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Abstract

Tropical montane forests in the Andes are one of the most species-rich ecosystems
of the world, and are therefore both valuable from a conservation perspective and
interesting for testing ecological hypotheses. Particularly the belowground component
of tropical ecosystems is so far understudied, which due to small-scale heterogeneity
of soil properties in tropical montane forests allows addressing a multitude of open
questions about associations between roots and their environment. Functional traits
of fine roots are indicators of belowground resource economics strategies. However,
the leading dimensions of root trait variation, their covariation with aboveground
plant functional traits, and how they vary along environmental gradients are not
fully understood. Furthermore, very little is known about their functional diversity
and its dependency on abiotic factors.

This thesis comprises results from three descriptive field studies on root functional
traits in tropical montane forests of the southern Ecuadorian Andes. In all of these
studies, morphological and chemical traits of fine roots were measured on the level of
individual trees, with the combined datasets encompassing more than 200 tree species.
The first and second of these main chapters deal with the community-level root trait
variation along a small-scale topographic gradient in lower montane forests, and a
2000 m elevational gradient respectively. The third one focuses on fewer tree species
on three elevational levels, and examines the relationships between their microhabitat
preferences, and their aboveground and belowground functional trait syndromes.

Functional traits of fine roots were coordinated with each other, forming two sep-
arate axes of root trait variation. The first axis involved root tissue density and
nutrient concentrations and reflects a growth–survival trade-off, with low tissue den-
sities and high nutrient concentrations indicating an acquisitive strategy, and high
tissue densities and low nutrient concentrations indicating a conservative strategy.
The second axis reflects a gradient of root diameter that might, according to recent
theories, be related to the degree of reliance on mycorrhiza. While the acquisition–
conservation axis was highly coordinated with leaf and wood traits reflecting the
same trade-off for aboveground plant organs, indicating selective pressures towards a



consistent whole-plant economics strategy, the diameter-related axis was independent
from aboveground functional traits.

Most root functional traits varied both along the smaller-scale topographic and
the larger-scale elevational gradient. Tree fine roots tended to display increasingly
conservative trait syndromes and higher root diameters towards upper slope posi-
tions and higher elevations. Furthermore, root functional traits associated with the
acquisition–conservation axis were dependent on both large-scale nitrogen and phos-
phorus availability, with root trait syndromes at sites with higher nutrient availabil-
ity being more acquisitive. Diameter-related root traits, however, were independent
from large-scale nutrient availability. The trends described above explained only rela-
tively small fractions of total trait variation because many species with different root
trait syndromes coexisted within plots. Decreasing functional diversity along both
the topographic and elevational gradient indicated the coexistence of species with di-
verse belowground strategies under more beneficial environmental conditions, and the
convergence towards more conservative fine root strategies under the less beneficial
conditions of upper slopes and higher elevations.

These patterns of coexistence were further explained by measuring soil nutrient
availability on the spatial scale of tree individuals instead of plots. Within com-
munities, tree species with conservative trait syndromes tended to grow at local
microhabitats that were less rich in nitrogen. Thus, the high small-scale edaphic
heterogeneity lead to the coexistence of species with diverse strategies within the
conservation–acquisition trade-off in close proximity. A similar trend could neither
be found for soil phosphorus, nor for diameter-related root traits. Intraspecific trait
variation played only a minor role.

All root functional traits displayed high degrees of phylogenetic signal. While
previous results, stating that early-diverged angiosperms from the magnoliid clade
tend to have thick fine roots, could be confirmed, the data in this work reveal that
the later-diverged angiosperm tree families Meliaceae and Clusiaceae are similarly
thick-rooted in spite of their high phylogenetic distance to the magnoliid clade.

In conclusion, this work provides comprehensive evidence that root functional
traits and root functional diversity in tropical montane forests vary along gradients
of soil fertility, as environmental filtering promotes trait convergence towards conser-
vative resource use strategies under nutrient-poor conditions. Hereby, the root trait–
environment associations were surprisingly most pronounced at the smallest spatial
scale, indicating the relevance of small-scale heterogeneity for community assembly
processes in tropical forests.



Chapter 1

Introduction

1.1 Tropical montane forests in the Andes

The tropical Andes are the most biodiverse region on earth (Myers et al., 2000;
Mittermeier et al., 2011; Rahbek et al., 2019a; Rahbek et al., 2019b). Harboring an
estimated 30,000 plant and more than 4,000 vertebrate species, they were classified
as a biodiversity hotspot with conservation priority (Myers et al., 2000; Mittermeier
et al., 2011). Notably, high percentages of the species occurring in the tropical Andes
are endemic to the region and have small geographical ranges (Rahbek et al., 2019b).
For plants, the estimated endemism rate is 50 % (Mittermeier et al., 2011). One
reason for the high species diversity in the tropical Andes lies in the Andean orogeny
itself, which constituted an important driver of plant diversification in the region
(Luebert & Weigend, 2014; Pérez-Escobar et al., 2022). A further reason why the
tropical Andes harbor such extraordinary plant diversity is the wide range of climatic
conditions found in close proximity; for example, an extremely high percentage of the
combinations of mean annual temperature and mean annual precipitation occurring
throughout global biomes are also represented in the Northern Andes (Rahbek et al.,
2019b).

Within the Andes, tropical montane forests (TMF) are the ecosystem with the
highest plant diversity (Pérez-Escobar et al., 2022). TMF occur globally in all tropi-
cal mountain ranges with a (semi-)humid climate, but have their largest distribution
areas in the Andes (Richter, 2008). They cover the elevational range between trop-
ical lowland rain forests and the timberline, but their elevational limits are variable
(Salinas et al., 2021). Often, 500 m or 1000 m a.s.l. are described as the altitudes
where tropical lowland rain forests transition to TMF in the Andes (Richter, 2008;
Mathez-Stiefel et al., 2017). TMF differ considerably from lowland rain forests in
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terms of floristic composition, vegetation structure and functioning (Richter, 2008;
Salinas et al., 2021).

Apart from their extraordinary biodiversity, TMF in the Andes provide a number
of ecosystem services such as functioning as a carbon sink (Spracklen & Righelato,
2014; de la Cruz-Amo et al., 2020; Duque et al., 2021) and regulating regional water
supply and climate (Bruijnzeel et al., 2011; Bendix et al., 2013). These properties
render them an especially valuable ecosystem, and highlight the need to protect them
from the various anthropogenic threats they are exposed to (Mathez-Stiefel et al.,
2017). The most severe threats impacting TMF in the Andes are related to land
use change and climate change (Peters et al., 2013; Soh et al., 2019). TMF in the
Andes are under enormous anthropogenic pressure, as forest is cleared for pastures
at alarming rates (Curatola Fernández et al., 2015; Tapia-Armijos et al., 2015, 2017).
Global warming has already been shown to cause upward range shifts of species
(Morueta-Holme et al., 2015) and thermophilization of plant communities (Duque
et al., 2015; Fadrique et al., 2018), and will likely affect plant-animal interactions
in ways difficult to foresee (Schleuning et al., 2020). In combination, these factors
are likely to cause, and have already caused, severe biodiversity loss (Garavito et al.,
2015; Báez et al., 2016).

In order to predict the response of TMF to future anthropogenic change and for-
mulate conservation agendas, their ecology needs to be understood better (Mathez-
Stiefel et al., 2017). Species-rich mountain ecosystems like TMF are both a challenge
and an opportunity for ecological research. On the one hand, the high diversity and
the complex geomorphology of the landscape pose countless challenges for disentan-
gling the complex processes and interactions that shape the TMF ecosystem. On the
other hand, pronounced environmental gradients and extreme climatic contrasts in
close spatial proximity, in combination with the enormous species richness, allow to
answer fundamental questions of ecology, evolution, and ecosystem science within a
relatively small study area (Tito et al., 2020).

Interactions between elevation and topography, two abiotic gradients on different
spatial scales, shape the composition of the vegetation of TMF (Homeier et al., 2010;
Apaza-Quevedo et al., 2015; Bañares-de-Dios et al., 2020). With increasing elevation,
nitrogen instead of phosphorus limitation becomes increasingly relevant in limiting
plant growth, as decreasing temperatures cause slower decomposition rates and thick
organic layers accumulate (Tanner et al., 1998). Most tree species in the research
area are adapted to narrow elevational ranges, which leads to a rapid turnover of tree
species along the elevational gradient (Homeier et al., 2010; Bañares-de-Dios et al.,



1.2. Functional traits 3

2020; Malizia et al., 2020). Furthermore, in TMF, biodiversity, vegetation structure,
carbon dynamics, and most ecosystem functions and processes, strongly depend on
altitude (Leuschner et al., 2013; Apaza-Quevedo et al., 2015; Báez et al., 2015; Malizia
et al., 2020; Homeier & Leuschner, 2021; Homeier et al., 2021). On a smaller scale,
similar trends occur along the topographic gradient from valley bottoms to ridge
forests (Homeier et al., 2010; Lippok et al., 2014; Apaza-Quevedo et al., 2015; Werner
& Homeier, 2015). Small-scale soil heterogeneity caused by topography is often named
as a key factor in maintaining the high plant diversity in TMF (Homeier et al., 2010;
Jones et al., 2011). For these reasons, the interplay of elevation and topography is
a crucial research target for disentangling the heterogeneity of ecosystem properties
and processes in TMF.

