it loses more leaf
biomass than it can produce, which ultimately leads to the loss of all leaf compartments and thus
to carbon-based mortality. Consequently, the mortality rate due to carbon starvation might

increase also for larger trees, explaining the trends observed by Muller-Landau ef al. (2006).

Nevertheless, it is unlikely that mortality due to carbon starvation is sufficient to capture all
mortality mechanisms. We thus additionally integrated a mass-dependent mortality rate to
account for additional causes of tree mortality, such as infections by pathogens or severe physical
damages, which should scale with size. Due to the observed uncertainties in the scaling factor
(Muller-Landau et al. 2006b), we integrated it as a free parameter Mrs. The biomass-dependent

mortality rate mr is thus calculated as follows:

1

Mrts
mr = Mrp <§ 7Dy~ Lp- PW) (4.55)

where mtp is the biomass-based tree rate, and the product in the bracket is the mass of the tree
trunk, which is calculated by its diameter D+, length Lt and wood density pw assuming that it is
cone-shaped. This equation quantifies the probability of each tree to die, which decreases with

biomass.

We further integrated the option to simulate mortality due to extrinsic factors, such as disturbances
or gap formation. If the user intends to simulate disturbance events (7rMortDist=1), the average
number of years between two events Fpis and the probability of the disturbance-mediated
mortality mpis are defined. If a direct effect of falling trees on neighboring trees mimicking gap
formation shall be simulated (7rMortNeigh=1), the parameters mineigh and Dxwin have to be
defined. We assume that only larger trees cause surrounding trees to break and die, and the

minimum diameter of falling trees to be considered is given by Dnmin. The crown radius CR; of
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the falling trees defines the gap size, i.e. all smaller trees within distance CR; to the falling trees
may die with a probability of mneign. Tree mortality is the last submodel, thereafter the model

proceeds with the next time step.

External model control, export and visualization
This model is designed to be flexible and controlled by the user via simple text files. This allows
manipulation and customization for simulation experiments without source code changes. There

are two different types of text files, the global and the pass files.

The global file contains a set of parameters defining the basic set up of the model (Table C.2).
This includes the general decision whether a forest stand or an individual tree shall be simulated,
the spatial extent and resolution of the model space, the number of time steps and the number of
replicates. Furthermore, the time intervals in which different types of model results are saved can
be determined. The state variables of the tree components constitute the model results at the
lowest hierarchical level, based on which higher level results are calculated. Users interested only
in higher-level results can choose not to save the low-level results, or to save them in greater time
intervals, by this reducing the required hard disk space (a 1 ha forest stand may consist of several
millions branch segments). There are a total of six different types of result files: Shoots: state
variable of tree components, Trees: tree level results, Forest: forest level results, Species: species
pool, Voxels: leaf biomass and light in voxels, Mortality: number and causes of tree mortality.
Which specific variable are saved in each of these files can be seen in Table C.3. A short overview

on important results is given in Fig. 4.8.
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(a) (b)
e 3D position of tree e Tree height ¢ Number of stems
components ¢ Tree DBH e Basal area
¢ Length and diameter of branch ¢ Crown width e Above-ground biomass
segment e Crown depth e Canopy height
e Length and diameter of trunk e Crown area ¢ Leaf area index
e Leaf biomass in leaf ¢ Woody biomass e Total NPP
compartments e Leaf biomass e Canopy NPP
¢ Net-primary production e Stem turnover
*  NPP of leaves * AGB residence time

¢ NPP of trunks/branches

Figure 4.8. Exportable model results at the three hierarchical scales: (a) tree components, (b) individual trees and (c)
forest stands. This model allows saving model results as text files, and examples of important exportable variables are
shown. A complete list of all variable is provided in Table C.3.

Visual control of simulated trees or forests is an important additional method to evaluate the
quality of the model. Therefore, a picture showing the tree/forest structure is saved to disk at each
time step. The perspective from which the picture is taken can be configured in GroIMP. Two
general methods how trees are visualized are implemented, and they can be specified in the global
file. First, trees can be represented by their woody components only (VisualizationShader=0),
whereby second order branches connected to leaf compartments can be colored according to the
state of the leaf compartment (Fig. 4.9). Second, trees can be represented by woody components
and leaves (VisualizationShader=1). In our model we are not simulating individual leaves,
however, for aesthetic purposed we integrated a technique which allows visually representing leaf

compartments by leaf shaders (this technique is used in Fig. 4.8).
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(@) (b) ()

Figure 4.9. Visual representation of trees. If a wireframe model is chosen (VisualizationShader=0), three different
methods to represent the leaf compartments attached to second order branches can be specified: (a) Second order
branches are colored in different shades of green depending on the associated leaf biomass (VisualizationMethod=0).
(b) Second order branches are colored according to the light conditions at the leaf compartments, with red colors
representing high light intensities (VisualizationMethod=1). (c) Second order branches are colored according to the net
carbon assimilation in the leaf compartments, with red colors representing higher values (VisualizationMethod=2). If a
rendered representation is chosen (VisualizationShader=1), leaves representing the leaf compartments are visualized
(see Fig. 4.8)

The pass files contain a set of parameters for each replicate, which means that the number of
replicates specified in the global file and the number of pass files must be equal. Each pass file
includes global parameters, ranges of functional and structural traits, but also parameters to switch
on and off optional model mechanisms. An exhaustive list of all parameters in the pass file is

available in the Supporting Information (Table C.4).

4.3.2 Model parameterization and validation

We used the key ideas of the pattern-oriented modeling (POM) framework to parameterize and
validate our model (Grimm ef al. 2005; Grimm & Railsback 2011). The rationale behind POM is
to reduce the uncertainty in model structure and parameters by comparing model results with
multiple biological/ecological patterns at different hierarchical levels and scales, leading to more
comprehensive and rigorous bottom-up models (Grimm et al. 2005). As our model aimed to
reproduce long-term tropical forest dynamics, as well as realistic 3D growth patterns of the
different functional tree types during their entire life cycles, we included multiple patterns at the
forest and the tree level. This set of patterns comprised both quantitative and rather qualitative
patterns, which makes it difficult to aggregate all patterns in a single comprehensive criterion
evaluating model performance. We thus applied a three-step POM evaluation strategy and

consecutively evaluated the performance of our model in reproducing i) the general structure and
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dynamics of tropical forests, ii) complex patterns at the forest level and iii) life-history growth

patterns of different functional tree types.

In a first step, we evaluated the performance of our model in reproducing the general structure
and dynamics of tropical forests. Pantropical studies have shown substantial differences in forest
characteristics between continents and regions (e.g. Feldpausch et al. 2011), and in this study we
focused on the well-studied Neotropical lowland forests. While typical ranges of attributes of such
mature lowland forests, such as the basal area or net primary production per hectare, are relatively
well-known, long-term field data to which the model could be fitted are still scarce. Taking into
account this limitation, we estimated ranges of 12 important attributes characterizing both forest
structure and dynamics based on a literature review (see Table 4.3; Table C.5). We excluded data
from rather extreme or recently disturbed sites; the estimated ranges should be representative for
average lowland forests in dynamic equilibrium state. Model performance was assessed by
simulating 0.25 ha forest plots starting from bare ground for 500 years, and calculating the model
performance criterion aw that tests if the attributes of the simulated forest in dynamic equilibrium

state are within the empirical ranges:

g (_Zmt Bus
L\ tmax — tmin (4.56)

n

ay =

where fmin is the time after which an equilibrium state is expected (here, min=200 years), fmax is
the total number of years simulated (here, max=500), n is the total number of forest attributes
(here, n=12) and i, is a Boolean variable describing for each attribute at each time step if the
attribute value is within the estimated range (5i,=1) or not (fi;=0). The optimal values of am=1
can be reached if all attributes of the simulated forest are within the estimated ranges continuously
from #min t0 fmax. This approach assumes that a sufficiently stable equilibrium state is modelled,
and the time to reach this state when starting from bare ground is thus a secondary prediction we

additionally considered as validation criterion.

In a second step, we evaluated whether our model adequately reproduced more complex patterns
at the forest level. This step mainly involved qualitative comparisons between simulations and
observations based on visualized patterns. The following patterns were considered: (i) Crown
architectures of trees in stands usually change markedly with tree height, and while the crown
area usually shows a clear non-linear allometric relationship with height, crown width and
branching height are commonly rather linearly correlated with height (Alves & Santos 2002; lida

et al. 2011). (ii) The vertical leaf area density in undisturbed forests within stands often peaks in
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the canopy zone, sometimes with an additional peak in the understory (Stark et al. 2012; Taubert
et al. 2015). (iii) The height-diameter relationship is a typical characteristic of forest and for the
Neotropics, this relationship was best described using a three-parameter exponential equation
with an asymptotic maximum height of 38.8 m (Banin et al 2012). (iv) The frequency
distributions of tree diameter, height and age is typically right-skewed when considering all trees
in a stand (Campbell ef al. 1986; Worbes ef al. 2003). When considering only trees above 10 cm
in diameter at breast height (DBH), a normal or slightly right-skewed distribution is commonly
observed (Oliveira-Filho et al. 1994; Worbes et al. 2003). In addition, the metabolic theory of
ecology predicts a linear decrease in stem diameter frequency on a log-log-scale, but observations
revealed deviations from this predictions for larger tree diameters (Muller-Landau et al. 2006b).
To visualize and compare the mentioned patterns, we used simulated data after reaching dynamic
equilibrium state in intervals of 50 years to avoid temporal autocorrelation (More details are also

provided in the figure captions in the Results section).

In a third step, we evaluated simulated growth of individual trees under controlled conditions. 3D
tree growth patterns in our model emerge from processes at lower-hierarchical levels, and a visual
analysis of ontogenetic tree growth trajectories in combination with an analysis of the changes in
height and diameter growth, biomass and productivity during tree ontogeny served as fist
indicator for the structural realism of our tree growth model. Furthermore, we systematically
analyzed how changes in species traits (SLA, wood density) and environmental conditions (light,
SI) influence tree growth. To cover the natural trait and environmental space in tropical forests,
we altered each of these factors within their natural ranges while keeping the other factors constant
at medium levels. Due to the size and longevity of trees, controlled experiments on changes in
growth rates and morphology over a tree’s lifespan are practically impossible, and consequently
data equivalent to our simulation experiment is missing. Nevertheless, based on numerous field
and theoretical studies, we have a fairly good understanding of some qualitative and quantitative
patterns during tree ontogeny. For instance, while the height growth of undisturbed trees is
expected to continue at decreasing rates until reaching maximum height, the diameter growth
rates tend to peak at a certain height or age (Clark & Clark 1999). In addition, the ranges of
diameter growth rates, maximum tree heights and partly also maximum ages in tropical forest are
well-studied (e.g. Martinez-Ramos & Alvarez-Buylla 1998; Clark & Clark 2001; Chao et al.
2008). Life-history variations among trees have furthermore been associated with different
functional traits (Poorter & Bongers 2006; lida et al. 2012). Based on such observations, we

evaluated our tree growth model mostly qualitatively.

To find an optimal parameter combination following the described three-step POM evaluation

strategy, suitable parameter ranges were defined at first. Many parameters have natural ranges,
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which were estimated based on literature values (Table C.6). The parameters can be categorized
into 4 classes: parameters specifying the i) environmental conditions, ii) functional and iii)
structural traits, and iv) global model parameters. For the traits, minima and maxima have to be
defined. For most traits, suitable ranges can be defined from observations. For example, wood
density and SLA are well-studied (e.g. Baker ef al. 2004; Patifio et al. 2012), and consequently
the observed range of these traits define the suitable ranges in the model. Likewise, most structural
traits are easy-to-interpret characteristics of tree structure, such as branching angles, and their
minima and maxima can be determined based on empirical knowledge. This means that most free
parameters belong to the class of global model parameters (Table C.6). After suitable ranges were
defined, the best parameter set was attained using a manual parameterization strategy as despite
optimizations, model run times were too long for automatic parameterization. This means that
model parameters were repeatedly adjusted and analyzed until yielding an appropriate set of

parameter values.
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Table 4.3. Typical ranges of forest attributes in Neotropical lowland forests derived from a review of the literature. We
concentrated on reviews covering multiple forest plots or larger forest areas. More details are given in Table C.5.

Forest attribute Unit Typical range References

Stem density (>10cm) ha™! 480-620 Feldpausch et al. (2011), Banin ef al.
(2012)

Stem density ha’! 2500-5000 Girardin et al. (2013), Chave ef al. (2003),
DeWalt & Chave (2004)

Basal area m? ha! 25-35 Feldpausch et al. (2011), Banin et al.
(2012), Girardin et al. (2013), Malhi ef al.
(2006), Baker et al. (2004)

Above-ground biomass Mg ha'! 250-350 Malhi et al. (2006), Feldpausch ef al.
(2012), Baker et al. (2004)

Canopy height m 27-38 Feldpausch et al. (2011), Asner et al.
(2013), Girardin et al. (2013)

Mean DBH (>10cm) m 0.18-0.26 Lieberman et al. (1996), Banin et al.
(2014), Sawada et al. (2015)

Leaf area index m m? 3.5-5.5 Myneni et al. (2007), Doughty & Goulden
(2008), Caldararu, Palmer & Purves (2012)

Total NPP Mghatlal 10-20 Malhi, Doughty & Galbraith (2011),
Aragdo et al. (2009), Malhi et al. (2013)

Canopy NPP Mgha'a!' 5-10 Chave et al. (2010), Malhi et al. (2013),
Aragdo et al. (2009)

Basal area growth m?ha'a'  05-1.0 Malhi et al. (2004), Lewis et al. (2004b),
Banin et al. (2014)

AGB residence time a 25-60 Malhi et al. (2011, 2015), Galbraith ef al.
(2014)

Stem turnover (>10cm) a’! 1-4 Quesada ef al. (2012), Lewis et al. (2004),

Malhi et al. (2009)
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4.4 Results

Following the 3-step POM validation strategy we found a parameter combination that resulted in
realistic model behavior at the forest and the tree level (see Table C.4 for the optimized parameter
set). Starting from bare ground, the simulated forest increased in stem number, above-ground
biomass, and basal area and reached a dynamic equilibrium state after ca. 80-100 years (Fig. 4.10).
In this equilibrium state, all 12 monitored forest attributes were within the ranges typically
observed for Neotropical forest for the rest of the simulated 500 years, i.e. the validation criterion
attained its optimal values of am=1 (see 1 ha stand result in Fig. 4.10). Fluctuations around the
equilibrium increased with decreasing stand size as the relative effects of gap-creating mortality

events were stronger at smaller scales (Fig. 4.10).

Considering all stems, the frequency distributions of tree diameter, height, and age were right-
skewed (Fig. 4.11). When only considering stems >10 cm in DBH, the height and age distribution
were rather normally distributed (Fig. 4.11a,c). On log-scale, tree numbers decreases almost
linearly with diameter and age, with deviations from this pattern only at large size/age classes. In
contrast, the tree height distribution showed a distinct hump between 25 and 35 m (Fig. 4.11Db).
On log-log-scale, tree height distribution was linear for small individuals but became curvilinear
at larger diameters (Fig. 4.11d). Trees reached a maximum diameter of ~100 cm, a maximum

height of ~50 m and a maximum age of ~250 years.