1.2 Functional traits

In megadiverse ecosystems like tropical montane forests, the use of plant functional
traits has been proven to be a promising approach for understanding and modeling
the complex biotic and abiotic interactions shaping the diverse communities (Báez
& Homeier, 2018; Schleuning et al., 2020; Bendix et al., 2021; Dantas de Paula et
al., 2021). According to Violle et al. (2007), a functional trait is defined as “any
[. . . ] feature measurable at the individual level [. . . ] without reference to [. . . ] any
other level of organization [. . . ] which impacts fitness indirectly via its effect on
growth, reproduction and survival”. Functional traits are often classified into soft
and hard functional traits, with hard functional traits usually being more directly
causally related to the performance traits growth, reproduction and survival, but
in many cases more difficult to measure. Soft traits are functional traits that are
more straightforward to measure, but only indirectly linked to performance traits
through their relationships with hard traits (De Bello et al., 2021). Therefore, a
common approach, which is also adopted in this work, is to assess easy to measure
soft traits as surrogates for mechanistically more proximal hard traits. A further way
to classify functional traits are the mutually non-exclusive concepts of response and
effect traits. Response traits are functional traits that change their value in response
to environmental factors, while effect traits are functional traits that determine the
effects of organisms on ecosystem functioning (Lavorel & Garnier, 2002).

The possible applications of plant functional traits are manifold. By analyzing
the correlation structure among sets of functional traits, it is possible to identify
axes of trait covariation, which permit inference about spectra of plant strategies
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and the underlying trade-offs and selective pressures (Westoby et al., 2002; Reich et
al., 2003; Wright et al., 2004; Reich, 2014; Díaz et al., 2016; Visser et al., 2016).
These strategies can be used to explain and predict species distribution patterns and
responses to environmental gradients (Díaz et al., 1998; Lavorel & Garnier, 2002;
Diaz et al., 2004; Westoby & Wright, 2006; Swenson & Weiser, 2010). When scaled
up to community or ecosystem functional parameters (Violle et al., 2007), functional
traits can be used to understand and model community assembly processes (McGill et
al., 2006; Swenson, 2013; Enquist et al., 2015), ecosystem functioning and ecosystem
services (Lavorel & Garnier, 2002; Lavorel, 2013; Funk et al., 2017), and ecosystem
responses to environmental change (Suding et al., 2008; Funk et al., 2017).

Because functional traits are usually relatively consistent within species, they
can be used both as a way to generalize information from one individual to other
individuals of the same species without additional measurements, and as a tool to
understand plant function without knowing species identity (Shipley et al., 2016).
This renders trait-based approaches advantageous in species-rich ecosystems.

In addition to the (abundance-weighted) mean functional trait values of a com-
munity, the degree of variation around these means can also be highly informative
about community assembly and ecosystem functioning. This variation is a compo-
nent of biodiversity that is usually termed functional diversity (FD), or “the diversity
of species traits in ecosystems” (Schleuter et al., 2010), and can be expressed by a
multitude of indices (Mason et al., 2005; Leps et al., 2006; Mouchet et al., 2010;
Schleuter et al., 2010). Throughout this work, I quantify FD based on functional
dispersion, i.e. the mean distance of the species from the centroid in the multidimen-
sional trait space (Laliberté & Legendre, 2010). Information about FD can further an
improved understanding of community assembly processes (Pakeman, 2011; Swenson
et al., 2011; Purschke et al., 2013) and trophic interactions (Albrecht et al., 2018).
It is often hypothesized to have an influence on ecosystem processes, services, and
resilience to disturbance (Díaz & Cabido, 2001; Díaz et al., 2007; Cadotte et al., 2011;
Mason & de Bello, 2013).

Even though FD of plant communities has been shown to vary along elevational
and nutrient availability gradients in several instances (e.g., Mason et al., 2012; Schel-
lenberger Costa et al., 2017; López-Angulo et al., 2018; Ding et al., 2019), evidence
of such relationships, and mechanistic understanding of the processes driving them,
is still sparse. Theoretically, it is to be expected that FD is lower under conditions
of more intense physiological stress (e.g. colder or drier climates) and higher nutrient
limitation because the range of functional strategies that can thrive under such con-
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ditions is narrower (Mason et al., 2012; Spasojevic et al., 2014). As this has never
been tested for belowground functional traits, one central question posed in this work
is whether similar trends can be confirmed for functional traits of fine roots along
gradients of nutrient availability.

1.3 Fine root traits as indicators of belowground
strategies

In comparison to the traits of other plant organs, functional traits of roots are still
understudied (Iversen et al., 2017; Defrenne et al., 2021). However, the recent years
have seen a rise in trait-based root ecology, exemplified by the high number of seminal
articles on the topic published in 2021 alone (Carmona et al., 2021; Cusack et al.,
2021; Freschet et al., 2021a; Freschet et al., 2021b; Laughlin et al., 2021; Weigelt et
al., 2021). Roots are multifunctional organs that are essential both from the perspec-
tives of the individual plant and the whole ecosystem. Their contributions to plant
functioning include nutrient and water uptake and transport, anchorage, exudation,
symbiosis with fungi and bacteria, storage of metabolites and water, and asexual re-
production (Bardgett et al., 2014; Freschet et al., 2021a; Freschet et al., 2021b). On
the ecosystem level, roots are major components in the carbon, nitrogen and phospho-
rus cycles, are crucial to soil formation and stabilization, and exert a major influence
on communities of soil organisms (Bardgett et al., 2014; Rillig et al., 2015; Mommer
et al., 2016; Rossi et al., 2020; Freschet et al., 2021b). The immense role of roots for
the carbon cycle is illustrated by the fact that fine root production alone contributes
an estimated 22-33 % to terrestrial net primary productivity (Jackson et al., 1997;
McCormack et al., 2015). Functional traits of fine roots are linked to these processes
and therefore highly relevant for understanding and predicting them on ecosystem
level (Warren et al., 2015; Weemstra et al., 2016; Laliberté, 2017; McCormack et al.,
2017; Defrenne et al., 2021; Freschet et al., 2021b).

While all root functional traits measured throughout this work can be understood
both as response and as effect traits, the main focus lies on their role as response
traits. They are all soft traits that have been shown to be linked to hard traits and
hence indirectly to plant fitness, as the following examples will illustrate. Average root
diameter, specific root length (SRL), root tissue density (RTD), and root nitrogen
concentration form a set of important root traits that were measured throughout all
main chapters of this thesis. Root diameter relates to mycorrhizal colonization, root
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life spans, and foraging strategy. Species with thicker fine roots tend to be more
strongly colonized by mycorrhizal fungi (Eissenstat et al., 2015; Liu et al., 2015) and
have longer root life spans (Adams et al., 2013; McCormack et al., 2013), whereas
thinner fine roots are more plastic and can proliferate nutrient-rich patches more
rapidly (Eissenstat et al., 2015; Liu et al., 2015; Chen et al., 2016; Liu et al., 2019).
SRL is defined as root length per root mass and thus describes the soil volume explored
per invested biomass. It is linked to the functions of nitrogen, phosphorus and water
uptake (Ostonen et al., 2007; Freschet et al., 2021b). RTD, or the root mass per root
volume, is positively related to long life spans, mechanical resistance, low palatability,
and high resistance to pathogens (Freschet et al., 2021b). Because nitrogen is bound in
many plant compounds that are involved in metabolic processes in fine roots related
to N uptake, root nitrogen concentration is often viewed as a proxy for N uptake
rates (Freschet et al., 2021b). Simultaneously, higher nitrogen concentrations in roots
increase the nutritional value of roots to herbivores (Freschet et al., 2021b). Faster-
growing species tend to have higher SRL and root N concentrations, and lower RTD
(Comas et al., 2002; Comas & Eissenstat, 2004; Kramer-Walter et al., 2016; Assefa et
al., 2018). Furthermore, this combination of root traits is often associated with high
nutrient uptake rates, high root respiration rates, and short root life spans (Comas et
al., 2002; McCormack et al., 2013; Roumet et al., 2016; Lugli et al., 2019; Paradiso
et al., 2019).

1.4 The role of root traits within the plant eco-
nomics spectrum

Based on the above listed observations, the theory of the root economics spectrum
(RES) was developed, and is vividly discussed by root ecologists ever since (Kong et
al., 2014; Kramer-Walter et al., 2016; Roumet et al., 2016; Weemstra et al., 2016).
In analogy to the leaf economics spectrum (LES, Wright et al. (2004)), the RES
postulates that, due to a growth–survival trade-off, root functional traits form a
one-dimensional axis of trait covariation between acquisitive and conservative trait
syndromes (Kong et al., 2014; Kramer-Walter et al., 2016; Roumet et al., 2016;
Weemstra et al., 2016).
Plants with an acquisitive root strategy invest into faster growth and resource uptake
rates, at the cost of shorter life spans, more vulnerable tissue, and higher palatability.
Typical syndromes of soft root traits associated with this strategy are high SRL, low
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RTD, and high root nitrogen concentrations, while the opposite is characteristic for
conservative root strategies (Kong et al., 2014; Kramer-Walter et al., 2016; Roumet
et al., 2016; Weemstra et al., 2016).

While this attempt to simplify the dimensionality of root functional traits is ap-
pealing, the reality is more complex. A vast majority of studies about the RES con-
cluded that more than one dimension is needed to adequately describe root functional
trait variation, though the identified trait dimensions are inconsistent between these
studies (e.g., Kong et al., 2014; Valverde-Barrantes et al., 2015a; Kramer-Walter
et al., 2016; Liese et al., 2017; Wang et al., 2018; Liu et al., 2019; McCormack &
Iversen, 2019). A number of explanations have been proposed for these contrasting
results, e.g., a high degree of phylogenetic conservation in some root traits, mycor-
rhiza offsetting selective pressures on fine roots, and the multifunctional nature of
roots (Weemstra et al., 2016). An explanatory approach by Bergmann et al. (2020)
is gaining acceptance, which proposes a second axis of trait variation, the collabora-
tion gradient, that forms an orthogonal axis to the acquisition–conservation gradient.
The collaboration gradient encompasses traits related to root diameter and mycor-
rhizal colonization, and is assumed to reflect the trade-off between relying heavily on
mycorrhiza for nutrient supply (“outsourcing strategy”), which requires thick roots,
or having thin, highly branched roots, that allow more efficient direct nutrient up-
take, but are less strongly colonized by mycorrhizal fungi (“Do-it-yourself strategy”)
(Bergmann et al., 2020).

In a further extension of this framework, the plant economics spectrum (PES)
theory states that resource economics strategies of roots, leaves, and stems are coor-
dinated along a one-dimensional axis representing the acquisition-conservation trade-
off, because acquisitive or conservative strategies in one of the plant organs alone are
not beneficial if the rest of the plant does not pursue a consistent strategy (Freschet et
al., 2010; Reich, 2014). Whether functional traits of stems and leaves are correlated
with root functional traits in a consistent fashion remains debated; there are studies
in full support (Freschet et al., 2010; Pérez-Ramos et al., 2012; de la Riva et al., 2018),
partial support (Holdaway et al., 2011; Kramer-Walter et al., 2016; Liese et al., 2017),
and contradicting (Valverde-Barrantes et al., 2015a; Delpiano et al., 2020; Vleminckx
et al., 2021) the hypothesis of aboveground–belowground trait association. Reflecting
this unresolved debate, two recent articles, Carmona et al. (2021) and Weigelt et al.
(2021), suggested contradicting variations of an updated whole-plant trait spectrum.
The key difference between these publications is that Carmona et al. (2021) assume
that root trait variation is independent from trait variation of other plant organs,
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whereas Weigelt et al. (2021) propose a shared axis of covariation for leaf and root
traits related to resource acquisition. Therefore, another central research question
treated in this thesis is whether root traits are coordinated with each other and with
aboveground traits in a manner that is consistent with the predictions of either of the
theories described above.

1.5 Fine root trait responses to environmental gra-
dients

Fine root trait associations with environmental gradients have been demonstrated
from the local to the global scale, for a plenitude of biomes, and on several levels
of aggregation (though mostly on the interspecific and community level). Globally,
functional traits of fine roots vary along large-scale climatic gradients, as demon-
strated, e.g., by higher root diameters in warmer climates (Freschet & Roumet, 2017;
Valverde-Barrantes et al., 2017; Ma et al., 2018; Laughlin et al., 2021). On regional
and local scales, root traits often vary along gradients of soil fertility (Pérez-Ramos
et al., 2012; Kramer-Walter et al., 2016; de la Riva et al., 2018; Shen et al., 2019;
Ding et al., 2020). According to the theory of the PES, acquisitive strategies are
an adaptation to environments with high nutrient availability, where high degrees of
competition render it advantageous to out-compete neighbors through fast growth.
Conservative strategies, on the other hand, are seen as an adaptation to nutrient
scarcity, where it is essential for plants to protect their once invested resources (Re-
ich, 2014). This could be confirmed for a number of different ecosystems and spatial
scales (Pérez-Ramos et al., 2012; Kramer-Walter et al., 2016; de la Riva et al., 2018;
Shen et al., 2019; Ding et al., 2020). Others reported a lack of root trait association
with soil fertility (Delpiano et al., 2020; Hogan et al., 2021; Vleminckx et al., 2021), or
reversed directions of such associations (Holdaway et al., 2011), demonstrating that
this pattern is not universally present, and the conditions under which it emerges
need to be understood better. Evidence on root trait-environment relationships in
tropical forests is still sparse, and contradictory (Cusack et al., 2021). Especially
for tropical montane forests, the question whether belowground strategies vary along
environmental gradients remains largely unanswered. Therefore, the central objective
of this work is to investigate associations of root functional traits with gradients of
soil fertility in tropical montane forests.
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1.6 Aims, scope and structure of this thesis

The present doctoral thesis is embedded in the RESPECT project (“Environmen-
tal changes in biodiversity hotspot ecosystems of South Ecuador: RESPonse and
feedback effECTs”), which combines trait-based approaches with land surface models
and dynamic vegetation models with the aim to predict ecosystem responses to global
change in species-rich tropical montane forests in southern Ecuador (Bendix et al.,
2021).

This work is structured around the results from three observational studies on
root functional traits of tree species in Andean tropical montane forests (see below).
After a general introduction in Chapter 1 and a description of the study area and the
methodological approaches in Chapter 2, the results of the aforementioned studies
are presented in the three following chapters.

Chapter 3 deals with the variation of root functional traits and functional diversity
along the topographic gradient in lower montane forests at 2000 m a.s.l. With a similar
research question and design, Chapter 4 treats the variation of root functional traits
and functional diversity along the elevational gradient from 1000 m to 3000 m a.s.l.
These two chapters aim at describing general patterns of trait-environment association
at the interspecific and community level. In Chapter 5, the focus is shifted to 52 tree
species of interests at three elevational levels. Using soil nutrient availability data on
the level of the tree individual, this chapter addresses to which degree the functional
trait syndromes of the focal species match their microhabitat preferences. Chapter
5 furthermore tackles the questions if root traits are associated with aboveground
functional traits, and whether there is intraspecific trait variation along small-scale
gradients of soil nutrient availability. Throughout Chapters 3-5, the following research
questions guided our work:

• Which are the leading dimensions of root trait variation? Chapter 3 and 5
• Are above- and belowground trait syndromes coordinated with each other?

Chapter 5
• How do root functional traits vary along topography, elevation, and nitrogen

and phosphorus availability? On which spatial scale and level of aggregation do
trait-environment associations occur? Chapter 3, 4 and 5

• How does root functional diversity vary along topography, elevation, and nitro-
gen and phosphorus availability? Chapter 3 and 4

• To which degree are root functional traits phylogenetically conserved? What
are typical root traits syndromes of important tree families in Andean tropical
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montane forests? Chapter 3 and 4

Finally, the general implications of the body of work is synthesized in Chapter 6.

1.7 Publications featured in this thesis

• Chapter 3: Pierick K, Leuschner C, Homeier J. 2020. Topography as a
factor driving small-scale variation in tree fine root traits and root functional
diversity in a species-rich tropical montane forest. New Phytologist 230: 129-
138. Part of special issue “Filling gaps in our understanding of belowground
plant traits across the world”.

• Chapter 4: Pierick K, Link RM, Leuschner C, Homeier J. Elevational
trends of tree fine root traits in species-rich tropical Andean forests. Oikos: In
review. Submitted for special issue “Root traits and functioning: from individ-
ual plants to ecosystems”.

• Chapter 5: Pierick K, Leuschner C, Link RM, Báez S, Velescu A,
Wilcke W, Homeier J. Above- and belowground strategies of tropical mon-
tane tree species are coordinated and driven by small-scale nitrogen availability.
In preparation. Submission to New Phytologist planned.



Chapter 2

Methodology

This chapter will provide a general overview over the methodological approaches ap-
plied in Chapters 3-5. After a description of the study area, it will focus on the
sampling designs applied, and on aspects of measuring root traits that are still con-
troversial, and therefore worth discussing more thoroughly than in the Chapters 3-5.
For all further details regarding the research methods, please consult the respective
methods sections of these chapters.