Crown architectures within the forest stand changed significantly with tree height (Fig. 4.12). We
found a positive linear relationship between tree height and crown width (Fig. 4.12b), and an
exponential relationship between tree height and branching height (Fig. 4.12a), as well as between
tree height and crown area (Fig. 4.12¢). However, due to differences in functional and structural
traits of the trees, as well as in their ontogenetic stages, there was substantial scatter around the

average trends.
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Figure 4.10. Simulated long-term forest dynamics. (a) Stem density of all stems with DBH > 10 cm, (b) Stem density
of all stems with DBH > 1 cm, (c) Basal area, (d) Above-ground biomass (ABG), (¢) Canopy height (mean height of
all trees > 40 cm in DBH), (f) Mean DBH of all stems > 10 cm in DBH, (g) Leaf area index (LAI), (h) Total above-
ground net primary production (NPP), (i) Canopy net primary production (NPP of leaves and second order branches),
(j) Basal area (BA) growth, (k) Residence time of above-ground biomass, (1) Turnover of all stems > 10 cm in DBH.
Black lines represent simulations at 0.25 ha scale, and blue line at 1 ha scale. The grey-shaded areas indicate typical
ranges for each forest attribute in Neotropical forests (see Table 4.3) Boxplots show interquartile ranges (boxes) and
approximate 95% confidence intervals (whiskers) of the forest attributes in dynamic equilibrium state, i.e. from years
150-500, based on 5 replicates of the forest model.
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Figure 4.11. Frequency distributions: (a) tree DBH, (b) tree height, and (c) tree age. Distributions are shown on normal
(colored bars, left axes) and log-scale (black dots, right axes). The average frequency in each size class over the years
150-500 (equilibrium state) is shown here. (d) Tree DBH distribution on log-log scale. Values in each size class were
binned to the class width.
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Figure 4.12. Relationship between tree height and crown parameters: (a) branching height (height of lowest first order
branch), (b) crown width and (c) crown area. Each dot represents a single tree in the simulated forest stand. To reduce
the degree of temporal pseudoreplication, all trees in the forest stand were sampled in time intervals of 20 years in
dynamic equilibrium state (150-500 years). Simple linear models and linear models including a quadratic term were
fitted to the data and the minimal adequate model based on AIC values is shown here (AAIC>4).

The height-diameter relationship deviated slightly from the average allometry observed for South
America by Banin et al. (2012) and overestimated the asymptotic maximum height by ~3 m (Fig.
4.13 for details). The average vertical leaf area density profile of the simulated forest showed a
unimodal distribution, in which the leaf area density peaked in the mid-canopy zone between 15

and 25 m (Fig. 4.13b).
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Figure 4.13. Height-diameter relationship (a) and vertical leaf area density distribution (b). (a) Each dot represents a
single tree in the simulated forest stand. To reduce the degree of temporal pseudoreplication, all trees in the forest stand
were sampled in time intervals of 20 years in dynamic equilibrium state (150-500 years). The relationship between tree
height and diameter was described by the three-parameter exponential equation Ly = Hygy — a - e("2P1) where Lt
and Dr are the height and diameter of the tree, and Hwmax, @ and b are curve parameters (Hmax represents the asymptotic
maximum height, « is the difference between maximum and minimum height, and b the shape of the curve). This
equation was used by Banin er al. (2012), who estimated an asymptotic maximum height of Hmax=35.8 (a=31.1,
b=0.029) for Neotropical forests based on 49 forest plots (grey dotted line). Our model (blue line) predicted Hmax=38.8,
a=37.9 and b=0.045. (b) The vertical leaf area density profile was calculated based on the simulated total leaf area in
each voxel ALtot. For each vertical 1 m layer, the mean A4 Ltor was estimated. The sold black line shows the means over
all time step in dynamic equilibrium state (years 150-500), and the dotted lines indicated the standard deviation.

Visualizations of the simulated forest stand (Fig. 4.14) illustrate the level of detail and structural

realisms of the model.

Figure 4.14. Visual representation of the simulated forest. (a) Oblique top view on simulated forest stand (0.25 ha) at
a representative time step in in dynamic equilibrium state. The rendered representation is shown here
(VisualizationShader=1). (b) Side view on simulated forest stand (0.25 ha) at a representative time step in in dynamic
equilibrium state. The wireframe representation is shown here, (VisualizationShader=0), where second order branches
are colored according to the light conditions (VisualizationMethod=1). Colors represent the shift from high light
intensities (red) to low light intensities (blue).
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Tree-level simulations revealed that tree growth under constant environmental conditions can be
divided into three successive life stages (Fig. 4.15). The early life stage is characterized by a quick
increase in height and diameter and continuously increasing net primary production rates. In this
stage, all major branches are foliated (Fig. 4.15a). Subsequently, the lower branches begin to shed
leaves (Fig. 4.15a), accompanied with lower increments in height and diameter and reduced net
primary production (Fig. 4.15b,d). This stage ends when the tree reaches its maximum height. In
the subsequent senescence stage, height and diameter growth cease and net primary production
decreases as a result of the loss of photosynthetically-active leaf biomass. The leaf loss continues

until all leaves are shed and the tree ultimately dies from carbon starvation.
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Figure 4.15. Ontogenetic development of an individual tree. (a) Visualization of tree structure of a freestanding tree at
different ages. (b) Changes in tree height and diameter, (c) above-ground biomass (AGB) of the trunk, branches, leaves
and the entire tree, and (d) net primary production (NPP) of the trunk, branches, leaves and the entire tree over time
(panels b-d correspond to the tree shown in a). This example shows how a long-lived emergent tree species
characterized by a low SLA growth without competition with neighbors over 300 years. Growth can be roughly divided
into 3 life stages which are indicated by the different shades of gray in panels b-d. The first stage is characterized by a
quick increase in height and diameter and continuously increasing net primary production rates. In this example, it ends
at an age of ~50 years. In the subsequent stage the NPP decreases and the tree sheds lower branches. The final senescent
stage begins at ~150 years when the tree growth close to its maximum height. In this stage it successively loses all
leaves and branches, ending with the death of the tree.

All species generally followed the illustrated tree growth pattern over their life spans when grown
under constant external conditions. However, tree traits and environmental conditions had a large
influence on all aspects of growth (Fig. 4.16). Species with high SLA values showed high initial
growth rates (Fig. 4.16¢; bear in mind that the SLA values is representative for the position on
the LES) and reached their maximum height rapidly. Consequently, they entered the senescence
stage after a shorter time and died at a comparably young age (Fig. 4.16a-d). In contrast, species

with low SLA values had a lower growth rate, but were able to maintain their growth rate for a
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longer time. They reached larger maximum heights at a higher age and had a longer life span.
Wood density also affected life history growth, mainly by influencing the maximum height (Fig.
4.16e-h). Both external factors (light and site index) affected tree growth in a similar way (Fig.
4.16k-0). Due to the trade-off between carbon gain and carbon costs, lower light and site index
values also decreased the maximum height. Interestingly, in contrast to SLA, variations in

external factors clearly influenced the maximum height, but the maximum life-span was only

slightly affected.
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Figure 4.16. Tree dynamics in dependence of their traits and the environmental conditions. Development of height,
diameter, diameter growth rates and leaf biomass of trees with otherwise identical functional and structural traits which
only differ in their specific leaf area (SLA; a-d) or their wood density (e-h). The right-hand panels illustrate the effects
of the site index (i-1) and the light intensity /max (m-p) on growth of trees with an identical set of traits.

An important aspect of this modelling approach is that the theoretical maximum height of tree
species is an emergent property of their leaf traits. This is because the maintenance and
construction costs for pipes connected to the leaves increase with increasing pipe length, and at a
certain length these carbon cost exceed the amount of carbon assimilated by the leaves, i.e. the
carbon budget is negative. This pipe length can be interpreted as maximum tree height, which

increases with decreasing SLA (Fig. 4.17a). In a similar way, the maximum height is also

103



4. Functional-structural forest model

correlated with wood density (Fig. 4.17a). In addition to the species traits, the maximum height

also depends on the external conditions, i.e. light intensity and site index (Fig. 4.17b).
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Figure 4.17. Maximum tree height as a function of (a) tree traits and (b) environmental conditions. The maximum
height of a tree is directly related to the maximum pipe length Lpmax, which is an emergent property of our model
(4.41). The maximum height decreases with SLA and wood density (a), and increases with light intensity and site index

(b).

Light conditions in forest stands are unevenly distributed, and trees can be subjected to a wide
range of light intensities throughout their ontogeny. The light compensation point is thus an
important characteristic to assess the light demand and to evaluate the survival probability of a
species. In this model, the light compensation point can be assessed at the level of leaf
compartments and mainly depends on the leaf investment strategy (expressed by the SLA) and
the pipe length of the leaf compartment (Fig. 4.18). In the understory, i.e. with short pipe lengths,
species with high SLA values have a lower compensation point than those with low SLA values.
However, the compensation point of high SLA species steeply increases with increasing height,
while the increase is shallower for low SLA species (Fig. 4.18). Consequently, the latter ones

have lower light compensation points in the outer canopy zone.
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Figure 4.18. Light compensation point of a leaf compartment in dependence on SLA and the pipe length. Each leaf
compartment of a tree forms a leaf-pipe element which acts as autonomous module. Consequently, the light
compensation point, i.e. the light intensity at which the assimilation rate matches the respiration rate, can be assessed
at this level.

4.5 Discussion

The main aim of our forest model was to simulate long-term tropical forest dynamics at the stand
scale at a high level of structural detail. In comparison with other commonly used individual- or
cohort-based forest models (e.g. Liu 1998; Kohler & Huth 1998; Huth & Ditzer 2000; Phillips et
al. 2004a), there are two main differences. Firstly, each tree is simulated as a functional-structural
tree model in which the 3D tree structure is represented in detail, including branch segments up
to the second order and within-tree leaf distribution at 1 m® resolution. This allows detailed
simulations of crown competition and within-stand light regimes. Secondly, tree species are not
a priori classified into distinct functional groups but drawn from the full trait space with
continuously varying leaf and wood traits. As tropical forest are species rich (more than 300 tree
species per hectare have been observed; Gentry 1988; ter Steege et al. 2013), functional groups
aggregating tree species with similar growth characteristics are used in forest models for
simplification, and parameters like growth rate or potential height are estimated for each group
(e.g. Kohler & Huth 1998; Tietjen & Huth 2006). Here, as suggested by Wright et al. (2004), the
leaf investment strategy of each species depends on the position on the continuous leaf economic
spectrum, and scales up to the whole-tree level. It is important to note that growth, shade
tolerance, and maximum height of each tree species emerge from the leaf investment strategy and

are not defined a priori. To validate this model, we tested if ecological patterns at the forest level
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can be reproduced and if observed life-history variations among tree species can be simulated by

differences in their leaf investment strategy.

Forest level

As first indication for structural realism of our model a dynamic equilibrium was reached, and in
this equilibrium 12 important forest attributes fell within the ranges of Neotropical lowland forests
(Fig. 4.10). It is generally assumed that under constant environmental conditions, carbon gains
and losses are relatively balanced in old-growth forests, resulting in fluctuations around an
equilibrium biomass level which are largely driven by gap dynamics (Whitmore 1990; Galbraith
et al. 2014). The time required to reach biomass values typical for mature forests depends on
environmental conditions. A wide range of time spans have been reported ranging from 40 to 60
years (Puerto Rico; Mitchell Aide et al. 2000; Marin-Spiotta, Ostertag & Silver 2007), ~75 years
(Mexico; Hughes, Kauffman & Jaramillo 1999) ~100 years (Brazil; Fearnside & Guimaraes 1996)
up to ~190 years (Columbia and Venezuela; Saldarriaga ef al. 1988). Such time spans have not
been observed directly but estimated using linear or non-linear models and are thus subject to
uncertainty. Nevertheless, the simulated time span of 80 to 100 years lies well within this reported

range.

Gap creation caused by falling trees is the main source of deviations from equilibrium, and single
gap formation should be more significant at small stand sizes. The higher fluctuations at smaller
plot sizes (Fig. 4.10) thus agree with expectations and are in line with simulations by Chambers

et al. (2013).

Some attributes like stem density, basal area and above-ground biomass are well-studied, while
other attributes describing forest dynamics (net primary production, turnover rates) and structure
(leaf area index, canopy height) are less frequently measured. We considered the variability of all
attributes, but also the higher uncertainty in the less frequently reported attributes, in estimating
value ranges. Nevertheless, as we did not use statistical analyses, estimated ranges involved
subjective decisions and thus should be interpreted with caution. However, the large number of
attributes which were in reasonable ranges nevertheless indicates that this forest model produces

structurally realistic results and captures essential mechanisms.

As an additional evaluation of model performance, we compared more complex patterns at the
forest level. Crown width, crown area, and branching height are common measures of crown
architecture, which, unsurprisingly, were positively correlated with tree height (Fig. 4.12). The
linear increase in crown width with height is in accordance with linear or almost linear trends

observed in many tropical tree species (King 1996; Alves & Santos 2002; lida et al. 2011).
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Interestingly, a bulge in the crown width-tree height relationship was observed for tall trees >
30m (Fig. 4.12b), indicating a disproportionate increase in crown width when trees rise above the
average canopy height. King (1996) made similar observations finding a much steeper slope in
the crown width-tree height relationship for larger trees potentially growing above the canopy.
Crown development of emergent trees is less constrained by competition for space, and our model
is able to reproduce such plastic crown responses. With an average crown width of 10 m at a
height of 20 m, our model slightly overestimates crown dimension compared to observation,
which rather were around 7-9 m (King 1996; Alves & Santos 2002). On the one hand, differences
in methods to estimate crown width might partly explain the deviation. The exact position of each
branch segment is known in the model and the crown width thus represents the absolute maximum
distance to the stem, which might lead to a slight overestimation compared to ground-based field
observations. On the other hand, due to the relatively simple integration of space competition in
this model, the area of overlap between two crowns might be larger than in nature, leading to
wider crowns. Crown area is generally closely related to crown width and the non-linear increase
agrees with observations (Alves & Santos 2002; Poorter, Bongers & Bongers 2006). While the
average trend might also be slightly higher than expected, the simulated range is in line with the
results of Poorter et al. (2006), who found large differences in crown area trends for 54 tropical

tree species.

Compared with the discussed crown measures, branching height was less strongly correlated with
tree height (Fig. 4.12a). ). In our model, branches are generated following the architecture defined
by species structural traits, and branch shedding results from physiological process, i.e. branches
are shed when all leaves are lost. These processes lead to a distinct development of branching
height during tree ontogeny (Fig. 4.15), which can be modified when trees compete for space in
forest stands (Fig. C.1). In natural trees, branching architecture is a complex trait, and the
processes of branch generation and branch shedding are likely related to within-tree optimization
of carbon gain (Farnsworth & Niklas 1995). For example, the complex crowns of emergent trees
often develops trough reiteration from dormant buds, and this process is influenced by the local
light conditions (Hallé et al. 1978; Barthélémy & Caraglio 2007). Due to such additional
optimization mechanisms, which are not implemented in this model, the correlation between
branching height and tree height is probably stronger in natural forests. However, direct
comparisons are difficult because such correlations have only been studied at the species level
(Alves & Santos 2002; Iida er al. 2011) and analyses at the forest plot level are not available.
Nevertheless, the average trend in our study largely agrees with the average trends in different

tree species (Alves & Santos 2002; lida ef al. 2011).