2.1 Study area

The study area in the present research project is located in the Andes of southern
Ecuador, in the provinces Loja and Zamora-Chinchipe, in proximity to the province
capitals Loja and Zamora (Fig. 2.1). It is situated on the eastern slopes of the
Cordillera Real, the eastern of the two main mountain ranges in the Ecuadorian
Andes. In contrast to northern Ecuador, where the Andean mountain ranges include
many volcanic peaks exceeding 5000 m a.s.l., the Andes in southern Ecuador and
northern Peru, also called the depression of Huancabamba, do not exceed 4000 m
a.s.l. (Beck et al., 2008; Richter et al., 2013). The study area is furthermore located
in the region of the “Nudo de Loja” (knot of Loja), a geographical anomaly where the
otherwise largely parallel mountain ranges of the Andes, characteristic for the relief
of northern Ecuador, are replaced by a more complex layout of mountain ranges,
leading to a rugged topography of the Andes in the region (Beck & Richter, 2008).
The landscape is dominated by deep ravines and steep slopes with angles mostly
ranging from 25° to 40° (Beck & Richter, 2008). Landslides are therefore frequent
and an important factor of disturbance. Data for the Chapters 3-5 of this thesis were
gathered at five sites at altitudes from 1000 m a.s.l. to 3000 m a.s.l. (Fig. 2.2). The
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Figure 2.1: Topographic map of Ecuador showing the location of the
study area.

lowermost two sites (Bombuscaro, 1000 m and Mirador, 1500 m a.s.l.) are located
in the valley of the Río Bombuscaro at the eastern edge of Podocarpus National
Park. The sites at 2000 m and 2500 m a.s.l., San Francisco and Curva Misteriosa,
are located in the Río San Francisco valley. Curva Misteriosa is located just outside
the Podocarpus National Park, whereas the San Francisco site is located within the
protected area Reserva San Francisco. The uppermost site, Cajanuma at 3000 m
a.s.l., is situated south of Loja, at the western edge of the Podocarpus National Park.
At all sites, a tropical humid climate with slight seasonality is prevalent. Easterlies
bring clouds from the Amazon basin throughout most of the year, and convection
leads to high amounts of rainfall at the eastern slopes of the Andes (Beck et al.,
2008; Beck & Richter, 2008; Richter et al., 2013). Precipitation peaks from June
to August and is lowest from September to December. Still, all months are humid
and on average receive more than 100 mm of precipitation (Emck, 2007; Beck et al.,
2008; Bendix et al., 2008). A further characteristic of the climate in the study area
is high fog and cloud frequencies, especially at higher elevations (Beck & Richter,
2008; Rollenbeck et al., 2011; Richter et al., 2013). Due to the complex topography,



2.1. Study area 13

Figure 2.2: Topographic map of the study area with the locations and
elevations of the five study sites.

climatic variation in the study area is large, with drastic climatic differences on small
scales. Mean annual temperatures decrease with elevation from 20 °C at 1000 m to
9.5 °C at 3000 m a.s.l., while mean annual precipitation increases from 2000 mm to
4500 mm along the elevational gradient.

The bedrock consists of granodioritic rocks at the two sites in the Río Bombus-
caro valley, and metamorphic schists and sandstones at the other sites (Wolf et al.,
2011). The soils are comparably young and developed in postglacial landslide mate-
rial or periglacial cover beds (Wilcke et al., 2011). According to Wolf et al. (2011),
the prevailing soil types are Cambisols, Histosols, and Planosols, depending on their
elevation and topographic positions. Soils at higher elevations and at ridge tops ac-
cumulate thick organic horizons, are more acidic, more waterlogged and have lower
nutrient availability than soils at lower elevations and at lower slope positions (Wilcke
et al., 2008a, 2011; Wilcke et al., 2008b; Wolf et al., 2011). The differences along the
elevational gradient are mostly driven by the decrease in temperature, slowing down
decomposition and therefore the turnover of organic matter. Furthermore, the im-
mense precipitation rates lead to permanently waterlogged soils at the highest site
(Wilcke et al., 2008a; Wilcke et al., 2008b). The edaphic variability along topographic
gradients is primarily driven by down-slope water fluxes that wash out nutrients at
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the ridge tops (Wilcke et al., 2011). Due to the rugged topography of the landscape,
the soils are therefore highly heterogeneous on a small spatial scale (Wilcke et al.,
2008a, 2011; Werner & Homeier, 2015).

The vegetation at the study sites consists of evergreen montane rain forests that
are subject to a characteristic altitudinal zonation (Homeier et al., 2008). From
800-1300 m a.s.l., premontane forest that reaches a canopy height of up to 40 m pre-
vails. Characteristic tree families in this zone are Fabaceae, Moraceae, Myristicaceae,
Rubiaceae, and Sapotaceae. At 1300-2100 m a.s.l., they are replaced with lower mon-
tane forest, harboring mostly Euphorbiaceae, Lauraceae, Melastomataceae, and Rubi-
aceae. Upper montane forest occurs from 2100-2700 m a.s.l., with the characteristic
plant families including Aquifoliaceae, Clusiaceae, Cunoniaceae, and Melastomat-
aceae. The canopy height, decreasing along elevation, reaches only 8-10 m in this
zone (Homeier et al., 2008; Homeier et al., 2021). At higher altitudes (2700-3000 m
a.s.l.), smaller-statured elfin forests are the last forest zone before the timberline is
reached and Páramo vegetation prevails (Homeier et al., 2008). Tree species turnover
between these zones is almost complete (Homeier et al., 2021). With 2700-3100 m
a.s.l., the timberline in the Huancabamba depression is found at relatively low alti-
tudes compared to other parts of the tropical Andes (Beck & Richter, 2008; Homeier et
al., 2008). A further remarkable feature of these high elevation forests is their species
richness and the absence of the genus Polylepis that usually dominates timberline
vegetation in the tropical Andes (Beck & Richter, 2008; Homeier et al., 2008).

As described in more detail in Section 1.1, tropical montane forests on the east-
ern slopes of the Andes are highly diverse and have high endemism rates in several
organism groups, including vascular plants. This is also true for tree communities in
the study area; more than 1000 tree species have been tallied there so far (Chapter
4). Within the studied altitudinal range, tree species richness does not depend on
elevation (Homeier & Leuschner, 2021). Floristically, the study area belongs to the
Northern Andes floristic region (Pérez-Escobar et al., 2022), but is also influenced by
the Central Andes region, and harbors both species from Amazonian lowland forests
that reach their upper distribution limit and typical montane species, which is a ma-
jor contributing factor to the high species richness (Homeier et al., 2010). Small-scale
environmental heterogeneity caused by topography creates a variety of microhabitats
with differing floristic composition which further contributes to the high tree species
diversity (Homeier et al., 2010).
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Figure 2.3: Vegetation in the study area: a) Bombuscaro (1000 m), b-e)
San Francisco (2000 m), f-g) Cajanuma (3000 m a.s.l.).

2.2 Sampling approaches

When measuring traits of plant communities in highly diverse tropical forests, several
problems related to sampling arise. Ideally, the aim would be to gather reliable (i.e.,
satisfactorily replicated) information on all species in a community. This is often not
possible in tropical forests for the following reasons: Firstly, it is often not feasible
to sample all the species due to their sheer diversity, and limited temporal and finan-
cial resources in the research project. Secondly, most species occur in low densities,
and therefore it is difficult to find enough individuals to replicate them satisfactorily.
Finally, often not all species in tropical forests can be identified to the species level,
and a considerable proportion might not even be described yet. In our study area,
thanks to a long history of ecological research, most of the tree species are described,
and most of the trees in the permanent plots are identified to the species level. Still,
as measuring root traits is especially time-consuming, our limited resources caused
a trade-off between sampling many species, and replicating species well. Therefore,
we decided to adopt two different kinds of designs, one to capture the trait varia-
tion between communities along environmental gradients (Random Trees), and one
where we attempted to obtain reliable information on selected species (Replicated
Species, Table 2.1). These two approaches are suited to answer different questions
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and complement each other to acquire a whole picture.
The Random Trees design was used in Chapters 3 and 4, where we address ques-

tions about the functional composition of communities along a small-scale topographic
gradient (Chapter 3) and along a larger-scale elevational gradient (Chapter 4). As
our available resources did not allow us to measure the root traits of all species in
the community, we randomly selected a fixed number of trees per community, which
lead to common species being replicated better than rare species. The performance
of several incomplete sampling methods in comparison with a complete sampling of
tree communities in species-rich neotropical forests has been assessed by Baraloto et
al. (2010b) and Paine et al. (2015). While Baraloto et al. (2010b) concluded that
the ideal cost-benefit ratio is achieved when every species in the community is at
least sampled once, random sampling approaches like our Random Trees approach
still scored well. In the assessment by Paine et al. (2015), they even turned out to
be the most accurate of the compared approaches.

In Chapter 5, we were interested in the strategies of specific focal species and
therefore applied the Replicated Species approach. For this design, we selected 52
tree species of interest from three elevational levels based on their abundance (they
had to be abundant enough to find a sufficient number of replicate individuals within
our plots) and previous knowledge about their functional role in the community (e.g.,
both pioneer and late-successional, canopy and understory species were represented
at all sites). Each of these species was replicated with 6-11 individuals. This more
intensive replication (as compared to the Random Trees approach, where many species
were only replicated once) allowed us to draw reliable conclusions about the functional
strategies of our focal species, and assess their intraspecific trait variation.
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Table 2.1: Details about the methodology applied in Chapters 3-5.

Main questions Observational level

Chapter Trait-environment
relationships

Trait-trait
relationships

Elevational levels
(m a.s.l.)

Traits Predictors Sampling
approach

Root classification
method

3 Trait variation along
topographic gradient

2000 tree individual plot Random Trees diameter-based

4 Trait variation along
elevational gradient

1000, 1500, 2000,
2500, 3000

tree individual plot Random Trees functional

5 Intra- and interspecific
trait variation along N
and P availability

Interspecific
relationships between
above- and
belowground traits

1000, 2000, 3000 tree individual tree individual Replicated
Species

functional
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2.3 Sampling fine roots

Fine roots, traditionally defined as the most distal parts of root systems with diame-
ters ≤ 2 mm, are an essential organ of plants, being the part of the root system where
the absorption of water and nutrients happens (Chapter 1). Although properties of
fine roots have been a target of investigation for many decades, the optimal meth-
ods to measure them are still discussed (Freschet et al., 2021a). These difficulties
can be condensed into two main intrinsic problems of studying roots: In contrast
to other plant organs like leaves, they are not morphologically and functionally dis-
tinct. On the contrary, there is a continuous transition from roots with a primarily
absorptive function to roots with a primarily transportive function. In addition, the
inevitable fact of roots existing (mostly) underground makes it less straightforward
to access them, with a plenitude of possible methods existing (Freschet et al., 2021a).
In the following, I describe which methods I applied for collecting and classifying root
samples.

2.3.1 The tracing method

The present work aimed to measure functional traits of roots on the level of individual
trees to answer questions related to phylogenetic signal (Chapter 3 and 4), functional
diversity (Chapter 3 and 4) and intraspecific trait variation (Chapter 5). The upper
layer of the soils in the study area is pervaded by a dense, entangled mesh of fine
roots from the many tree species of the community. Even though fine roots of the
tree species in the communities display a high level of between-species morphological
variability and can have species-specific distinctive features (Figure 2.4), the tree
communities are too species-rich to identify fine roots to the species level based on
their morphology. Therefore, the commonly used method of sampling fine roots from
soil cores (Freschet et al., 2021a) could not be applied in our case, as it does not give
information about to which tree the sampled roots belong, except if DNA barcoding
is used (Luo et al., 2021). Instead, we applied a so-called tracing method in all
sampling campaigns, where coarse roots emerging from the stem of a target tree are
carefully traced through the soil using bare hands and simple gardening equipment
until strands of distal fine roots are encountered and removed from the soil (Chen et
al., 2013; Kong et al., 2014). This way, only root segments definitely attached to the
target tree are harvested. The tracing method is challenging and time-consuming,
which is why extracting roots using the soil core method is usually applied if research
questions on the community level are addressed (Freschet et al., 2021a). However, it
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Figure 2.4: Exemplary images of distal root segments from several tree
species in the study area. a) Clusia sp., Clusiaceae, b) Endlicheria sp.,
Lauraceae, c) Meriania franciscana, Lauraceae, d) Guarea kunthiana,
Meliaceae, e) Otoba parvifolia, Myristicaceae, f) Podocarpus oleifolius,
Podocarpaceae, with nodules that host arbuscular mycorrhizal fungi,
g) Clarisia racemosa, Moraceae, h) Critoniopsis floribunba, Asteraceae.

is the only way described so far to measure in situ root traits of adult trees in species-
rich forests on the individual tree level. The measurement of functional traits on the
roots of hundreds of trees of previously unexplored tropical montane tree species is a
unique feature of this work and contributes to its novelty and relevance.

2.3.2 Functional root classification

Traditionally, roots have been sorted into fine roots and coarse roots based on their
diameter, usually with a cut-off point at a diameter of 2 mm, with the aim to include
predominantly the parts of the root system that are involved in nutrient and water
acquisition (reviewed in McCormack et al., 2015; Freschet & Roumet, 2017; Freschet
et al., 2021a). This approach was applied in Chapter 3 (Table 2.1). In the last decade,
however, several shortcomings of the diameter-based root classification method have
been pointed out. The root fraction ≤ 2 mm often comprises several functionally
different root orders (Pregitzer et al., 2002; Guo et al., 2008; Jia et al., 2011; Rewald
et al., 2011; Rewald et al., 2014). Furthermore, the diameter of a root segment
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depends on its ontogeny and changes throughout several successive developmental
processes (Freschet et al., 2021a). As species differ in their root diameter distribution,
a general diameter threshold can lead to the inclusion of functionally very different
fractions of the root systems into the fine root pool, especially for woody species
(McCormack et al., 2015; Freschet & Roumet, 2017; Laliberté, 2017). This last point
became especially evident to us when we first sampled roots of Otoba parviflora, an
extremely thick-rooted Myristicacean tree species found in our plots at 1000 m a.s.l.
Had we applied the 2 mm cutoff method on this species, Otoba parviflora would have
had to be classified as a species without fine roots. Similarly, in many species from
the Lauraceae and Meliaceae, only very small proportions of the distal root strands
would have fallen below the 2 mm threshold, in contrast to thin-rooted families like
Moraceae, where the pool of roots thinner than 2 mm included root strands of up to
half a meter.

An order-based classification method is often applied to accurately separate distal
root strands into functionally comparable segments (e.g., Guo et al., 2008; Kong et
al., 2014). This method is usually considered to be the gold standard in terms of accu-
rately mirroring root function (McCormack et al., 2015; Freschet et al., 2021a), even
though Freschet & Roumet (2017) pointed out that it also has its pitfalls, e.g. that the
functionality of certain root orders is still not consistent within and between species,
and that it is especially sensitive to the developmental stage of the root strand and
to the presence of specialized roots like pioneer or tap roots. Most of all, it is the
most time-consuming classification method and was not applicable with our available
resources. A further impairment to the application of an order-based classification
method was in our case that some of the species we sampled, for example many Ru-
biaceae, had distal root systems so thin, highly branched and with short internodal
segments, that we would have had to dig out an enormous amount of root material
to acquire enough first-, second- or third-order roots for proper trait measurements.

Therefore, we decided to adopt a functional root classification method as described
in McCormack et al. (2015), for the roots sampled for Chapter 4 and 5 (Table 2.1).
McCormack et al. (2015) and Shao et al. (2019) suggested to divide the traditional
fine root fraction into absorptive and transport roots according to the root segments’
predominant function. Absorptive and transport roots are distinguished anatomically
by the presence of secondary xylem and a suberized cork layer (Zadworny et al.,
2016). The transition from a mostly absorptive to a mostly transport function can
be continuous instead of occurring discretely at a well-defined point (Freschet et al.,
2021a). Which root orders fall into the absorptive root pool is species-specific, and has
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been reported to vary between the most distal two to five root orders of woody species
(Kong et al., 2016; Zadworny et al., 2016; Trocha et al., 2017; Wang et al., 2019).
Ideally, species-specific thresholds should be determined by prior anatomical analyses
(McCormack et al., 2015). This was not feasible in our project due to the high number
of analyzed species. Instead, we classified the roots based on morphological criteria
(root color and surface texture, root diameter, root elasticity and presence of root
hairs). Especially root color and elasticity changed discretely and in a coordinated
way somewhere between the second and fourth order for almost all species, which
is why we assume that these changes represented the transition from absorptive to
transportive segments of the root system.

2.4 Measuring root functional traits

The root traits we measured, and their relevance to root functioning, are introduced
in Section 1.3. They can be grouped into morphological traits (root diameter, spe-
cific root length (SRL), absorptive fine root fraction (AFRF), root branching intensity
(RBI), root tissue density (RTD)) and chemical traits (N and P concentration). Mor-
phological traits are in most cases ratios of two characteristics of the root sample,
like total length, total volume, number of root tips, and dry weight. Except for dry
weight, these variables can be measured by placing the cleansed root samples in trans-
parent, water-filled trays and scanning them, and subsequently analyzing the scanned
images with the software WinRhizo. This image recognition program can distinguish
root segments from the background, and estimate their properties like average diam-
eter, total volume, total length, number of tips, and many more (see Tab. 2.2 for
details on the calculation of these traits). The chemical traits, N and P concentration,
were measured with a CN elemental analysis and inductively coupled plasma mass
spectometry (ICP-MS) respectively. Not all traits were measured in all chapters, be-
cause measurements of RBI would have been biased by the functional classification
method, as it results in many small root segments in some species, and the image
recognition algorithm cannot distinguish true root tips from cutoff points. AFRF
can per definition only be measured in combination with a functional classification
method. For more details on the trait measuring protocols and further aspects of the
applied methodology, please consult the respective methods sections of Chapters 3-5.
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Table 2.2: Root functional traits measured in Chapters 3-5.

Full name Abbr. Unit Description Chapters
Average root diameter droot mm Average root diameter 3, 4, 5

Specific root length SRL m g-1 Root length per dry mass 3, 4, 5

Absorptive fine root frac-
tion

AFRF g g-1 Absorptive root dry mass
per fine root (≤ 2mm) dry
mass

4

Root branching intensity RBI tips cm-1 Root tips per length 3

Root tissue density RTD g cm-3 Dry mass per root volume 3, 4, 5

Root nitrogen concentra-
tion

Nroot mg g-1 N content per dry weight 3, 4, 5

Root phosphorus concen-
tration

Proot mg g-1 P content per dry weight 4, 5
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3.1 Abstract

• We investigated the variation in tree fine root traits and their functional diver-
sity along a local topographic gradient in a Neotropical montane forest to test
if fine root trait variation along the gradient is consistent with the predictions
of the root economics spectrum on a shift from acquisitive to conservative traits
with decreasing resource supply.