The simulated leaf area density peaked in the canopy zone around 20 m (Fig. 4.13b), which is in

accordance with observations in lowland forests on Barro Colorado Island (Taubert ef al. 2015)
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or near Manaus (Stark et al. 2012). In the latter study, however, an additional increase in leaf area
density near the forest floor was observed, probably due to herbaceous vegetation which is not
included in our model. Although vertical leaf area profiles have not been as extensively studied
as other forest attributes, a leaf area maximum in the canopy layer is generally expected for
undisturbed old-growth forests and our simulations are in line with this expectation. Interestingly,
in a lowland forest analyzed by Stark et al. (2012), the leaf area density peaked in the lower
canopy around 10 m. These authors considered past disturbances and the resulting non-
equilibrium forest state as a possible cause of the deviating pattern. Analyzing the effect of
disturbance regimes on the vertical leaf area distribution might thus be an interesting future

application of this model.

The asymptotic height of the diameter-height relationship observed here (38.8 m; Fig. 4.13a) is
close to the observed mean for Neotropical forests (35.8 + 6.0 m; Banin et al. 2012). However,
the shape of the simulated relationship differed from the observed average trend, and the
simulated height at smaller diameter classes was slightly overestimated (Fig. 4.13a). In our model,
height scales with diameter to the power 2/3, controlled by species-specific shape parameters.
Trees only deviate from their species-specific relationship under low light conditions (increased
height growth) or at maximum height (cessation of height growth). A more advanced allometric
scaling model might thus improve our model. For instance, it is known that trees show a plastic
response to several environmental conditions (light, precipitation, stand density) that can alter the
intraspecific allometric relationships (Feldpausch et al. 2011; Banin et al. 2012). Trees might, for
instance, cease height growth when growing as emergents and rather extend their crown

horizontally.

Our model produced a right-skewed tree diameter distribution (Fig. 4.11a), which is consistent
with observations from other tropical forest (Oliveira-Filho et al. 1994; Hector et al. 2011). In
addition, the simulated normal or slightly skewed distributions for height and age of trees > 10
cm in DBH (Fig. 4.11b,c) agrees with empirical studies (Campbell et al. 1986; Oliveira-Filho et
al. 1994; Worbes et al. 2003; Adekunle, Olagoke & Akindele 2013). As diameter, height, and age
are usually correlated, similar frequency distribution of these attributes can be expected when
considering all trees. Interestingly, the height distribution deviated from the age distribution and
showed a distinct hump between 25 and 35 m (Fig. 4.11b). We speculate that the crowns of these
trees in the upper canopy are well illuminated and less exposed to between-crown competition
for space. Consequently, the probability to die due to carbon starvation should be lower, which

might explain why the negative trend is halted for these larger height classes.

The metabolic theory of ecology predicts a linear decrease in stem diameter frequency on a log-

log scale. Muller-Landau et al. (2006) and Enquist, West & Brown (2009) confronted the
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theoretical predictions with observations and found deviations particularly among the larger
diameter classes, whose frequency was lower than predicted. Interestingly, our model shows
similar deviations (Fig. 4.11d). Enquist, West & Brown (2009) speculated that other sources of
mortality than competitive thinning are the reason for the predicted linear trend, for instance wind
damages, herbivory or diseases, which are particularly severe in larger size classes. In our model,
trees growing at their maximum height enter senescence which inevitably ends with death. This
emergent model behavior thus reflects the increased mortality probability of very large trees,

leading to model results which are close to observations.

In summary, our model reproduce a variety of patterns at the forest level reasonably well. Despite
the overall complexity of the model, it is based on relatively simple assumptions: A local species
pool is generated by randomly selecting species traits, these species germinate at random positions
within the model space, they compete for light and space, and their mortality rates generally
decrease with size and light conditions. The forest dynamics emerges from these lower level
processes, and the agreement between multiple forest patterns and the model results is thus an

indication for the suitability of our model approach.

Tree level

As an additional test of model performance, we analyzed simulated growth patterns of individual
trees (Fig. 4.16). We hypothesized that differences in leaf traits capture observed life-history
variations among different tree species. Tree species are often divided into functional groups
(Gourlet-Fleury ef al. 2005; Chazdon et al. 2010) and the simplest concept distinguishes pioneer
and shade-tolerant species (Swaine & Whitmore 1988). Pioneer species are generally fast-
growing, short-lived species not able to establish under shade. Shade tolerant or climax species,
in contrast, can survive under low-light conditions in the understory; they grow slower but live
longer, potentially enabling them to grow as emergent trees. While a classification into functional
groups can often be useful, several studies indicate that the transition from fast growing, short-
lived pioneer to slow growing, long-lived shade-tolerant species is indeed rather continuous
(Wright et al. 2003b; Poorter & Bongers 2006). In our model, variations in leaf trait, expressed
by the SLA, resulted in such variations in life history patterns (Fig. 4.16a-d). As pioneers
generally have a significantly higher SLA than shade-tolerant species (Kitajima 1994; Rijkers et
al. 2000), our result are consistent with these observations (Wright et al. 2003b; Poorter &
Bongers 2006).

The leaf trait trade-offs integrated in this model (Wright et al. 2004) are linked to whole-tree

performance and support the notion that the growth-survival trade-off of tropical tree species is,
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at least partly, determined by their leaf traits (Sterck et al. 2006). With regard to their light
requirements, it is, at first glance, rather counterintuitive that pioneer species with their high SLAs
are unable to survive in the shade. A high SLA means a high photosynthetically-active leaf area
per dry mass investment (Evans & Poorter 2001), which should be favorable under low light
availability. Interestingly, under controlled conditions in an experimental setup, the growth rates
of pioneer seedlings in shade were actually higher than those of shade-tolerent species (Kitajima
1994). Futhermore, leaf traits within individual trees are usually not invariable but rather show a
plastic response to shade (this issue is dicussed below in more detail), with shade leaves having
higher SLA values than sun leaves (Rozendaal er al. 2006; Markesteijn et al. 2007). These
examples indicate an increased efficiency of light capture with increased SLA. However, this
comes at a cost: leaves with a high SLA are short-lived, and low leaf toughness makes them more
susceptible to herbivory and physical damage (Coley 1983; Wright & Cannon 2001; Diaz et al.
2004). The carbon loss associated with these negative effects of a high SLA seem to be
particularly important in the understory and increases the mortality rate of such species (Kitajima
1994). Consequently, a conservative ressource use associated with a low SLA (tougher leaves,
higher longevity) thus generally favors survival in shade and explains why shade-tolerant species
are characterised by low SLA. Interestingly, our model simulates a similar light-dependent growth
which is related to resource use efficiency. When trees are small, a higher SLA is more efficient,
resulting in a lower light compensation point (Fig. 4.18). However, the increased leaf turnover of
high SLAs has an adverse effect with increasing tree height, resulting in higher leaf compensation
points above a certain height compared to low SLA species. Consequently, under low light
conditions species with low SLAs are able to maintain a positve carbon buget over a wider range

of tree heights, favoring their survival in the lower canopy (Fig. 4.18).

Differences in wood density influenced tree growth much less than leaf trait differences (Fig.
4.16). The most obvious effect was an increase in maximum height (and diameter) with
decreasing wood density. Observed relationship between maximum height and wood density are
not consistent across studies, and while the trend observed for Iberian canopy tree species agrees
with our simulation results (Poorter ef al. 2012), other studies found no significant relationships
(Wright et al. 2010) or even positive trends (Osunkoya et al. 2007). Our model is carbon-based
and by decreasing the construction and maintenances costs per volume of wood, low wood
densities are advantageous and allow trees to grow taller. However, low wood densities are
usually associated with lower mechanical stability and increased vulnerability to hydraulic
failures (Hacke et al. 2001; Anten & Schieving 2010). Such trade-offs among wood traits
influence the tree architecture and might have adverse effects on the maximum attainable height
(van Gelder, Poorter & Sterck 2006). Furthermore, correlations among wood traits are also

regarded as a factor explaining why increasing mortality rates with decreasing wood density are
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consistently reported (Chao et al. 2008; Wright et al. 2010; Visser et al. 2016) - a pattern we did
not observe in our simulations (Fig. 4.16). Thus, considering only wood density in our carbon-
based model is not sufficient to reproduce all interspecific differences related to wood traits. Our
model could be improved by integrating additional mechanisms in future studies, for instance by
considering the mechanical stability or hydraulic properties of stems and branches, or by
considering several wood traits and their correlations. However, in this study we focused on leaf

traits rather than on wood traits.

The site quality, characterized by the dimensionless site index, was positively correlated with tree
growth rates and maximum tree heights (Fig. 4.16i-1). We are not explicitly simulating
water/nutrient cycles or temperature dependencies in our model, and the site index thus represents
the strength of factors limiting tree growth, such as low water availabilities, low temperatures or
poor soil conditions. Such limiting factors are generally associated with decreasing productivity
and lower tree/canopy heights (Girardin ef al. 2010, 2013; Pan et al. 2013), and the simulated
patterns are thus qualitatively in accordance with these observations. Changing light conditions
had similar effects on tree growth pattern, and the simulated increasing growth rates with light
intensity are consistent with observed light-dependent responses of most tropical species (Kobe

1999; Riiger et al. 2011; Philipson et al. 2014).

Irrespective of environmental conditions and functional traits, simulated growth was clearly size-
dependent and trees showed characteristic ontogenetic growth trajectories (Fig. 4.15-4.16). A
significant effect of size on growth rates has also been observed for most tree species in field
studies (e.g. Riiger et al. 2011; Iida et al. 2014). However, both increasing and decreasing growth
rates with diameter (Riiger ef al. 2012), as well as humped-shape responses are reported (Clark
& Clark 1999; Davies 2001). These observed differences might be related to species-specific
variations, or incomplete or unbalanced data sets; tree growth data from natural forests often do
not cover the entire size ranges of the species or are skewed towards the more frequent smaller
size classes. It is thus not straightforward to estimate solid ontogenetic growth patterns based on
field data, and whole-life growth trajectories are thus still debated (Riiger et al. 2011; Bowman et
al. 2013). However, Hérault ef al. (2011), found that the growth trajectories of 50 rain forest
species could well be predicted using hump-shaped size-dependent models, and several additional
empirical and theoretical studies suggest similar trajectories (e.g. Clark & Clark 1999). Our
simulations generally agree with such studies suggesting reduced growth rates at larger size,
although the transition from increasing to decreasing growth rates is likely much smoother than
in our model. In reality, trees exhibit a variety of mechanisms to optimize their carbon budget,
and integrating such mechanisms could substantially improve the simulated tree growth
trajectories (see limitations section below). Such detailed optimization mechanisms were,

however, beyond the scope of this study.
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In summary, our model was able to reproduce ontogenetic 3D growth pattern of trees under
different environmental conditions quite well. The tree’s leaf traits had a particularly strong
impacts on life history patterns and leaf trait variations reproduced important differences in
ontogenetic growth trajectories and light requirements among functional tree types, ranging from
fast-growing pioneers to shade-tolerant emergent species. Our models considers correlations
among leaf traits according to the LES and the simulations results thus corroborate our hypothesis

that life-history variations among tree species are largely driven by leaf trait trade-offs.

Model limitations

Model parameterization can be hampered by the relatively large number of free model parameters
and the considerable computation time accompanying complex models such as ours. Recently
proposed methods for model parameterization, such as Bayesian approaches for parameterization
(e.g. Martinez et al. 2011; Matsushita et al. 2015), are data- and computationally-intensive and
were thus not feasible in this study. Still, we were able to calibrate our model manually following
pattern-oriented modelling (Grimm et al. 2005; Grimm & Railsback 2011). Using this method,
however, parameter uncertainty or collinearities among parameters could not be explored in
detail. Nevertheless, we performed a simple sensitivity analysis in which the effects of changes
of important model parameters on the model results were recorded (Table C.7), which might be

useful for further model applications.

Data availability was an additional limitation. While long-term inventory data spanning years to
decades for tropical forest are available for some plots (e.g. Condit 1995; Bradford et al. 2014),
these inventories concentrate on few key forest attributes such as the stem number or the basal
area. To our knowledge, long-term records for such a wide range of attributes as used in this study
(e.g. LAI, canopy NPP, etc.) for the same forest plots are not available. Thus, we decided to use
estimated ranges of multiple forest attributes in typical Neotropical instead of time-series data for
a lower number of attributes from a specific location to validate our model. We believe that the
chosen approach is appropriate for the purpose of this study; however, fitting a model to time-
series data would be highly informative because deficiencies in the model structure would become

more obvious if multiple forest attributes could not be simultaneously reproduced.

Apart from the mentioned general limitations in model parameterization and validation, some
ecological patterns could not be perfectly reproduced by our model. For instance, in natural forests
trees commonly show fast initial height growth rates, but when crowns are well-illuminated, they
tend to cease height growth and continue to grow in diameter at high rates (e.g. Matsushita et al.

2015). In this model, height and diameter growth tends to be coupled more tightly, and trees
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showed decreasing diameter growth rates after they entered senescence. While such decreases at
large diameters were sometimes also found in nature (Clark & Clark, 1999), the time frame over
which large diameter growth rate could be maintained appear to be larger than in our simulation.
This deviation might be explained to a large extent by the exclusion of intra-individual trait
plasticity in our model. Each individual in this model is characterized by non-variable traits, while
in nature plasticity in functional and structural traits is ubiquitous. For instance, adjustments of
SLA in response to the light conditions are usually observed (Rozendaal et al. 2006; Markesteijn
et al. 2007), and our model provides an adequate explanation why such adjustments are favorable
(see Fig. 4.18). Futhermore, tree architecture can also be adjusted and trees tend to arrange their
branches in such a way as to avoid self-shading and maximise carbon gain. In addition, reiteration
from dormant buds is regarded as important additional branching mechanism in the canopy zone
(Hallé et al. 1978; Sterck & Bongers 2001; Osada 2011). If such plastic responses were integrated,
larger trees would likely be able to use the available ressources more efficienly and they could
maintain higher growth rates over a longer period. This would also mean that they could reach
larger diameters and ages. In this model, maximum diameters of ~100 cm and ages ~250 years
were simulated, however, in real tropical forests, trees exceeding these limits are not uncommon.
Despite the mentioned deviations, our model concentrating on between-species trait differences
already reproduced many patterns. In the future, trait plasticity could be implemented in this

model to further increase the number of adequately reproduced structural patterns.

Conclusion and outlook

This modelling study indicates a strong reationship between a tree’s leaf traits and life history
traits. We found that the position on the LES, which defines a specific set of economic leaf traits,
determined the maximum height and age of a tree, as well as it size-dependent growth rates and
shade tolerance. The simulated transition from fast-growing short-lived pioneers to slow-growing
long-lived emergent species along the LES was consitent with our expectation of functional tree
types, and we regard these consistencies as clear indication for a fundamental role of leaf traits in
determining the life history growth patterns of trees. Moreover, when integrated into a forest stand
model, many forest level patterns emerging from lower-level processes could sucessfully be

reproduced, which is an additional indication for the usefulness of our model approach.