• We measured five fine root functional traits in 179 randomly selected tree indi-
viduals of 100 species and analysed the variation of single traits (using Bayesian
phylogenetic multilevel models) and of functional trait diversity with small-scale
topography.

• Fine roots exhibited more conservative traits (thicker diameters, lower specific
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root length and nitrogen concentration) at upper slope compared with lower
slope positions, but the largest proportion of variation (40–80 %) was explained
by species identity and phylogeny. Fine root functional diversity decreased
towards the upper slopes.

• Our results suggest that local topography and the related soil fertility and
moisture gradients cause considerable small-scale variation in fine root traits
and functional diversity along tropical mountain slopes, with conservative root
traits and greater trait convergence being associated with less favorable soil
conditions due to environmental filtering. We provide evidence of a high degree
of phylogenetic conservation in fine root traits.

Keywords: Bayesian multilevel models, Ecuador, functional dispersion, phylogenetic
regression, root economics spectrum, root functional traits, tropical montane forest

3.2 Introduction

The variation of fine root functional traits along environmental gradients is currently
a widely discussed topic in plant functional ecology (e.g. Addo-Danso et al., 2020;
Delpiano et al., 2020; Ding et al., 2020). By contrast with aboveground plant organs,
which have been studied extensively (Westoby et al., 2002; Wright et al., 2004; Chave
et al., 2009; Díaz et al., 2016), less is known about the leading dimensions of root
functional traits and their association with abiotic factors (Laliberté, 2017). Only
during recent years, our understanding of fine root functionality has deepened. Fine
roots fulfill several functions that are crucial for the growth and survival of plants,
notably water and nutrient uptake, carbohydrate storage, anchorage and various in-
teractions with the rhizosphere (Mommer et al., 2016; Weemstra et al., 2016). With
fine root production representing an estimated 22 % (McCormack et al., 2015) to
33 % (Jackson et al., 1997) of terrestrial net primary productivity, fine root traits
influence carbon and nutrient cycling in the soil directly through organic matter in-
put as well as indirectly via their influence on soil microbial communities (Bardgett
et al., 2014). Hence, a better understanding of fine root functional traits and their
variation along environmental gradients is critical for improving our capacity to pre-
dict ecosystem functioning in changing environments (Iversen, 2010; Bardgett et al.,
2014). Knowledge gaps with respect to plant functional properties are especially large
in species-rich tropical forests (Freschet & Roumet, 2017).

Trait syndromes of fine roots are often discussed in the light of the root economics
spectrum (RES, Kong et al., 2014). In analogy to the widely accepted leaf economics
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spectrum (Wright et al., 2004), the RES predicts a growth-survival trade-off for fine
roots, in which root form and function are optimized either for quick growth and high
resource acquisition rates, or for long life spans and lower resource uptake (Freschet et
al., 2010; Reich, 2014; Roumet et al., 2016; Weemstra et al., 2016; Laliberté, 2017).
In this framework, thin, strongly branched fine roots with low tissue density, high
specific root length (SRL), and high nitrogen concentration are considered acquisi-
tive, because they allow efficient soil exploration and resource uptake at relatively
low carbon investment. Conversely, thicker diameters, higher tissue densities, lower
degrees of branching, and lower SRL and nitrogen concentrations indicate resource
conservation (Reich, 2014; Weemstra et al., 2016). This concept is supported by
comprehensive evidence linking morphological and chemical root traits to whole-plant
growth rates (Comas & Eissenstat, 2004; McCormack et al., 2013; Kramer-Walter et
al., 2016), root lifespan (Withington et al., 2006; Adams et al., 2013; McCormack et
al., 2013; Sierra Cornejo et al., 2020), root respiration (Tjoelker et al., 2005; Makita
et al., 2009; Paradiso et al., 2019), and nutrient uptake rates (Comas et al., 2002;
Lugli et al., 2019). However, while some studies reported a mostly one-dimensional
RES (e.g. Freschet et al., 2010; Pérez-Ramos et al., 2012; Roumet et al., 2016; de
la Riva et al., 2018), most evidence on the dimensionality and coordination of root
traits points towards more complex, multidimensional relationships among root traits
with the axes of variation being inconsistent between studies (e.g. Kong et al., 2014;
Valverde-Barrantes et al., 2015a; Kramer-Walter et al., 2016; Wang et al., 2018; Liu
et al., 2019; McCormack & Iversen, 2019). Common explanations for the complexity
of fine root trait relationships are the multiplicity of functions that roots have to fulfill
and the collaboration with mycorrhizal fungi that can offset the selective pressure on
certain root functional traits (Weemstra et al., 2016).

Another important factor determining fine root trait syndromes of tree species is
their evolutionary history. It is widely agreed that many fine root traits are highly
phylogenetically conserved (e.g. Kong et al., 2014; Valverde-Barrantes et al., 2015a;
Liese et al., 2017; Liu et al., 2019), with gymnosperms and early-diverged angiosperms
having more conservative traits than later diverged angiosperms due to a historical
shift in mycorrhizal collaboration (Chen et al., 2013; Comas et al., 2014; Yahara et
al., 2019).

Even though being most likely not one-dimensional, the RES is linked to gradients
of resource availability. Many studies have found fine root properties to vary along
environmental gradients, and specifically fertility gradients, in a coherent manner,
with abundant resources promoting rather acquisitive strategies, and resource scarce-
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ness promoting conservative strategies (Reich, 2014). It is assumed that acquisitive
strategies are more successful when resources are abundant, because trees need to be
highly efficient in their resource acquisition to grow fast and be able to withstand
high degrees of competition (de la Riva et al., 2018; Addo-Danso et al., 2020; Fort
& Freschet, 2020). Resource scarcity, conversely, is believed to exclude fast-growing
plants and require species to conserve invested resources (de la Riva et al., 2018;
Delpiano et al., 2020). Fine root properties were found to vary along environmental
gradients as predicted by the RES framework for different life forms and ecosystems
and at different spatial scales (Holdaway et al., 2011; Kramer-Walter et al., 2016; de
la Riva et al., 2018; Ding et al., 2020; Fort & Freschet, 2020). While the majority
of studies on root trait variation along soil fertility and climate gradients compared
different ecosystem types or even different biomes, soil chemical variation also occurs
on small spatial scales within ecosystems, for example along small-scale topographic
gradients at the same elevation.

On the rugged terrain of tropical montane forests, fertility and water availability
are strongly linked to topography, which creates a mosaic of heterogeneous microcli-
matic, hydrologic and edaphic conditions on the local scale (Takyu et al., 2003; Wein-
traub et al., 2015). This has a significant impact on patterns of vegetation structure,
productivity, species composition and diversity (Homeier et al., 2010; Lippok et al.,
2014; Liu et al., 2014; Werner & Homeier, 2015; Jucker et al., 2018; Muscarella et
al., 2019). Induced by downhill fluxes of water and organic matter, soils at the lower
slopes are less acidic, richer in nitrogen and plant-available phosphorus and with a
higher base saturation than at upper slopes (Wolf et al., 2011; Werner & Homeier,
2015). Studies investigating the functional composition of tropical tree communities
along topographical gradients have found that, in gorges and at lower slope positions,
trees tend to have more acquisitive life history strategies than on ridges and upper
slopes (Liu et al., 2014; Apaza-Quevedo et al., 2015; Jucker et al., 2018; Blanchard et
al., 2019; Muscarella et al., 2019), but all cited studies only investigated aboveground
functional traits. de la Riva et al. (2018) found a decrease of root dry matter content
of woody plants towards wetter and more fertile conditions along a local topographic
gradient in a Mediterranean mountain range.

The diversity of functional traits in a plant community (represented by the species’
differences in single functional traits or the combination of traits) may influence
ecosystem functioning, notably productivity, through complementarity effects and
facilitation, and it can increase community resilience after disturbance, when the
species differ in their recovery rates (Díaz & Cabido, 2001; Díaz et al., 2007; Pake-
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man, 2011; Purschke et al., 2013). The functional diversity of leaf and shoot traits has
been shown to vary along broad climatic and land use gradients (de Bello et al., 2006).
Several studies have found an effect of environmental filtering on aboveground func-
tional diversity in trees (e.g. Mason et al., 2012; Asefa et al., 2017; Ding et al., 2019).
In general, the range of co-occurring trait values, and thus functional diversity within
a habitat is expected to be smaller under more stressful environmental conditions as
a result of functional convergence and, in resource-limited habitats, environmental
filtering should lead to the preferential selection of species with more conservative
resource-use strategies (e.g. Asner et al., 2014; Šímová et al., 2015). However, when
root traits are addressed, functional trait diversity has been less a study focus than
the composition of functional traits in a community. While root traits have some-
times been included in indices of functional diversity in the context of attempts to
explain ecosystem functions (Butterfield & Suding, 2013; Valverde-Barrantes et al.,
2015b; Fotis et al., 2018), to our knowledge this study was the first to investigate root
functional diversity using five important traits from the RES.