Bottom-up functional-structural tree and forest models have the potential to considerably increase
our understanding of the mechanisms controlling tree and forest dynamics in the future. Due to
the large and complex structures of trees and their long life spans, empirical studies on 3D tree
growth are challenging. We are able to measure processes at lower organizational levels (e.g.

photosynthesis at the leaf scale) or to track some tree variables over a limited time (e.g. diamter
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growth of saplings), but it is virtually impossible to record 3D tree growth as a whole. In this
situation, functional-structural tree models can be helpful tools accompanying empirical studies,
because they allow to test and evaluate the consequences of low-level mechanisms on whole-tree
growth patterns, which, in turn, can help to obtain a more complete picture of whole-tree growth.
So far, FSTM have not received much attention and thus offer ample opportunities in future
studies. For instance, the importance of within-individual trait plasticity on whole-tree carbon
budget could be explore, or a water budget model could be integrated and the effects of wood and
leaf hydraulic traits could be assessed. Such an approach can be useful to test hypotheses on the
role of hydraulic failure and carbon starvation in tree mortality. A better mechanistic
understanding of tree growth and mortality based on FSTMs can also facilitate the development
of next-generation predicitve forest models in which tree performance emerges exclusively from
functional traits. Futhermore, we strongly recomment to consider the forest level as additional
hierachical level in functional-structural modelling studies. On the one hand, bottom-up
mechanisms can be tested under more realistic conditions, in which trees and envrionmental
conditions interact in a complex way. On the other hand, such detailed forest models have the
potential to advance our understanding of forest dynamics, specifically over long time frames.
For example, the long-term effect of frequent disturbances or varying environmental conditions
on forest stability (dynamic equilibrium) and structure (e.g. the vertical leaf area distribution)
could be assessed. Last but not least, we want to highlight the potential of FSFM for future model-
based studies of canopy-dwelling organisms. Tropical forest canopies harbor numerous arboreal
animals and epiphytic plants, but due to logistical problems accessing their habitat studies are
often cumbersome. FSFM provide detail information on the 3D forest dynamics (e.g. tree and
branch dynamics) and microclimatic changes, and this data can form the basis for further
theoretical studies. For instance, our knowledge on long-term dynamics of vascular epiphytes is
still very scarce, and by coupling a FSFM with an epiphyte population model, the importance of
(changes in) 3D forest dynamics on epiphyte communities can be tested. Such analyses are
particularly timely as tropical forests are already changing in response to atmospheric changes,
and more information on the response of canopy-dwelling organisms to such changes is urgently

needed.
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Abstract

5.1 Abstract

Forest dynamics undoubtedly influence the structure and dynamics of epiphyte assemblages, for
example by varying local microhabitat conditions and the branch surface over time. However,
quantitative field studies in the three-dimensional habitat of epiphytes are generally tedious and
costly. Unsurprisingly, our knowledge on structure and dynamics of epiphyte assemblages is thus
scarce. In this study, we present a complementary approach to epiphyte research by developing
the first mechanistic model conceived to simulate vascular epiphyte dynamics. The model was
designed to be coupled with detailed forest models providing the habitat dynamics. By first
applying the model to average dynamics of Neotropical lowland forests, we validated the spatial
distribution of epiphytes. Thereafter, we assessed how differences in natural forest dynamics,
selective logging of large trees and the size of forest stands influence the long-term dynamics of
epiphyte assemblages. To this end, we generated reasonable forest scenarios using a dynamics
functional-structural forest model, and simulated the epiphyte dynamics on these forest stands
over 500 years. Forests with low natural tree turnover rates had lower epiphyte extinction rates,
higher abundances and were more ‘saturated’. Even in mature lowland forest, epiphyte
assemblages commonly show no sign of saturation, and our simulations demonstrated that the
saturation level was strongly influenced by the dynamics of the forest. Furthermore, an increased
logging intensity or a decreased size of the forest stand had negative impacts on the epiphyte
community and resulted in higher local extinction rates. Our results demonstrated that the average
abundance and biomass of epiphytes are regulated by forest dynamics. Such influences of forest
dynamics on epiphyte assemblages should thus be considered in epiphyte research in addition to
the known influences of environmental factors such as water-availability. We conclude that
mechanistic models can be valuable tools to increase our understanding of the dynamics of
epiphyte communities and to provide useful feedbacks to both empirical studies and conservation

policies.

5.2 Introduction

Vascular epiphytes are a taxonomically diverse group comprising ~9% of the world’s plant
species (Zotz 2013). These non-parasitic plants germinate and grow on other plants, usually trees,
without contact to the soil. Their arboreal life style allows epiphytes to reach well-illuminated
zones in forest canopies without major investments in plant structure (Benzing 1990). Due to the
often low plant densities, competition for space and light seems to be of minor importance in most
epiphyte assemblages, which may be an additional advantage over terrestrial plants (Zotz & Hietz

2001). However, as epiphytes are isolated from terrestrial soils, they have to cope with low and
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irregular supply of water and nutrients from atmospheric inputs, litter or canopy soils (Benzing
1990; Wania et al. 2002). To enhance resource uptake and retention, epiphytes have evolved a
number of adaptations such as water-storing phytotelmata, pseudobulbs or the velamen radicum

facilitating their survival in forest canopies (Benzing 1990).

The explicit three-dimensional nature of the epiphyte habitat implies a strong dependence on
forest structure and dynamics. The forest structure, i.e. the spatial distribution of trunks and
branches, influences demographic processes of epiphytes directly by providing colonizable
substrate, but also indirectly by controlling the spatial distribution of abiotic factors (Parker 1995).
These direct and indirect effects are the main causes of the spatial structure of epiphyte
assemblages within forests and within individual trees (Johansson 1974; Zotz 2007). Within
forests, the typically observed vertical stratification of epiphyte species is commonly attributed
to the pronounced vertical gradients in light and humidity (ter Steege & Cornelissen 1989;
Benzing 1990). For instance, for species growing in the upper canopy, efficient transpiration
control and leaf succulence is an advantage, while in the dark understory efficient light use via
high specific leaf areas (SLA; the ratio between photosynthetically-active leaf area and dry mass)

facilitates survival (Petter ef al. 2016).

Also within individual trees, epiphyte species are not evenly distributed, and Johansson (1974)
proposed a zonation scheme based on the relative within-tree position, which is still widely used
in epiphyte ecology. In addition to microclimatic gradients from the outer to the inner crowns
similar to those at the forest level, the importance of the spatial distribution and temporal
dynamics of substrate for epiphyte colonization and mortality becomes particularly evident at the
tree level. Trees are dynamic systems in which new substrate is continuously generated by growth
processes, but also lost via branch fall. As the frequency of branch fall is size-dependent (Cabral
et al. 2015), the age and longevity of the substrate also shows pronounced within-tree gradients
from stable trunks to highly dynamic outer crowns, and this gradient contributes to the spatial

pattern of epiphytes within trees.

Population and community dynamics of epiphyte assemblages are influenced by the outlined
complex forest-epiphyte interactions at different spatial and temporal scales. As differences in
climatic conditions influence both epiphytes and forests (Quesada et al. 2012), an indirect climate
effect on epiphyte assemblages via variations in forest structure and dynamics can be assumed.
So far, epiphyte studies mainly focused on direct effects of climate on epiphyte diversity, and
water-related variables such as precipitation and humidity are considered as important
determinants (Gentry & Dodson 1987; Kreft ef al. 2004). However, a recent study by Ding ef al.
(2016) disentangled the direct effects of climate and soil on epiphyte diversity and abundance

along an elevational gradient from the indirect effects via forest structure using structural equation
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models. Interestingly, indirect effects explained a similar proportion of variations in abundance
and species richness as humidity, which highlights the fundamental impact of the forest structure

on epiphyte assemblages.

Sampling and monitoring epiphyte in their three-dimensional habitat is logistically challenging
as it requires climbing or technical equipment like canopy cranes, airships or canopy platforms.
Consequently, studies on composition, structure and particularly dynamics of epiphyte
populations and assemblages are rare compared to the numerous floristic works on epiphytes.
Mondragén, Valverde & Hernandez-Apolinar (2015) recently reviewed studies about the
population ecology of epiphytic angiosperms and found population growth rates based on matrix
analyses for only 30 epiphyte species of 2 families (bromeliads, orchids) - a very low number
compared to the total diversity of epiphytes (>27.000 species and 73 families, respectively; Zotz
2013). Regarding temporal dynamics of entire epiphyte assemblages, two repeated plot-scale
censuses (1 ha plot in Venezuela: Schmit-Neuerburg 2002; 0.4 ha plot in Panama: first census by
Zotz & Schultz 2008, second census by G. Mendieta-Leiva, K. Wagner & G. Zotz, unpublished
data) and two studies assessing temporal changes on specific host tree species (Socratea
exorrhiza: Laube & Zotz 2006; Annona glabra: Zotz, Bermejo & Dietz 1999) have been
conducted so far. Compared to soil-rooted plants data availability is thus limited, and in
combination with the lack of standardized methodology and terminology in epiphyte studies
(Mendieta-Leiva & Zotz 2015), this makes it difficult to develop a general theory on structure

and dynamics of epiphyte assemblages.

Mechanistic models are valuable tools to increase theoretical knowledge in ecology, which in turn
can inform field studies. Mechanistic models can help to disentangle the complex interactions
between forests and epiphytes by simulating and evaluating the effects of different hypothesized
mechanisms. In this study, we analyzed the effects of long-term forest dynamics on the structure
and dynamics of epiphyte assemblages by coupling a functional-structural forest model (FSFM)
with an individual-based epiphyte model. The FSFM simulates structural growth, establishment
and mortality of virtual three-dimensional trees at the stand scale, and each tree is represented by
a trunk and numerous branch segments up to the 2" order. Tree growth includes growth of trunks
and branches as well as establishment of new branches and branch fall. By coupling the FSFM
with an epiphyte model, detailed processes such as the fall of epiphyte attached to branches can
be simulated. We modelled different forest scenarios, which allow us to assess how (1) differences
in natural forest dynamics, (2) selective logging and (3) the size of the forest fragment influence

the long-term dynamics of epiphyte assemblages.
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5.3 Materials and methods

5.3.1 Model description

The model description follows the ODD (Overview, Design concepts, Details) protocol which
was proposed as standard protocol to communicate agent-based models (Grimm et al. 2006,

2010).

5.3.1.1 Purpose

The main purpose of this model is to analyze the influence of long-term forest dynamics on the
structure and dynamics of vascular epiphyte assemblages. Vascular epiphytes germinate and grow
on trees. Thus, the fate of individuals is connected with the dynamics of their host trees, which
grow and create new substrate, but which also shed branches and ultimately die and fall (Sarmento
Cabral et al. 2015; Taylor & Burns 2015). Driven by natural environmental differences or by
human interventions, the dynamics of different forests can differ substantially (Brown et al. 2004;
Wright 2005; Quesada et al. 2012). In this study, the impact of such differences on epiphyte
assemblages is studied by coupling a detailed three-dimensional forest model with an individual-

based epiphyte model.

5.3.1.2 Entities, state variables and scales

The model is three-dimensional and voxel-based, and its spatial extent depends on the spatial
dimensions of the coupled forest model, which usually covers an area of 0.25 to 1 hectare at a
height of ca. 50 m. The model space is subdivided into voxels of 1 m®, whose state variables
characterize three key environmental conditions: i) light intensity, ii) total area of arboreal
substrate, and iii) relative loss of substrate area (Table 5.1). The model proceeds in annual time
steps, commonly covering a period of 500-1000 year. The state variables of the voxels are updated
each year according to the result of the forest model (Fig. 5.1). Individual epiphytes are the actual
entities whose growth, reproduction and mortality are simulated as a function of their traits and
the environmental conditions in the voxels. The state variables and traits of epiphytes are

summarized in Table 5.1.
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Table 5.1. State variables and species-specific traits. The demographic processes of individual epiphytes in this model
are influenced by the state variables of the voxels describing the environmental conditions, and by the specific traits of
each species to which an individual epiphyte belongs to.

Symbol Description Unit Type

Vx Position of voxel in model space in X direction m State variable (voxel)

Vy Position of voxel in model space in Y direction m State variable (voxel)

V2 Position of voxel in model space in Z direction m State variable (voxel)

/ Light intensity umol m?s? State variable (voxel)

Ss Total surface area of arboreal substrate m? State variable (voxel)
Stoss Percentage annual surface loss % State variable (voxel)
IDnd Individual ID of epiphyte - State variable (epiphyte)
IDsp Species ID of epiphyte - State variable (epiphyte)
Ex Position of epiphyte in model space in X direction m State variable (epiphyte)
Ev Position of epiphyte in model space in Y direction m State variable (epiphyte)
E; Position of epiphyte in model space in Z direction m State variable (epiphyte)
M Mass of epiphyte g State variable (epiphyte)
A Age of epiphyte years State variable (epiphyte)
M max Maximum mass g Species-specific trait

M mat Mass at maturity g Species-specific trait

K Growth rate (Bertalanffy growth) a?l Species-specific trait

D Dispersal ability (negative exponential dispersal) - Species-specific trait

R Maximum number of recruits per individual # Species-specific trait

I Min Minimum light intensity for survival umol m?2s? Species-specific trait
IMax Maximum light intensity for survival umol m?s? Species-specific trait

lopt Optimum light intensity umol m?s? Species-specific trait

Ia Parameter A of parabolic light response curve - Species-specific trait

Is Parameter B of parabolic light response curve - Species-specific trait

Ic Parameter C of parabolic light response curve - Species-specific trait

40 -
70 m

50 -100 m

50 -100 m

Figure 5.1. Generation of microhabitat matrices based on the result of the forest model. The left hand side illustrates a
forest stand simulated with the FSPM. The spatial distribution of leaf area, branches and trunks is saved in each annual
time step and on this basis the light distribution, total substrate area and relative annual loss of substrate area is
calculated for each 1 m? voxel in the microhabitat matrix (right hand side), which forms the basis of the epiphyte model.
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5.3.1.3 Process overview and scheduling

The results of FSFMs at the stand scale (see chapter 4 for details) are used as input data for the
epiphyte model. Based on these results, 3D microhabitat matrices containing the state variables
of all voxel (Table 5.1) are calculated for each annual time step (Fig. 5.1). Using the initial
microhabitat matrix, the initial distribution of individual epiphytes belonging to different species
is generated (see section 5.3.1.5 for details). After initialization, the demographic processes
recruitment, growth and mortality are simulated at each time step (Fig. 5.2). Each adult can
reproduce at each time step, whereby the potential number of new recruits depends on the species-
specific fecundity (Table 5.1) and the body mass of the individual in relation to its species-specific
maximum mass. For each species, based on the position and potential number of recruits of each
adult, as well as the species-specific 3D dispersal kernel and the available substrate area in each
voxel, a probability matrix for establishment of new recruits is calculated. This matrix describes
how many new recruit of a species could potentially establish in each of the voxels of the
microhabitat matrix. The actual number of new recruits is then estimated based on Poisson
random values. After recruitment, growth of each individual is simulated as a function of its mass
and the light conditions in the specific voxel. In a last step, the mortality risk is estimated.
Individuals die if the light conditions are outside the species-specific light niche or if they are the
only occupier of a voxel whose surface area is too small to support the individual. In this case,
we assume that the individual falls off the branch/stem. If several individuals occupy one voxel
and their total space requirements exceed the available surface, smaller individuals are
outcompeted by larger ones. Furthermore, individuals may die due to branch or tree fall, whereby
the relative surface loss in a voxel defines the probability of mortality. In addition, body mass-
dependent mortality probabilities, which follow the quarter-power law of the metabolic theory,
are also used to account for causes of mortality not explicitly simulated. In the latter cases, random
numbers between 0 and 1 are drawn to decide between death and survival. After this final step,

the age of each surviving epiphyte is updated and the model proceeds with the next time step.
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Figure 5.2. Flowchart of the coupled forest-epiphyte model. Based on the results of the FSFM, a microhabitat matrix
characterizing the epiphytic habitat at each time step is generated. The initial spatial distribution of epiphytes and all
demographic processes of individual epiphytes are influenced by the microhabitat matrices.

5.3.1.4 Initialization

The initial microhabitat matrix describes the light conditions and the distribution of substrate in
each voxel and forms the basis of the initial epiphyte distribution. At first, a species pool
containing traits of a defined number of epiphyte species (here: 100) is generated. Subsequently,
the desired ratio of juvenile to mature plants in the initial assemblage is specified and, on this
basis, an identical number of individuals per species is assigned to each group. Here, we used a
total density of 400 individuals per species and hectare The maximum mass and the mass at
maturity are species-specific traits, and based on these the initial mass of each juvenile and adult
is randomly chosen from the range [0, mass at maturity] or [mass at maturity, maximum mass],
respectively. Then, all individuals of all species are placed in the initial microhabitat matrix.
Specifically, this means that for one individual after the other (to avoid biases, the sequence of
individuals is randomized), all suitable voxels are estimated and one of these is randomly chosen
as initial location. Suitable voxels have light conditions within the species-specific light niche
(Table 5.1) and enough unoccupied surface area for the individual. The initial state of the model
thus describes the location, state and species identity of each individual. This initial state is saved,

which allows replications using identical initial conditions.
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5.3.1.5 Input

The result of FSFMs simulated with the software GroIMP are used as input data in this model. In
theses FSFMs, growth, establishment and mortality of three-dimensional virtual trees is simulated
at the stand scale, whereby each tree consist of one trunk and branches up to the 2™ order. Based
on the 3D distribution and the dynamics of branches and trunks, the voxel-based distribution of
substrate areas and their changes can be estimated. In addition, as the 3D distribution of leaf area
is simulated at a resolution of 1m?, the 3D light environment can also be calculated. These input

data thus represent the dynamic of forests at a high level of detail.

5.3.1.6 Submodels
Generation of microhabitat matrices

A file containing the start position Pssiur’ '~ and end position Psgna™

of each branch segment in
3D space, as well its length Ls and diameter Ds, was saved at each time step in the FSFM (for
details see chapter 4). Based on Ls and Ds, the surface area of each branch segment As is
calculated:

Y[ LS ' DS
Ay =—"0— (5.1)

We assume that only the upper branch parts can be colonized by epiphytes, and hence the total
surface area of the branch segment is divided by 2. The maximum length of a branch segment is
given by the maximum internode length used in the FSFM, which in this case was 0.5 m. As the
side length of a voxel is 1 m, a branch segment may thus only intersect with a maximum of two
voxels in X, Y and Z direction. The intersecting voxels in X direction Vi are calculated as

follows:
Vinex = unique (ceiling(PssmrtX), ceiling(PSEndX)) (5.2)
Analogously, the intersecting voxels in Y direction Viyy and Z direction Vi are estimated.

Subsequently, the total number of intersecting voxel can be estimated as:

N = length(Vipex) - length(Viney) - length (Vinez) (5.3)
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As is evenly split among all intersection voxels, i.e. the total surface area in these voxels is updated

as:

Ag = Ag +——
BT (5.4)

In the vast majority of cases, branch segments are completely contained in a single voxel, or only

intersect with two voxel, and thus we consider this simplified method as appropriate.

The position of each trunk in X and Y direction P+*", as well as its length Lt and diameter Dr,
are stored in a separate file. Trunks are not split into several segments in the FSTMs and their
total surface areas thus have to be partitioned among intersecting voxel. To this end, we assume
that each trunk has the form of'a cone and only consider voxels directly above the voxel containing

P7*Y. The highest voxel the trunk is intersecting with V'zm.x can easily be calculated based on Lr:

Vzmax = ceiling(Lr) (5.5

For this voxel, the length of the intersecting trunk part Lts is calculated as follows:

Lrs = Ly — floor(Lr) (5.6)

As the radius in a cone linearly decreases with height, the radius at the intersection between the

trunk part and the voxel i, can be estimated as

_ Lrs - Ds
Tme =7 "o (5.7)

Based on ri,; and Lts, the lateral surface of the cone in this voxel Apr representing the surface

area can be calculated:
Apr =T Tt ',’T”Int2 + Lrg? (5.8)

Analogously, the total lateral surface of the cone spanning from the intersection between the next
lower voxel to the maximum tree height can be estimated. To calculate the surface area only
intersecting with the specific voxel, Agr has to be subtracted from this. Following this routine

from the highest to the lowest voxel, the surface area in each voxel can be calculated.
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Looping through the trunk and all branch segments, the total surface area in each voxel is
calculated successively. To estimate the relative loss of surface at this time step, the list of all
branch segments and trunks is compared with the list in the succeeding time step. As each of this
tree parts has a unique identifier, it can easily be estimated if it got lost in this year. Following the
same procedure as described above, the loss of surface area in each voxel is calculated, and by

relating this loss to the total surface area, the percentage annual loss Sioss is estimated.

The light intensity in each voxel is calculated based the total leaf area in each voxel which was
saved at each time step in the FSFM. Based on the sum of Airo" ' in all voxels above the

specified voxel, the leaf area index LAY for each voxel is calculated.

EMaxZ A XYZ
z Ltot

LAI*YZ =
Ly®

(5.9)

where Lv is the side length of a voxel. Assuming a Lambert-Beer extinction law, the single-

column light intensity /sc*¥* is calculated based on LAIXY?,

_ . XYZ
XYZ _ I - e~ Ve LaIX"%)

Isc (5.10)

where /max is the light intensity above the canopy and kr the light extinction coefficient. This
method assumes that solar radiation only penetrates directly from above and disregards additional
processes like light reflection. This is an oversimplification, particularly in such heterogeneous
forests as simulated here. To get a more realistic estimation of the average, effective light intensity
within a voxel X%, the single column light intensity /sc*** in the voxels surrounding the focal
voxel in x and y direction are additionally taken into account. The number of surrounding voxels
considered depends on the parameter LR which defines how many rectangular rings around the
focal voxel are considered. For each considered voxel, the relative contribution Cr is calculated,

XYZ

with £ Cr =1. Cr thus defines how strong /sc*¥* in each voxel contributes to /*¥* and we assume

that all rings contribute equally:

1 1
" LR+1 max(LR-8) (5.11)

Cr
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On this basis, IXY% is calculated as

Xmax Ymax

17 = z z Isc™"” - Cr (5.12)

Xmin Ymin

where Xmin=X-LR and Xmax=X+LR (likewise for Y).

Generation of initial species pool

At the beginning of each simulation, the local species pool containing the trait information of ns,
species is initialized. Each species has a unique identifier and is characterized by a set of traits
(Table 5.1). Some traits are randomly chosen from defined ranges (Table 5.2), others are related
to the body mass following the principles of the metabolic theory of ecology (MTE; Brown et al.
2004).

Table 5.2. Parameter ranges of the epiphyte model.

Symbol/parameter Description Unit Range
Mmax Maximum mass of species g [2, 1000]
Mprel Relative mass in relation to maximum mass at which  pmol m s’ [0.5,0.8]

maturity is reaches

Dx Factor b in negative exponential function - [0.1,0.8]
Dxas Dispersal kernel asymmetry - [0.5,0.9]
Hwiean Mean height relative to forest height - [0, 1]
HRange Height range (relative) [0.2,0.8]
nr Average number of recruits per mature plant [5,10]

First, the maximal body mass Mwax of each species is specified based on the defined lower and
upper limits My~ and My (the superscripts in this section always refer to the user-defined
upper and lower limits of a specific parameter; see Table 5.2). We assume that smaller species
are more frequent and thus chose Mma.x randomly from the uniform distribution after log

transformation of Myax" and Myiax":

My = 10401008 (Mrrax"),108(Myax")) (5.13)
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We assume that the mass at maturity My scales with Max:

Myar = Muax - unif(MRelL:MRelU) (5.14)

where Mr. defines the ratio between M, and Mmax. The MTE predicts a positive quarter-power
scaling of the age at maturity Ama With Myax (Brown et al. 2004; Duncan, Forsyth & Hone 2007),

and accordingly Awma is calculated as follows:

Amar = (kmae + AMat1/4) ~unif(Ayacper” Amatper” ) (5.15)

where kma is the intercept of the Ama-Mwmax relationship. To add stochasticity, the relative

deviation from the mean trend Amamev 1S also considered.

In this model, epiphytes grow according to the Bertalanffy growth law (see subsection growth),
in which the growth rate (or curvature parameter) K is a species-specific parameter. This

parameter can be calculated based on Myax, Mma and A wma: as follows:

log(1) + log (1 - %)
K — Max
AMat

(5.16)

In natural epiphyte communities, a pronounced vertical stratification is usually observed (Kromer
et al. 2007, Petter et al. 2016). The reasons why species occurrences are limited to specific vertical
ranges are complex; however, in this model we assume that light defines the niche. In a forest
canopy, the light intensity does not vary linearly from the upper strata to the forest floor, but rather
non-linearly, commonly described by a light-attenuation law such as Lambert-Beer. Hence, the
height niche and the light niche are not linearly related. As vertical niches of epiphyte species are
better studied and more intuitive, we at first specify the vertical niche for each species in a
standardized forest (Optimum height, minimum height and maximum height relative to the
maximum height of the forest), and subsequently translate the vertical niche to the light niche.

Thus, at first the relative mean height Hwean is randomly chosen for each species:

Hyean = unif(0,1) (5.17)
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Hean defines the mean height of the vertical niche relative to the maximum height of a
standardized forest, and thus may vary between 0 and 1. The breadth of the vertical niche Hrange

is randomly chosen from the defined ranges Hrange:

HRange = unif(HRangeL' HRangeU) (5.18)

The lower and upper boundary of the vertical niche can be determined based on Hwean and Hrange

as follows:
H ange
Hyin = max (0: Hyean — %) (5.19)
. H ange
Hpyax = min (1' Hyean + u) (5.20)

Hwin and Hwuax are thus truncated when exceeding the natural vertical limits of 0 and 1. Based on

the upper and lower limits of the vertical niche, the limits of the light niche are estimated as

follows:
Lyin = I - e~ (kL'LAI*(1-Hpmin)) (5.21)
IMax = IC . e—(kL'LAI*(l_HMax)) (522)

where /¢ is the average light intensity above the canopy and the LAI is the leaf area index in the
hypothesized forest. We assume that the light optimum of each species lies midway between /min

and viax:

_ IMmintIMax

lope =—— (5.23)

Ivin and Iviax define the light intensities under which a species can survive. However, it would be
too simplistic to assume that the growth of a species would be constant under all light conditions
in the niche. Thus, we assumed that growth would be maximal under optimal light conditions /op:,
and is reduced when deviating from this optimum. We use a parabolic growth response to simulate
this situation (see submodel growth), whereby the vertex of the parabola is given by Jop: and Iwin

and /wvax define the points at which the growth response becomes zero.

The parameters of this growth response function (a, b and ¢) are thus species-specific parameters

that are calculated as follows:
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_ Imax—IMin
(IMin_IMax)'(IMin_IOpt)'(IOpt_IMax) (524)

a

2 2
IMax”—IMin

(5.25)

- (IMin_IMax )'(IMin_IOpt )'(IOpt_IMax )

(IMin 2'IMax)_(IMin 'IMaxz)

c= (5.26)

- (IMin_IMax )'(IMin_IOpt )'(IOpt_IMax )

Now, the species-specific parameters related to dispersal and reproduction are defined. We use a
negative exponential function to describe the dispersal kernel (see section establishment), and the
species-specific parameter Dk describing the shape of the kernel is randomly chosen from the

uniform distribution on the interval [Dx", Dx"]:

Dy = unif(Dg", D") (5.27)

Dispersal kernels define the probability of dispersal as a function of distance from the source.
They are mainly use in one- or two-dimensional space. A simple application of common kernels
in three-dimensional space might not be adequate, as due to the effect of gravity downward
dispersal is more probable than upward dispersal. To account for this effect, we additionally
defined the species-specific trait dispersal kernel asymmetry Dkas, which is randomly chosen as

follows:

Dgas = unif(DKAsL' DKASU) (5.28)

This traits describes the probability that seeds are dispersed below the mother plant; hence
Dxa=0.5 describes a symmetric dispersal in all direction (for more details see section

establishment).

Finally, traits related to the fecundity of the species are defined, and the average number of

recruits per mature plant nr is randomly chosen based on the defined ranges as follows:

ng = unif(ngt, ng¥) (5.29)

This model does not separate the processes seed dispersal, germination and seedling
establishment; nr can thus be understood as number of seedlings from a single mother plant that
could establish in one year if substrate area of a sufficient size (1 m® of substrate per voxel) would

be available in the surroundings of the mother.

130



Materials and methods

As the entire process of recruitment of epiphytes is complex and not well-studied, we did not
integrate an effect of the body mass of the species on the number of recruits, i.e. both small and
large plants can have similar 7#z in our model. However, Zotz (1998) observed that within a
species, the number of fruits/seedlings increase with size of the epiphyte. To account for this, we

integrate a species-specific trait nrmc that is randomly chosen as follows:

Npine = unif(ngnc, npmeY) (5.30)

This trait describes the ratio between the number of recruits at maximum mass and the number of
recruits at the mass at maturity, i.e. an ngp.=2 means that a at maximum mass the number of

recruits is twice as high as at mass at maturity.

Generation of initial distribution

Based on the local species pool, an initial spatial distribution of the epiphyte assemblage is
generated. First, the number of individuals per species and ha (nn,) and the ratio of juvenile to
mature plants (7vy) are defined (here: ny,=400 ha™' and r\;=0.5). Subsequently, a list containing
all individuals in the assemblage is generated, and individuals of each species are divided into
juveniles/adults according to rvy. For each juvenile, the initial body mass M is randomly chosen

as follows:

(M
M = unif (42 My, ) (5.31)

The initial mass of each adult is estimated accordingly:

M = unif(MMat, MMax ) (532)

The positions in the list containing all individuals are randomly shuffled, and following this order
each individual is distributed on the initial microhabitat matrix. Specifically, this means that, at
first, all voxels having light conditions within the species-specific light niche (Imin, /max) are
selected as potential habitat. Subsequently, voxels whose unoccupied surface area is smaller than
the space requirements of the individual are excluded. The space requirements are calculated as

follows:

S=M?*3-gs (5.33)
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where gs is a scaling parameter. This means, we assume that the space occupied by an individual
scale with its mass to the power 2/3, and gs relates M*” to occupied surface area. Finally, after all
potential voxels have been identified, a single one is randomly selected as initial location of the
individual and the total occupied surface area in this voxel is updated accordingly. This procedure
is repeated for all individuals. If there should be no suitable voxel for an individual, this is
recorded and thus allows evaluating the adequacy of the initial distribution before starting the

actual simulation.