In this study, we explored how the fine root functional traits root diameter (droot),
SRL, root tissue density (RTD), root branching index (RBI), and root nitrogen con-
centration (Nroot) varied in trees along topographical gradients in species-rich trop-
ical forests in rugged terrain, as is characteristic for the Andes and other tropical
humid mountains. We further investigated whether belowground functional diversity
changed with topography, and to what degree variation in fine root traits is explained
by environment, phylogeny and phylogenetically independent species effects. With a
comprehensive root trait data set covering 100 tree species, we aim to contribute to
a better understanding of variation of fine root traits along environmental gradients
and the nature and significance of a RES. By studying a highly diverse Neotropical
montane forest, our findings should also help to better understand tree community
assembly in tropical forests. We hypothesized that:

1. Tree root trait syndromes shift from a more acquisitive strategy at the more
fertile lower slope to a more conservative strategy at the upper slope, which is
reflected in an increase in root diameter and RTD, and a decrease in SRL, RBI
and root N concentration.

2. Large parts of the variation that cannot be explained by environmental differ-
ences are attributable to phylogenetic relatedness between species.

3. Belowground functional diversity is lower at upper slope positions where the
less fertile soils constitute a stronger environmental filter.
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3.3 Material and methods

3.3.1 Study area

The study was conducted in the montane forests of the Reserva San Francisco in
southern Ecuador (Province Zamora-Chinchipe; Fig. A.1 a). The study area is
located in the Rio San Francisco valley on the eastern slopes of the Andean mountain
range Cordillera Real at around 2000 m a.s.l., bordering Podocarpus National Park.
The climate is humid tropical montane with a mean annual temperature of 15 °C
and a mean annual precipitation of 2200 mm (Bendix et al., 2008). Seasonal thermic
and hygric differences are weak with a drier, but still humid, period from October
to December. The vegetation at the research sites is constituted by undisturbed old-
growth stands of evergreen lower montane forest (Homeier et al., 2008). The most
common soil types are humic and dystric cambisols (Wolf et al., 2011). The terrain
is rugged with often steep slopes (20–50 ° inclination) and many small ravines, which
create a heterogeneous topographic mosaic with pronounced small-scale differences
in soil properties. Topography has a strong influence on forest structure and species
composition. Valleys and lower slope positions have higher tree species richness and
taller trees in comparison with ridges and upper slope positions (Homeier, 2008;
Homeier et al., 2010), and are more productive (Paulick et al., 2017). Tree species
turnover along the topographical gradient is high (< 10 % of tree species are shared
between lower and upper slope positions) (Homeier et al., 2010).

3.3.2 Study design

The root samples were collected from 18 permanent plots of 20 m × 20 m size covering
a broad topographic range from lower to upper slope positions (Fig. A.2 b; Table A.1).
The slope position of the plots was characterized through the topographic position
index (TPI, Guisan et al., 1999; Weiss, 2001), an algorithm derived from the relative
position of a raster cell in a digital elevation model (DEM) in relation to the average
elevation of the surrounding cells (Kübler et al., 2016). We used a DEM with 10 m
resolution based on triangulation from aerial photographs and calculated the TPI for a
circular neighborhood within a radius of 200 m (Link, 2018). Negative values indicated
lower slope positions, positive values upper slope positions, and values around zero
characterized either mid-slope positions or plateaus. Considering that steep slopes
prevailed throughout the study area and plateaus were virtually absent, it can be
assumed that all TPI values around zero indicated mid-slope positions. The TPI



3.3. Material and methods 29

ranges from about -1 to +1 and is centered around 0. Plot elevation varied only
slightly between 1913 m and 2089 m a.s.l. and was independent of TPI.

In each plot, we randomly selected 10 trees with a diameter at breast height (dbh)
of ≥ 10 cm. In cases in which the roots of the randomly selected trees could not be
accessed, appropriate substitute trees were selected at random from the remaining
trees in the plot. This selection method led to a data set comprised of 179 tree indi-
viduals (two had to be excluded afterwards due to low quality of root samples, while
an additional sample was collected in one plot). The final sample contained individu-
als from 39 families, 68 genera and 100 species. Three trees were gymnosperms (two
individuals of Podocarpus oleifolius and one of Prumnopitys montana), the remain-
ing 176 individuals were angiosperms. The most common species in the data set was
Guarea kunthiana (13 replicates), while the majority of species was only sampled once
or twice. Our sample covered between 29 % and 100 % of the tree species present in
each plot as adult trees (dbh ≥ 10 cm, average: 44 %, Table A.2). The full species
list is given in the Table A.3.

3.3.3 Measurement of fine root traits

Fine root functional traits were measured from October to December 2016. One intact
fine root strand of at least 10 cm length was sampled from each tree by tracing coarse
roots from the stem until fine roots (diameter ≤ 2 mm) were reached. Even though
the arbitrarily chosen diameter threshold of 2 mm has recently been criticized for not
adequately capturing the most active absorptive finest root segments (McCormack et
al., 2015; Shao et al., 2019), Freschet & Roumet (2017) pointed out that measurements
on roots ≤ 2 mm produce only marginally different results to measurements on the
first three root orders. An analysis based on root orders is much more labor intensive,
and according to Freschet & Roumet (2017), the 2 mm category is appropriate when
the focus is on nutrient acquisition strategies. As the study goal was to investigate
topographic effects on fine root morphology in relation to nutrient acquisition in these
hyperdiverse forests through the analysis of as many species as possible, we preferred
to analyse a larger species number over greater analytic detail in a smaller sample.

The root systems were carefully removed from the soil, placed in plastic bags,
transported to the nearby research station and stored at 4 °C until further processing,
which was carried out within 3 days. In the following step, the roots were washed and
dead material was discarded. Then the roots were placed in a water-filled PlexiglasTM

tray avoiding overlap of root segments and subsequently scanned with a Hewlett
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Packard Scanjet G4050 scanner in grey scale at 600 dpi. The images were analysed
with the software Winrhizo 2013 Basic (Regent Instruments Inc., Quebec, Canada)
measuring root volume, total length, average diameter and number of root tips. The
samples were then oven dried at 60 °C for at least 48 h and weighed afterwards.
SRL (total fresh root length per dry mass), RTD (dry mass per fresh volume) and
RBI (number of root tips per fresh length) were calculated from the aforementioned
data. The samples were ground and their nitrogen concentration (Nroot) was analysed
using a C:N elemental analyzer (Vario EL III; Elementar, Hanau, Germany) at the
Department of Plant Ecology, University of Göttingen, Germany.

3.3.4 Statistical analysis

Soil parameter variation with topography

Before the main analyses, we inspected the relationships between TPI and several
soil parameters measured in our plots by Wolf et al. (2011) (Fig. A.2). Furthermore,
we conducted a principal components analysis (PCA) with these parameters and
inspected the correlation coefficients of the first two axes with TPI (Fig. A.3). The soil
parameters and PCA axes were highly associated with TPI. As topographic position
can be assumed to be the main cause of small-scale gradients in soil properties in the
research area Wolf et al. (2011), we limited the analysis to TPI to avoid issues with
multicollinearity (cf. Dormann et al., 2013).

Phylogeny

The phylogenetic relationships of the involved tree species were extracted from
the mega-tree of vascular plants ‘GBOTB.extended.tre’ using the R package
V.PhyloMaker (Jin & Qian, 2019). The resulting phylogeny for our species can be
found in Fig. A.4.

Phylogenetic multilevel models

We used the R package brms (Bürkner, 2017) to fit five Bayesian phylogenetic multi-
level models (Bürkner, 2020), to describe each of the five investigated fine root traits
as response to TPI. The responses were log transformed in order to handle skewness
and heteroscedasticity. The random effects structure contained a phylogenetically
correlated random species effect and an unstructured random species effect, which
accounted for additional species differences not explained by phylogenetic related-
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ness. This model structure can be interpreted analogously to a classical PGLS model
(cf. Bürkner, 2020). Furthermore, plot identity was incorporated as a random effect
to account for possible random variation between plots that could not be explained
by topography. The models were fit with brms’s default weakly informative priors
for 10000 iterations. A detailed description of the method is given in Methods A.1.
The contribution of different model components to the total variance in the data was
decomposed based on the approach of Gelman et al. (2019), extended to a multilevel
context analogous to Nakagawa & Schielzeth (2013).

Phylogenetic PCA

A phylogenetic PCA on species level was performed with the five log-transformed
root traits using the R package phytools (Revell, 2012). The input variables were
centered and scaled.

Functional diversity

We chose functional dispersion (FDis) as a measure of functional diversity because
it is unaffected by species richness, can be applied for any number of traits, and
is robust against outliers (Laliberté & Legendre, 2010). FDis is the mean distance
of the species from the centroid in the multidimensional trait space. We calculated
fine root FDis of the five combined fine root traits droot, SRL, RTD, RBI and Nroot

for the tree sample from each plot using the dbFD function in the R package FD
(Laliberté et al., 2014). In order to test for a significant effect of TPI on FDis, we
fitted a linear regression. We further asked whether trends in FDis are explained by
variation in phylogenetic diversity along the gradient. This was done by calculating
Faith’s phylogenetic diversity (PD, Faith, 1992) for the trees of our sample using the
R package picante (Kembel et al., 2010). We tested whether PD depended on TPI,
and FDis on PD, using linear regressions in R.