Recruitment

Recruitment in each time step is based on 3D probability matrices. To calculate these matrices,
3D distance matrices are calculated at first (dimension in X direction = (2 MaxX) +1;in Y and Z
direction accordingly). The Euclidian distance to the center of the matrix is calculated for each
voxel of these matrices. Based on the distances, the probability for dispersal in each voxel is

calculated using the dispersal kernel which is described by a negative exponential function:

Ppg = e~PvPx (5.34)

where Dy is the distance to the central voxel and Dk is the species-specific dispersal parameter.
We assume that the dispersal kernel is not symmetric in Z direction, and the species-specific
asymmetry is defined by Dka. The probabilities of dispersal in all voxel above the central voxel

are thus modified as follows:

Pp = Ppg-2-(1—Dgy) (5.35)

Accordingly, the probabilities of dispersal in all voxel below the central voxel are modified:

Pp = Ppr 2+ Dgy (5.36)

After Pp for all voxels are calculated, the probabilities are normalized so that: > Pp=1.

Now, for each mature individual in the community, the potential number of recruits is calculated

as follows:

Nooor = o * Tpy .+ ——MMat
RPot — "*R " '‘RInc Mpat—Muyax (5'37)
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Subsequently, for each adult, the probability matrix is multiplied with nrpo and a sub-matrix of
this probability matrix is generated. This sub-matrix has the same dimensions as the microhabitat
matrix (MaxX, MaxY, MaxZ) and is selected in such a way that the 3D position of the individual
epiphyte matches the central voxel of the probability matrix (This sub-setting step is the reason
for the doubled dimensions of the probability matrix as this allows to generate an adequate subset
at all possible position of epiphyte in the microhabitat matrix). This matrix is multiplied with the
surface matrix and the niche matrix, which describes suitable voxel with a 1 and unsuitable ones
with a 0. The resulting final matrix describes how many new recruit of a species could potentially
establish in each of the voxels of the microhabitat matrix. The actual number of new recruits is

then estimated based on Poisson random values.

Growth

Growth of each individual is simulated as follows:

Mesr) = M(0) + k * (Myax — M) - (@ Iy* + b - Iy +¢) (5.38)

This equation combines a Bertalanffy growth function, in which the growth rate declines with

increasing body mass, and a parabolic light-response function.

Mortality

First, the mortality due to branch fall is simulated based on the relative loss of surface in the voxel
of the individual. We assume that the probability that an individual falls attached to a branch
equals the relative loss rate of surface area. This means, if 30% of the area in a voxel is lost due
to branchfall, the mortality probability is mgr=0.3. For each individual, random numbers are
drawn from the uniform distribution on the interval [0, 1] and, on this basis, mortality is

determined.
Second, individuals die when light conditions are outside their light niches.

Third, we use a mortality rate following the MTE to account for cause of mortality not considered
in this model. In this case, the mortality probability scales with the mass of an individual and is

calculated as follows:

Mmyre = kM + M_1/4

(5.39)
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where kv is the intercept of this scaling function. For each individual, random numbers are drawn

from the uniform distribution on the interval [0, 1] and, on this basis, mortality is determined.

Fourth, mortality due to competition for space is simulated. If the total surface area in a voxel is
lower than the space required by all epiphytes in the voxel, the smallest individual is removed
successively until the space requirements are fulfilled. This procedure is only applied to voxel

with at least two individuals.

Fifth, if a voxel contains a single individual whose space requirements cannot be fulfilled, we

assume that this individual falls off the branch.

All dead individuals are removed from the community, the age of all surviving ones are updated

and the model proceeds with the next time step.

5.3.2 Model validation and scenarios

Model parameterization and validation

The main objective in this study is to analyze how differences in forest dynamics affect the
structure and dynamics of epiphyte assemblages based on different simulation experiments. In
chapter 4, we simulated a structurally realistic Neotropical lowland forest, and this forest model
constitutes our reference scenario. In order to compare epiphyte assemblage on this reference
forest with other forest scenarios, a realistic epiphyte model that reproduces the dynamics and

structure of natural epiphyte communities is required.

Our knowledge on the long-term dynamics of epiphyte assemblages is very limited, i.e. data to
which we could fit the model is not available. However, we can assume that an epiphyte
community should be in a dynamic equilibrium state in the long term. In addition, Zotz et al.
(1999) observed that most epiphyte assemblages show no signs of ‘saturation’; thus a non-

saturated assemblage in dynamic equilibrium state can be assumed.

In contrast to the dynamics, the structure of epiphyte assemblages is better known. In this study
we had access to two independent datasets from Panama and Ecuador, in which the 3D epiphyte
distribution was observed (Panama: 0.4 ha, see Zotz & Schultz 2008 for details; Ecuador: 0.1 ha,
unpublished data by H. Kreft and N. Koster). All individuals in these datasets were identified to
the species level. For each dataset, we analyzed the vertical distribution of individuals, the vertical
stratification of species, the size distribution and rank-abundance curves. These ecological

patterns were used to parameterize and validate our model.
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We began by generating a number of the different species pools which we simulated on the
reference forest over 100 years. The average population growth rates for these species were
estimated and used to assess their fitness; species with exploding populations or those which go
extinct are not appropriate to be included in the final model. By assessing population growth rates
and adjusting the parameters according, we were able to obtain species pools with many suitable
species. However, as a few dominant species in a species pool with very high population growth
rates can still have a strong effect on the dynamics of the assemblage, we only included species
whose average population growth rates were between 1 and 1.01 in the pool of suitable species.
On this basis, we generated ten local species pools containing 100 suitable species each, and
simulated their dynamics over 600 years on five replicates of the reference forest. The suitability
of these simulations was evaluated by comparing the resulting ecological patterns with those

observed in the empirical datasets.

Simulation experiments

After we identified ten sets of species pools which simulated suitable epiphyte assemblages on

the reference forest, we simulated these species pools on a number of different forest scenarios.

In the first simulation experiment, we assess the effect of differences in natural forest dynamics
on the dynamics of the epiphyte assemblages. We generated three forest scenarios in addition to
the reference forest, which differed in their stem turnover rates. These scenarios are referred to as
high-turnover scenario, low-turnover scenario and very-low-turnover scenario. The dynamics of
twelve important forest attributes in these scenarios are illustrated in Fig. D.1. In addition, we
generated a scenario in which the reference forest is stable and does not show any dynamics. In

other words, the forest stays as it is in the initial time step and no branches or trees ever die.

In the second simulation experiment, we assess the effect of selective logging on the dynamics of
the epiphyte assemblages. We generated three different logging scenarios which differ in the
diameter at which the trees are logged. These scenarios are referred to as logging40, logging45
and logging50 scenario according the minimum diameter for logging (see Fig. D.2 to compare

these scenarios with the reference forest)

In the third simulation experiment, we assess the effect of fragment size on the dynamics of the
epiphyte assemblages. We simulated the references forest at three different spatial scales (0.25,
0.5 and 1 ha; see Fig. D.3). Epiphyte density was identical in all initial epiphyte assemblage, i.e.

400 individuals per species and ha.
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5.4 Results

Model validation

Long-term dynamics of 10 different initial epiphyte assemblages on five replicates of a typical
lowland forest are shown in Fig. D.4, and the averaged dynamics in each forest replicate are
presented in Fig. 5.3. The simulations indicate that the assemblages reached a dynamic
equilibrium state, but fluctuations in abundance were pronounced (Fig. 5.3a). These fluctuations
were more influenced by differences in forest dynamics among forest replicates than by
differences in the initial epiphyte species pool (Fig. D.4a). Annual community growth rates
ranged from ~0.9 to ~1.05 a”' (see example in Fig. D.5a). Drastic short-term losses in abundance,
caused by the fall of larger trees, were thus compensated by positive community growth rates in
periods without substantial tree mortality events (Fig. D.5a). Overall, mean annual mortality rates
of ~14% were observed (Table D.1). On average, 3.6% a™' of all individuals fell to the ground
attached to branches, and 2.4% a' fell off branches (Table D.1). Mortality due to competition
(0.9% a™) or due to changing environmental conditions following changes in forest structure
(0.5% a') was less important. We also used a mass-dependent mortality rate following the
principles of the metabolic theory to account for causes of mortality not explicitly simulated, and
this mortality rate was approximately 6.9% a™. All species survived the initial ~50-80 years, but

subsequently some species went locally extinct (Fig. 5.3b).
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Figure 5.3. Simulated long-term dynamics of vascular epiphyte communities. Five replicates of a typical lowland forest
stand (50 x 50 m) were simulated (see Fig. D.1 for forest attributes) and used as input data for the epiphyte model. On
each of these forest replicates, the development of epiphyte communities, which initially consisted of 100 individual
of 100 species, was simulated over 600 years. Ten different initial species pools were simulated on each forest replicate
and means (bold lines) and standard deviations (shaded areas) of abundance (a) and species numbers (b) are shown.
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Results

Starting from an even initial distribution (100 individuals per species), our model simulated
typical right-skewed rank-abundance distributions. However, deviations occurred at the tails of
the distributions compared to the two reference epiphyte assemblages (Fig. 5.4a). This means that
rare species represented by only few individuals (i.e. singletons) were underrepresented in

comparison to the reference assemblages.

In the dynamic equilibrium state, epiphytes were not evenly distributed along the vertical axis of
the canopy. Rather, relative abundance peaked in the canopy zone between 20 and 30 m in later
time periods (Fig. 5.4b). At the beginning of each simulation, species were randomly distributed
on available substrate within their potential light niches (also see Fig. 5.5a) and the initial vertical
distributions of epiphyte assemblage resembled the vertical distribution of available substrate in
the forest (compare panels a, d and g with panel j in Fig. D.6). However, in almost all simulations,
a clear shift in relative abundance with time towards higher zones of the canopy was observed
(Fig. D.6c¢,f,1). The temporal changes in 3D distribution are additionally visualized in comparison

to the reference assemblages in Fig. D.7.
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Figure 5.4. Rank-abundance curves and vertical distributions of epiphytes: (a) Relative abundances of species sorted
by their abundance rank in descending order in one representative model run at several time steps in comparison to
empirical data from rainforests in Panama and Ecuador. (b) Simulated vertical distribution of epiphytes in comparison
to empirical data from Panama and Ecuador.

The simulated vertical stratification of species resembled observed patterns in the reference
assemblages (Fig. 5.5). However, the variability in height ranges was less pronounced and
particularly such narrow height ranges of low trunk specialist, which were abundant in the

Ecuadorian plot, were not simulated.
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The simulated assemblage was clearly size-structured and dominated by smaller individuals (Fig.
5.6a). Averaged over all forest replicated and time steps, the epiphyte biomass was approximately

from Panama (b) and Ecuador (c). The simulated height distribution after 300 years in one representative model run is
350 kg per ha.

Figure 5.5. Vertical stratification (measured as height above ground) of species in our model (a) in comparison to data
shown.
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Figure 5.6. Size-distributions in epiphyte communities: (a) Model, (b) Panama, (c¢) Ecuador.
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Simulation experiments

Differences in natural forest dynamics clearly influenced the abundance, diversity and ‘saturation
level’ of the epiphyte community (Fig. 5.7a,b,c). The percentage of arboreal substrate occupied
by epiphytes, which we used to characterize the saturation level of the epiphyte assemblage,
reached relatively stable levels that were clearly distinguishable between the different forest
scenarios (Fig. 5.7¢c). A stable, non-dynamic forest was used as reference, and in this scenario the
epiphyte community occupied ~40% of total available substrate area. There are two main reasons
why this level represents a “saturated” community. On the one hand, we assumed that epiphytes
can only occupy the upper branch surface. On the other hand, we used a voxel-based approach in
which individuals were removed from a voxel if their total space requirement exceeded the
available surface area in a voxel (space competition), and thus the surface in voxel is normally
not completely filled. The reference saturation level was almost reached in the forest scenario
with very low tree turnover rates, but all other scenarios were below this level and their sequence
matched tree turnover rates, with decreasing saturation levels with increasing turnover rates (Fig.
5.7¢). Epiphyte abundances showed similar patterns for the non-saturated forests, but in the
saturated forest the abundance decreased over time (Fig. 5.7a). This decrease is due to the
assumed size-asymmetric competition whose effects increased with saturation. The generally
higher abundances in the scenario with very low tree turnover rates compared to the reference
scenario can be explained by the larger arboreal surface areas, owing to a higher density of large
trees (Fig. D.1). Rates of local species extinctions also differed among forest scenarios and the
number of species surviving until the end of the simulation was clearly influenced by stem
turnover (Fig. 5.7b). Interestingly, species numbers in the low and very low turnover scenarios

were almost identical, although effects on abundance were consistent.

Selective logging of larger trees resulted in lower abundances, species numbers and saturation
levels (Fig. 5.7d,e,f). Interestingly, a reduction in minimum tree size for logging from 45 to 40
cm had catastrophic effects on the epiphyte assemblage and resulted in a near-complete extinction

of the epiphyte assemblage.

The fragment size clearly influenced species extinction rates (Fig. 5.7h). Differences in
abundance and saturation levels in turn were less pronounced and not consistent (Fig. 5.7g,1). The

increased abundance at the 1 ha plot might, however, be related to the higher species numbers.
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Figure 5.7. Effects of differences in forest dynamics, logging regimes and fragment sizes on abundances, species
numbers and occupied substrate areas of epiphyte assemblages. Each panel shows the averaged temporal development
of epiphyte assemblages over 600 years in forest stands with different forest dynamics, logging regimes and fragment
size: (a-c) Forests differing in their natural dynamics (Fig. D.1), (d-f) forests differing in their logging intensity (Fig.
D.2), and (g-i) forests differing in their fragment size (Fig. D.3). For each of these forest scenarios, five replicates were
simulated and used as input data for the epiphyte model. In addition, ten different species pools of vascular epiphyte
were generated and separately simulated for each forest replicate. Thus, for each forest scenarios a total of 50 epiphyte
simulation were conducted, and mean values (bold lines) and standard deviations (shaded areas) are shown here.

5.5 Discussion

In this study, we coupled an individual-based epiphyte model with a functional-structural forest
model to analyze how natural or human-induced differences in long-term forest dynamics affect
the structure and dynamics of epiphyte assemblages. Before the simulation experiments were
conducted, the model was validated with field data from two lowland sites in Panama and

Ecuador.
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Model validation

Epiphyte assemblages simulated on typical lowland forests showed pronounced fluctuations in
abundance in single model runs (Figs. 5.3 and D.4) but a comparably stable equilibrium when
averaged over all model runs (Fig. 5.7a). Direct comparisons with observations are currently not
possible as data on the community dynamics over such long periods are generally rare (e.g.
Silvertown et al. 2006) and non-existent for epiphytes. Hence, validation of the dynamic model
behavior can only be based on the few studies with repeated censuses covering shorter periods of
time. In a lowland forest in Venezuela, an increase in abundance from 940 to 1516 individuals
within four years was observed (1 ha plot; Schmidt-Neuerburg 2002) and a similar relative
increase from ~11,500 to >17,000 individuals was found in a Panamanian forest (0.4 ha plot; first
census: Zotz & Schultz 2008; second census: G. Mendieta-Leiva, K. Wagner & G. Zotz,
unpublished data). In addition, Laube & Zotz (2006) monitored changes of epiphyte assemblages
on a palm tree species, and the total number of individuals increased from 763 (1999) to 899
(2002) and 957 (2004). These observed positive trends on the scale of individual trees and small
study plots clearly hint to unsaturated epiphyte communities. We observe similar positive trends
in community growth rates over even longer periods in our simulation models (Figs. D.4 and
D.5). However, in our simulations such increasing trends were interrupted by pronounced tree
fall events, which resulted in sharp decreases in abundances and prevented the epiphyte
community from being saturated (compare dynamic and static lowland forest in Fig. 5.7¢c). Zotz
& Schultz (2008) reported that a single large tree hosted almost 15% of all epiphytes in their 0.4
ha plot; such trees disproportionately abundant with epiphytes will eventually die and this leads
to pronounced local losses of epiphytes. The highly dynamic behavior of the simulated epiphyte
assemblage at the local scale (simulated area: 0.25ha) thus seems to agree with observations,
although the magnitude of fluctuations and the frequency of drastic reductions in abundance

following large gap creating events cannot yet be verified by observations.

Our knowledge on community-wide mortality rates of vascular epiphytes is limited. Epiphytes
may die in situ, for instance, owing to herbivory or desiccation, or they may fall to the forest floor
either off branches or attached to branches, where their longevity is generally very limited
(Matelson et al. 1993). Whereas in our model we are able to trace the fate of each individual, this
is complicated in the field due the difficult access to the canopy. Hietz (1997) used repeated
photographs of branch sections in a montane forest in Mexico to monitor epiphyte assemblages,
and reported average annual mortality rates of ~16%. Our simulated average mortality rate of
~14% agrees surprisingly well with these observations. However, we want to emphasize that
almost half of the deaths in our simulations were based on the size-dependent mortality rate we
included to account for mechanism not explicitly simulated. Mortality rates of epiphytes

commonly decline with size (Zotz & Schmidt 2006), increased vulnerability to drought in smaller
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size-classes being considered the main cause (Winkler, Hiilber & Hietz 2005; Zotz et al. 2005).
The size-dependent mortality rate thus represents this ontogenetic shift in mortality which,
however, does not emerge from model mechanisms and thus should be regarded as free model
parameter. In contrast, the additional causes of mortality in our model result from epiphyte-forest
and epiphyte-epiphyte interactions. Mortality due to competition was of minor importance (<1%),
which is in line with observations in forests with low epiphyte densities (Zotz & Vollrath 2003).
Mortality due to falling branches or trees (~3.6%) and due to the fall off branches (~2.4%) was
more important. Sarmento Cabral et al. (2015) estimated annual mortality rate of 4% related to
these two causes of mortality based on sampling of the forest floor for fallen epiphytes and
comparisons with the known abundance in the canopy. However, they did not include fallen trees.
In his study based on photographs, Hietz (1997) observed annual mortality rates related to
branchfall of ~7%. A direct comparison with these studies is difficult, also because the mortality
rates in our model varied substantially (Table D.1). However, the magnitude of the simulated
mortality rates is within the range of direct observations. In addition, as the relative importance
of the different causes of mortality generally agrees with expectation in epiphyte systems, the

representation of mortality in our model seem to be plausible.

Species numbers showed a general decline over time in all model runs. This is partly a result of
the experimental design. We assume a closed forest system with no dispersal from outside and
consequently, species that are lost due to local extinctions cannot recolonize. A similar situation
is virtually impossible in natural systems, as even remote forest fragments are to some extent
linked to epiphyte source areas via long-distance dispersal. Non-fragmented old-growth forests
are usually characterized by rather stable species numbers, or even increasing species numbers
following forest succession (Benavides, Wolf & Duivenvoorden 2006). While direct comparisons
between simulated changes in species diversity and observations are thus not useful, comparisons
between model runs can be valuable as they indicate differences in species loss rates driven by

forest dynamics (see simulation experiments below).

In contrast to our relatively meager quantitative data on community dynamics, we do have
adequate knowledge of how epiphyte assemblages are structured. Species abundances typically
show a right-skewed distribution with a few dominant species and rather rare species (Benavides
et al. 2005, 2011; Laube & Zotz 2006). Our model reproduced a similar right-skewed distribution
but the relative proportion of rare species was underestimated (Fig. 5.4a). This deviating pattern
can be explained by the above-mentioned specific design of the simulation experiments, in which
a small, closed system without dispersal and recolonization from outside is simulated. Under these
conditions, rare species inevitably go extinct. Epiphyte species often show a patchy scattered
distribution and even in larger areas many of them are locally rare (Kiiper et al. 2004). This

indicates that large fragment sizes or sufficient connectivity to source areas are required to support
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the many potentially rare species and our closed and small-scale system is simply not well-suited
to reproduces this situation. However, as the contribution of rare species to total abundance is
negligible, the pattern in abundance and the saturation level of the community should not be

strongly biased by this limitation.

The vertical stratification of epiphyte species and the vertical distribution of individuals in the
assemblage is another remarkable feature of epiphyte communities (Zotz 2007; Kromer et al.
2007; Petter et al. 2016). The vertical stratification of epiphyte species in our model was similar
to field observations, although the variability in height ranges was less pronounced (Fig. 5.5).
This general simulated pattern is not surprising as the light niche of each species is not an
emerging model property but rather an adjustable trait itself that is randomly selected based on
user-defined ranges. This niche-based approach should be appropriate to approximate potential
niches of many species, but it may be too simplistic for species with complex niche requirements,
for instance trunk specialist like many Hymenophyllaceae (Kromer et al. 2007), which often only

inhabit the lower trunk parts, i.e. have a very narrow height range (Fig. 5.5¢).

In contrast to the vertical stratification of species, the vertical distribution of individuals in the
epiphyte assemblage is more interesting because it is an emergent property of the modelled
processes. Starting from an initial vertical distribution that largely resembled the surface area of
arboreal substrate (Fig. D.6), accumulations of individuals in higher canopy zones consistent with
observations in the reference assemblages were observed (Figs. D.6 and 5.3b). Such
accumulations also agree with tree-based observations of abundance peaks in the inner crowns of
large trees (Johansson 1974), which are often explained by favorable water and light conditions
in this zones (ter Steege & Cornelissen 1989; Benzing 1990). However, Zotz & Schultz (2008)
speculated that such pattern might, at least partly, reflect spatial differences in available substrate
area, which, however, are almost impossible to measure in natural systems. Although we cannot
know with certainty that the vertical distribution of substrate area in our forest models mirrors
reality, it nevertheless is remarkable that an unequivocal effect of substrate area on epiphyte
abundance was not simulated in later time periods. Although not explicitly analyzed, we assume
that enhanced connectivity between suitable substrate areas in the canopy zone facilitates
dispersal and establishment and thus might explain the simulated pattern. Based on the result of
independent studies analyzing the spatial community structure of epiphytes, which indicated that
effective dispersal and colonization is predominantly a very local process (Zotz et al. 1999;
Trapnell, Hamrick & Nason 2004; Trapnell et al. 2013), we applied rather local dispersal kernels.
Such local dispersal is more effective when available substrate is more homogenously distributed
as in the canopy zone, and not as patchy as in the understory, where the distance between suitable

stems is larger. As this local dispersal mechanism not only led to realistic vertical frequency
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distributions, but also reproduced the delayed colonization of understory trees reasonably well

(see example in Box 1), dispersal seems to be appropriately represented in our model.

Natural plant communities are usually size-structured (Muller-Landau ef al. 2006b; West, Enquist
& Brown 2009) and the two reference epiphyte assemblages unequivocally showed the expected
trend towards lower densities of larger size classes (Fig. 5.6). Although simulated correlations
were weaker than in the reference systems, the general size structure was reasonably well-
reproduced by the model. Variations in population density with size within natural communities
can largely be explained by how individuals use resources as a function of their size (Enquist,
Brown & West 1998; Brown ef al. 2004). In our model, mortality and age/size at maturity were
defined as a function of size: mortality rates decrease with size while maturity ages increase.
Space was the only resource the individuals competed for and, in addition, the maximum size of
species in the initial species pool was randomly chosen on a log-normal scale. This means that
smaller species were overrepresented in the species pool. Both the defined size-skewed species
pool, as well as the size-dependent behavior of individuals emerging from our model approach
thus contributed to the size pattern of the community. Our approach might omit many other size-
dependent processes in natural communities; however, for the purpose of this study it appears to

be appropriate.

In summary, despite the relatively simple demographic model describing growth, reproduction
and mortality of individual epiphytes in a complex and dynamic 3D forest structure, composition
and structure of the epiphyte assemblage was adequately simulated and the long-term dynamic
model behavior seems to be reasonable. Thus, the level of detail of our model appears to be

appropriate for addressing the main research questions with simulation experiments.

Simulation experiments

In the first simulation experiment, we assessed the influence of difference in natural forest
dynamics (Fig. D.1) on the dynamics of epiphyte assemblages (Fig. 5.7a-c). Four forest systems
with different stem turnover rates were coupled with the epiphyte model, whereby the stem
turnover rates represented typically variations between 1% and 3% per year in tropical rainforest
(Phillips 1996; Phillips et al. 2004b; Lewis et al. 2004b). However, it should be noted that due to
the complex interaction in forests, such variations in turnover rates also affected additional
attributes in our models such as the residence time of above-ground biomass or the total basal
area (Fig. D.1). A striking result of this study is that the forest-epiphyte interactions generally not
only prevented saturation of the epiphyte community, but also that the saturation level was

controlled by the dynamic behavior of the forest (Fig. 5.7). When assessing these results one
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should bear in mind that our approach allows us to separate the endogenous epiphyte dynamics
(determined by the species traits) from exogenous effect of forest dynamics. In contrast, such
clear separation is commonly not possible in natural systems as differences in climatic conditions
simultaneously affect the epiphyte dynamics and the forest dynamics. Ding et al (2016)
investigated the relative importance of direct and indirect effects on epiphyte species diversity
and abundance along an elevational gradient in a tropical rain forest in China. They found that
the direct effect of increasing humidity with elevation and the indirect effect of differences in
climatic conditions via forest structure were of similar importance in explaining a mid-elevation
peak in epiphyte abundance. This is an interesting result as differences in abundance or epiphyte
biomass are commonly attributed mainly to the effect of humidity (Gehrig-Downie et al. 2011).
Not only forest structures (e.g. stem number, basal area, canopy height) commonly show
significant changes with elevation (Girardin et al. 2010, 2013; Asner et al. 2013a), but also forest
dynamics, and stem turnover rates tend to decrease with elevation (Stephenson & Van Mantgem
2005; Galbraith et al. 2013). Thus, changes in forest dynamics, and not only in structure, with
elevation might actually be important factors contributing to the commonly observed higher

abundance and saturation levels at higher elevations.

Species richness of epiphytes usually shows similar trends with elevation and mid-elevation peaks
in epiphyte diversity have been reported (e.g. Kiiper et al. 2004; Kromer et al. 2005; Cardelus,
Colwell & Watkins 2006). As discussed above, due to the design of the simulation experiments
the effect of forest dynamics on species richness can be evaluated by comparing local extinction
rates. Increasing tree turnover rates led to higher extinction rates (Fig. 5.7b), which is not
surprising as a more dynamic system imposes an additional risk particularly to slow-developing
species. Consequently, an additional indirect effect of lower tree turnover rates at higher
elevations contributing to species richness seems possible. However, our model also indicated
that species might go extinct due to competitive exclusion in systems with high epiphyte densities
as in montane cloud forests. Nevertheless, whether competitive exclusion actually plays an
important role in epiphyte systems is still under debate (Zotz et al. 1999; Benavides et al. 2005;
Flores-Palacios & Garcia-Franco 2006).

Our model demonstrated possible effects of changes in natural forest dynamics on abundance and
species richness in epiphyte assemblages. In recent decades, an alarming increase in tree turnover
rates in tropical forests has been observed, which might be linked to anthropogenic climate change
or elevated CO2 concentrations (Phillips 1996; Phillips et al. 2004b; Lewis et al. 2004b). Our
results thus suggest that not only the direct effects of climate changes, but also the indirect effects
via their impacts on forest dynamics may significantly influence the structure and dynamics of

epiphytes assemblages.
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In the second experiment, we simulated the effect of selective logging on epiphyte assemblages.
The removal of large trees above a certain diameter class had a negative impact on abundance
and richness; this is in accordance with previous findings (Padmawathe 2004). The epiphyte
assemblage even collapsed if the minimum tree size for logging was too small (in our model: 40
cm in DBH; Fig. 5.7d-f). Our results thus emphasize the particular importance of large trees for
epiphyte conservation. Large trees often host a large number of epiphytes individuals and species
because they provide a relatively stable substrate over decades (Grubb et al. 1963; Zotz & Schultz
2008; Hundera et al. 2013). It seems plausible that particularly susceptible epiphyte species with
slow demographic rates require such stable habitats to reach maturity and maintain vital
populations. Sustainable logging strategies are thus required in managed forest systems with
regard to epiphyte diversity. Unfortunately, large trees are generally declining globally, not only
due to direct removal, but also due to increased frequency of droughts, air pollution or as side-
effects of forest fragmentation (Laurance et al. 2000; Lindenmayer, Laurance & Franklin 2012).

This trend might thus pose and additional threat to epiphyte diversity.

In the last simulation experiment, we focused on implications of fragment size for epiphyte
assemblages. Unsurprisingly, the rate of local species loss increased with decreasing fragment
size, i.e. in larger fragments a more diverse epiphyte assemblage was maintained over a longer
time span (Fig. 5.7h). This result agrees with observations of lower species richness of many
organisms in smaller forest fragments (Turner 1996; Pardini et al. 2005; Martensen, Pimentel &
Metzger 2008). Edge effects or limited immigration from outside are often discussed as probable
reason for this pattern (Turner 1996). These effects, however, do not play a role in our model
when comparing the different scenarios. Here, the disproportionate effect of local disturbance
caused by larger gap-creating tree fall events in smaller fragments simply increases the chance of
an entire population to become extinct. In addition to other negative effects associated with forest
fragmentation such as isolation or changes in microclimate (Flores-Palacios & Garcia-Franco
2007; Cascante-Marin et al. 2009), this effect might also be of importance in natural epiphyte
system, particularly when fragments are small. However, as many epiphyte species often show a
patchy distribution and occur in low abundances, the minimum fragment size to exclude this effect
is probably higher than the 1 ha fragment used in this modelling study. In line with previous
studies our results thus emphasize the importance of intact large forests for epiphyte conservation

(Flores-Palacios & Garcia-Franco 2007; Hundera et al. 2013).

Outlook

Despite their ecological importance in tropical forest systems, the number of studies on vascular

epiphytes is low compared to soil-rooted plants and the theoretical knowledge on structure and
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dynamics of epiphyte assemblages is limited (Mendieta-Leiva & Zotz 2015). While the difficult
access to the canopy and a lack of standardized field protocols are major obstacles in epiphyte
ecology, Mendieta-Leiva & Zotz (2015) also highlighted the lack of a conceptual framework
hampering theoretical advances in epiphyte ecology. Mechanistic modelling studies as presented
here can be useful tools to increase our understanding of processes structuring epiphyte
communities. Mechanistic model can help to disentangle cause and effect in the highly complex
epiphyte system, which in the field is often complicated. In addition, they can cover time intervals

which may be relavant for epiphyte dynamics, but are not realisable in field studies.

In this model, we focused on analyzing the effect of natural and human-induced differences in
forest dynamics on the dynamics of epiphyte assemblage, but our coupled model has the potential
to addresss a variety of additional research questions. For instance, the effects of forest dynamics
not only on abundance and diversity, but also on community structure (e.g. vertical distribution
or size structure) or trait structure of the community could be tested. In additon, each tree in the
forest plot can be regarded as independent entity and analyses may thus go beyond the community
as a whole. Several forest plots may be linked via dispersal and questions related to
metacommunities may be addressed. The role of host specificity in epiphyte communites is often
discussed (see review by Wagner, Mendieta-Leiva & Zotz 2015), and the presented model can
serve as a starting point to assess if difference in tree size, age or structure, as well as spatial
autocorrelation in a forest, may lead to patterns which mistakenly may be interpreted as host
specificity. A selection of the mentioned potential future model application is presented in more

detail in Box 1.
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Box 1 - Potential future model applications

Example 1: Community trait composition

It is generally assumed that the environmental conditions at a site

drive optimal trait values. In an epiphyte system, structure and _ E:::;
dynamics of the substrate can be regarded as important — Trait3

environmental factors. These factors may vary within forest stands
(e.g. gradients in area and longevity of the substrate from lower

trunks to outer branches) and among forest stands (e.g. differences

in AGB and stem turnover rates). How trait distributions of / \
epiphytes within stands are influenced by these factors, or how

community-weighted trait means vary along forest dynamics

Community-weighted trait mean

gradients (see figure to the right) are thus interesting research topics

and our trait-based model is well-suited for such studies. Stem turnover rate

Example 2: Epiphyte communities on individual

trees

Many factors influence the dynamics of epiphyte communities on

individual trees. The position of the host tree in relation to 30-{ — Diversity 150
—— Abundance
surrounding epiphyte-harboring trees, as well as the change in tree
. . . 25—
structure during ontogeny plays an important role. As in natural
>
forests important factors such as the total surface area or the age of 5 20 - 100
e . . . o
a tree are usually not known, it is virtually impossible to determine %
their relative importance for the epiphyte assemblage. For instance, é 15
observed differences in epiphyte abundance on similar-sized trees % 10 5
. . . . w B B
might result from differences in tree age, however, this cannot be
verified under field conditions. In contrast, our omniscient 5—
perspective in the model allows tracing the spatio-temporal of trees
. . . . 0 — —0
and their epiphyte community over all time steps (see figure to the T T I I
right showing how diversity and abundance develops on a randomly 0 10 20 30

selected canopy tree over the entire tree life span of ~150 years). Tree height (m)

Future modelling studies assessing the relative importance of
factors potentially influencing epiphyte demography on individual
trees can thus add to our understanding of the structure and

dynamics of epiphyte assemblages.

Epiphyte abundance
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Conclusion

Many epiphyte communities show no signs of saturation and this modelling study has
demonstrated that the average abundance/biomass of epiphytes in a forest stand can be strongly
influenced by forest dynamics. While climatic variables such as annual precipitation or
temperature are commonly reported in epiphyte studies, variables describing the structure (e.g.
AGB, basal area, canopy height) or dynamics of the forest (stem turnover rates, residence time)
are rarely reported. According to the results of this study, such metadata can be valuable and thus

we propose to include them if possible.

Field data are essential to parameterize and validate ecological models. Long-term data of
epiphyte assemblage are desirable, but we are fully aware that collecting such data is very labor-
intensive and time-consuming. Thus, we recommend that a particularly important aspect of
community dynamics of epiphyte, i.e. the mortality due to branch, tree and forest dynamic,
warrants more attention. Such studies can be conducted without climbing trees, for instance by

systematic collections of fallen epiphytes on the forest floor.
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In chapter 2, I analyzed vertical gradients of ten leaf traits based on samples of >1100 individuals
belonging to 83 epiphyte species. This study represents the most comprehensive study on vertical
trait gradients of vascular epiphytes to date. As hypothesized, I observed that community mean
trait values of many leaf traits were strongly correlated with height above ground. These results
thus provide a more detailed picture of the community trait structure of epiphytes than previous
studies focusing on comparing trait of epiphytes from pre-defined zones within trees (e.g.
Andrade & Nobel 1997; Hietz & Briones 1998) or within the forest (e.g. Mantovani 1999; Stuntz
& Zotz 2001). In addition, this suggests that height above ground is a suitable approximation of
vertical environmental gradients and should be used in addition to frequently used zonation
schemes in trait-based epiphyte studies. Both linear and non-linear trends were observed, and the
non-linear decline in specific leaf area (SLA) indicates that light is probably the main driver of
this trend (McMurtrie & Dewar 2011). In contrast, the linear trend in SLA commonly observed
in trees is often related to both light and hydraulic constraints (Rijkers et al. 2000; Kenzo et al.
2006). This example suggests ecophysiological differences between epiphyte and soil-rooted

plant with regard to their trait response.

I found that intraspecific trait variability was pronounced and accounted for one-third of total
observed trait variance, which is in the same range as observed for soil-rooted plants (Hulshof &
Swenson 2010; Albert et al. 2010a). Intraspecific trait adjustments along the vertical gradient
were common and seventy per cent of all species showed significant trait-height relationships.
Such trait adjustments were pronounced for some species, and individuals could have markedly
different traits although separated by only few meters along the vertical gradient. Moreover,
intraspecific trait variability was positively correlated with the vertical range occupied by species;
however, this correlation was rather weak. This indicates that epiphyte species that can adjust
their leaf traits to the environment can potentially occupy larger vertical ranges, but additional
unexplored characteristics (e.g. root traits) may also play an important role and deserve attention

in further studies.

I observed differences in leaf trait syndromes among taxonomic groups (orchids, bromeliads,
aroids, ferns). Orchids, for instance, had on average the thickest leaves and lowest SLA values,
while ferns were characterized by high leaf dry matter contents. These results are in line with
previous findings (Hietz ef al. 1999; Stuntz & Zotz 2001; Cardelus & Mack 2010). However, trait
variability of species within the taxonomic groups was often pronounced, and between-group trait
differences were often not significant between all groups but rather only between two groups. In

the multidimensional trait space, the trait space occupied by these groups overlapped
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considerably. This shows that the epiphytic taxa do not form clearly distinguishable groups
regarding their leaf traits, but the unique tendencies within taxonomic groups nevertheless
indicate that some leaf traits are taxonomically conserved. I further demonstrated that leaf trait
syndromes and the intraspecific trait variability play important roles in explaining the vertical
zonation of vascular epiphyte species and taxonomic groups. However, other adaptations of
epiphytes, such as water- and nutrient storing pseudobulbs in orchids or phytotelmata in

bromeliads are probably likewise important.

In chapter 3, I demonstrated that the forest floor can be a rich source of information that has
largely been neglected in epiphyte ecology. I found a considerable proportion of the epiphyte
species occupying the forest canopies on the forest floor, either still attached to branches or fallen
off branches. At the Brazilian site, the density of fallen epiphyte was higher (~3600 ha™') than at
the Panamanian site (~1100 ha™). I estimated a mortality rate of at least 4% per year when
considering the entire known community in Panama, and a mortality rate of 13% when
considering epiphyte on branches < 10 cm in DBH. These results agree with previous studies
(Hietz 1997) and underline the particular importance of tree and forest dynamics for the

demography of vascular epiphytes.

Furthermore, trends in abundance, richness and composition over branch diameter reflected
trends in the forest canopy. I argue that forest floor surveys provide useful floristic and, most
notably, demographic information particularly on epiphytes occurring on the thinnest branches,
which are least accessible with the most common techniques (e.g. rope-climbing, binoculars).
Here, branchfall acts as an important demographic filter structuring epiphyte communities. My
study thus indicates that, while epiphyte ecologists tend to look up, an occasional look down can
also be worthwhile and may uncover unexplored source of ecological information about

epiphytes.

In chapter 4, I developed a long-term dynamic forest stand model in which trees are represented
by their three-dimensional structure. In previous forest models, trees were either represented by
much simpler crown structures (Huth, Ditzer & Bossel 1997; Liu 1998), or, when complex 3D
structures were simulated, the forest models focused on even age-stands in single species systems
over limited time frames (Feng ef al. 2011; Guillemot et al. 2014). The novelty of my model is
thus the combination of a high degree of detail with long-term demographic simulations. While
rather complex at first sight, my model is based on relatively simple principles. Basically, light-
driven carbon assimilation and the within-tree carbon allocation are coupled using the principles
of the pipe model theory (Shinozaki et al. 1964), whereby carbon assimilation is driven by leaf
traits under consideration of between-trait trade-offs and correlations (Wright e al. 2004). In other

words, leaf trait trade-offs were scaled to the whole-tree level, and this approach captured life
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history variation between different functional groups. For instance, species with high SLA values
showed high initial growth rates, but had lower maximum heights and shorter life spans, i.e.
characteristics that are attributed to pioneer species. Trait-based tree growth in my model is thus
consistent with observations and supports the notion that the growth-survival trade-off of tropical
tree species is, at least partly, determined by their leaf traits (Sterck ef al. 2006). As tropical forest
are generally very species-rich (Gentry 1988; ter Steege et al. 2013), functional groups
aggregating tree species with similar growth characteristics are usually used in forest models, and
parameters like growth rate or potential height are estimated based on empirical data for each
group (e.g. Kdhler & Huth 1998; Tietjen & Huth 2006). In my model, such characteristics emerge
from the leaf investment strategy and are not defined a priori; it thus helps to understand the

bottom-up mechanisms regulating tree growth.

In addition, between-tree competition and demographic processes (establishment, mortality) were
integrated at the stand scale. The simulated forests reached dynamic equilibrium states in terms
of above-ground biomass and stem number after 80-100 years, which lies well within the reported
range (e.g. Fearnside & Guimardes 1996; Hughes, Kauffman & Jaramillo 1999). In this
equilibrium important forest attributes were within observed ranges of typical Neotropical
lowland forests (e.g. Malhi et al. 2006; Quesada et al. 2012). Moreover, detailed patterns such as
the vertical leaf area density were also reproduced. This indicates that a structurally-realistic forest
can be simulated with my model. As a consequence, the ability of my approach to describe
multiple physiognomic and structural patterns as well as the dynamics of these patterns at multiple
scales (from within-tree up to whole forest stand distribution of tree elements) provides multiple
opportunities for model validation (Grimm et al. 2005). This is an important model property, as
the model complexity is accompanied by a high number of emergent patterns which can be cross-
checked against real-world data. The general principles applied in my approach also provide
generalizable results (Evans et al. 2013), while retaining the possibility to be calibrated to
generate the patterns of specific systems, as exemplified in chapter 4 for Neotropical lowland
forests. In this sense, the development and validation of the model was the main focus in this
chapter, but considering future studies, it has the potential to address pending general questions
in tree and forest ecology as well as questions that might be specific for particular systems. For
instance, the effects of frequent disturbances, logging, or changing environmental conditions on

forest stability (dynamics equilibrium) and structure could be analyzed in detail with my model.

In chapter 5, I presented the first mechanistic model developed for vascular epiphytes. I coupled
the forest stand model with an individual-based epiphyte model and assessed how differences in
natural forest dynamics, selective logging and the size of the forest stand influenced the long-term
dynamics of epiphyte assemblages. At first, emerging patterns were analyzed to validate the

model. Starting from an even initial distribution (100 individuals per species), a right-skewed
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rank-abundance distributions with a few dominant species and many rather rare species was
simulated, which is consistent with observations in natural epiphytic and non-epiphytic plant
communities (Benavides et al. 2005, 2011; Laube & Zotz 2006). In addition, the simulated
assemblage was clearly size-structured and dominated by smaller individuals. This agrees with
field observations of natural communities — an explanation being size-dependent resource use
(Enquist, Brown & West 1998; Brown et al. 2004). When averaged over multiple simulated
replicates, epiphyte abundance reached a relatively stable equilibrium, but in single model runs
pronounced fluctuations were observed. This means that epiphyte abundance tended to increase
over time. However, such increasing trends were interrupted by pronounced tree fall events,
which resulted in sharp decreases in abundances and prevented the epiphyte community from
becoming saturated. Therefore, the observed trends of increasing abundances in the available data
for vascular epiphytes (Schmit-Neuerburg 2002; Zotz & Schultz 2008) could be explained by the
lack of tree fall or gap formation within the time frame and spatial extent of these studies. This
indicated the importance of tree turnover for epiphyte communities, and in subsequent simulation

experiments, the effects of differences in natural forest dynamics were analyzed.

Tree turnover rates typically vary from 1% to 3% per year in tropical rainforest (Phillips 1996;
Phillips et al. 2004b; Lewis et al. 2004b), and such variations had a marked impact on epiphyte
diversity, abundance and ‘saturation level’ of epiphyte communities. Due to size-differences,
abundance as such is ambiguous, and the percentage of arboreal substrate area occupied by
epiphytes was thus used as an approximation of the saturation level of the epiphyte community.
Even in mature lowland forests, epiphyte communities typically show no signs of saturation
(Schmit-Neuerburg 2002; Laube & Zotz 2006), and my model demonstrated that the saturation
level is related to forest dynamics. The advantage of my modelling approach is that it allows
separating the endogenous epiphyte dynamics (determined by the species traits) from the
exogenous effects of forest dynamics. In contrast, such clear separation is commonly not possible
in natural systems as differences in climatic conditions simultaneously affect the epiphyte
dynamics and the forest dynamics. However, a recent study by Ding er al (2016) applied
structural equation models to disentangle the direct effects of climate and soil on epiphyte
diversity and abundance along an elevational gradient from the indirect effects via forest structure.
Interestingly, indirect effects explained a similar proportion of variations in abundance and
species richness as humidity. In line with this study, my modelling approach thus highlights the

importance of forest dynamics for epiphyte dynamics.

Furthermore, a decrease in tree size selected for exclusion, effectively mimicking an increased
intensity of selective logging, as well as decreasing fragment sizes had the expected negative
influences on epiphyte diversity. These observations thus additionally emphasize the particular

values of undisturbed primary forests for biodiversity conservation (Barlow et al. 2007; Gibson
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etal. 2011). In fact, all three simulation experiments presented in this chapter represented human
impacts such as i) environmental change (e.g. intensified forest dynamics via global warming),
ii) selective logging and iii) habitat fragmentation. Therefore, experiments such as these can
provide important information for epiphyte conservation. For example, future studies with my
model can identify which functional types of epiphytes first disappear with increasing dynamics,
decreasing tree size for logging and decreasing forest fragment size. This information can help to
prioritize conservation efforts, while also helping to develop mitigation strategies to reverse loss
of functional diversity. Therefore, the results of chapter 5 demonstrate that mechanistic models
can be valuable tools to increase our understanding of the dynamics of epiphyte communities and
to provide useful feedbacks to both empirical studies and conservation policies. Here, the coupled
forest-epiphyte model can be regarded as virtual laboratory allowing us to address many more

research questions regarding vascular epiphytes in the future.

In summary, the findings of my research improved our understanding of how the forest structure
and dynamics affects the (trait) structure and dynamics of epiphyte communities. My thesis
constitutes the most comprehensive study on the community trait structure of vascular epiphytes
to date and, moreover, introduced mechanistic models to the field of epiphyte ecology. These
modelling approaches open new avenues for future studies of spatial and temporal dynamics of

vascular epiphyte assemblages while integrating epiphyte research in a more theoretical context.
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