3.4 Results

3.4.1 Soil chemistry along topography

A PCA of 10 soil chemical variables and organic layer depth revealed two largely
independent factor complexes, the concentration of exchangeable basic cations (Ca, K,
Mg) and phosphorus, and the availability of nitrogen (Fig. A.3 a). Both factor groups
were positively associated with TPI, indicating that nutrient concentrations decreased
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from lower to upper slope positions. The topsoil pH decreased, while organic layer
thickness increased from the lower to upper slopes (Fig. A.2, A.3 b).

Figure 3.1: Fine root traits in dependency of the topographic position
index (TPI). Shown are the raw data on individual tree level (n = 179)
and marginal predictions (posterior mean with 95 % highest density
intervals) from the Bayesian phylogenetic multilevel models if the effect
of TPI was credibly different from zero. Root traits: (a) root diameter
(droot), (b) specific root length (SRL), (c) root tissue density (RTD),
(d) root branching intensity (RBI), and (e) root nitrogen concentration
(Nroot).

3.4.2 Variation of fine root traits with topography

We found a credible positive effect of TPI on root diameter and credible negative
effects on SRL, RBI, and Nroot, while TPI did not influence RTD. According to
the model results, fine roots were thinner, more branched, contained more nitrogen
and invested less biomass per absorbing area at lower slope positions (Fig. 3.1, 3.2;
Table A.4). However, only small proportions of the variance (11.0 % and 12.4 % for
RBI and Nroot, respectively, and less than 10 % for droot and SRL) were explained
by the effect of topography. By contrast, species effects, that is phylogenetically
correlated and independent species effects combined, explained much greater amounts
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Figure 3.2: Posterior distributions of model parameters in the Bayesian
phylogenetic mixed models for the five log-transformed root traits. The
fixed part includes the general intercept and the slope parameter for the
predictor topographic position index (TPI). In the random part, stan-
dard deviations of the random effects are shown. ‘Phylogeny’ stands
for the phylogenetically correlated species effect and ‘species’ for the
independent species effect. Sigma quantifies the residual variation that
could neither be explained by the fixed nor the random part of the
model. The posterior distributions of the parameters are displayed as
effect sizes (standard deviations on log scale) to allow for comparisons
between models. Points and lines: posterior mean ± 95 % highest den-
sity intervals. droot, root diameter; SRL, specific root length; RTD,
root tissue density; RBI, root branching intensity; Nroot, root nitrogen
concentration.

of variation of all fine root traits (ranging from 40.2 % for RBI and SRL to 79.9 %
for Nroot). In all models, the influence of phylogenetically correlated species effects
was much greater than that of the independent species effects. Plot effects explained
only small proportions of variance except for RBI (17.3 %). The conditional R2 (the
total amount of variance explained by fixed and random effects combined) ranged
from 67.5 % (SRL) to 79.9 % (Nroot) (Fig. 3.3). The combined random intercepts
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Figure 3.3: Variance decompositions of Bayesian phylogenetic multi-
level models. Shown are the fractions of total variance explained by the
components of the mixed models. Included traits: root diameter (droot),
specific root length (SRL), root tissue density (RTD), root branching
intensity (RBI), and root nitrogen concentration (Nroot). TPI, topo-
graphic position index.

for phylogenetically dependent and independent species effects as fitted by the five
models are displayed for all studied species in Fig. A.5.

3.4.3 Phylogenetic PCA

The phylogenetic PCA for the five fine root traits showed no clear one-dimensional
spectrum. RBI and droot were mostly associated with the first axis (which accounted
for 45 % of variation), whereas RTD, SRL and Nroot loaded similarly high on the first
and second axis. The second axis explained 34 % of variation. Plant species occurring
on upper slope positions were associated with higher RTD and droot, and lower SRL
and Nroot (Fig. 3.4).
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Figure 3.4: Phylogenetic principal components analysis of 100 tree
species, colored by their average topographic position index (TPI)
value. Included fine root traits: root diameter (droot), specific root
length (SRL), root tissue density (RTD), root branching intensity
(RBI), and root nitrogen concentration (Nroot).

3.4.4 Functional dispersion

The functional dispersion of fine root traits decreased significantly by about 30 %
from plots at the lower slope to plots in upper slope positions (p = 0.001, R2 = 0.45)
(Fig. 3.5). The relationships between neither PD and TPI (p = 0.81, R2 = 0.003)
nor between PD and FDis (p = 0.13, R2 = 0.14) were significant. As the observed
positive relation between PD and FDis is caused by a single outlying plot (Fig. A.6,
it should be interpreted with care.

3.5 Discussion

3.5.1 The impact of phylogeny

In all of our models, species differences in accordance with phylogenetic relatedness
explained by far the most variance in fine root traits, exceeding not only the variance
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Figure 3.5: Functional dispersion (FDis) along the topographic position
index (TPI). FDis was calculated with five fine root traits for 18 plots.
Shown are the data with predictions from a linear model and confidence
interval.

explained by topography but also by phylogenetically independent species effects.
Thus, the differences in root traits found between species corresponded predominantly
to the species’ phylogenetic relatedness indicating strong phylogenetic conservation.
There is overwhelming evidence that fine root traits, especially those linked to root
diameter, are highly phylogenetically conserved (Kong et al., 2014; Liese et al., 2017;
Valverde-Barrantes et al., 2017), which is supported by our results. In particular,
early-diverged angiosperms from the Magnoliid clade have larger fine root diameters
than later diverged monocots and eudicots (Chen et al., 2013; Valverde-Barrantes
et al., 2015b; Ma et al., 2018; Liu et al., 2019). In accordance with this finding,
the Lauraceae (Magnoliid clade) had the thickest fine roots in our data set. Even
though our species sample covers only part of the regional tree flora and thus may
have missed certain tree genera with specific root traits, it is likely that the random
sampling selected the bulk of the more abundant species and thus those taxa with
highest importance for ecosystem functioning.
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3.5.2 Fine root trait variation along the topographical gra-
dient

As expected from earlier fine root studies along environmental gradients, we found
plot averages of fine root diameter to increase, and SRL, RBI and Nroot to decrease,
from the lower slope to the upper slope. One cause of this variation could be within-
species phenotypic plasticity in root traits in these forests. Yet, our data set does
not allow firm conclusions on the role of intraspecific variation. However, the small
altitudinal distribution ranges and thus narrow niches of most tree species in this
region (Homeier, 2008; Werner & Homeier, 2015) suggested that tree species turnover
along the mountain slope is the main factor that drives root trait variation along
the topographic gradient, rather than phenotypic plasticity. Even though several
microclimatic, edaphic and hydrologic factors are known to vary along topographical
gradients (Takyu et al., 2003), our PCA of soil variables suggested that variation
in the availability of all five plant macronutrients (N, P, Ca, K, Mg) is a major
factor differentiating between lower slope and upper slope positions. The results
of a fertilization experiment in the montane forests of the study region revealed a
general co-limitation of tree growth by nitrogen and phosphorus (Homeier et al., 2012;
Cárate-Tandalla et al., 2018). Furthermore, nitrogen availability has been shown to
decrease greatly towards the upper slope (Wolf et al., 2011). Down-slope transport of
nutrients with percolating water is thought to be the principal cause of the soil fertility
gradient from lower to upper slopes, which is enhanced by decreasing foliar litter
quality from valleys to ridges (Werner & Homeier, 2015). Data on the change in tree
species composition, stand structure, productivity, herbivory rate and decomposition
support these conclusions (Homeier et al., 2010; Werner & Homeier, 2015; Paulick et
al., 2017).

Clearly, soil moisture is another factor that changes from more favorable to less
favorable from lower slope to upper slope positions, even in this perhumid montane
environment with more than 2000 mm of rain annually. In irregularly occurring
extended periods of low rainfall, ridge soils may temporarily expose the roots to water
shortage, which could influence fine root morphology. This is less likely to happen
in the moister valley soils, where downhill surface and subsurface water flow adds to
the moisture received from rainfall. Many studies have shown that tree fine roots
typically are thicker, less branched and have lower SRL at drier than moister sites
(Brunner et al., 2015). This makes it difficult to separate underlying soil fertility and
soil moisture effects along the slope. Moreover, soil drought often induces nutrient
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shortage (Kreuzwieser & Gessler, 2010). Long-term hydrological sampling along the
topographic gradient would be needed to answer this question.

Our results implied that soil conditions acted as an environmental filter, sorting
species based on their root traits from more acquisitive at the lower slope to more
conservative at the upper slope. Consistent with both the theoretical framework
introduced by Reich (2014) and several empirical studies across different ecosystems
and spatial scales (Craine & Lee, 2003; Freschet et al., 2010; Pérez-Ramos et al., 2012;
de la Riva et al., 2018), our results hereby confirm that trees with conservative fine
root traits seem to be more successful, where resources are scarce. Nevertheless, the
results from the trait PCA do not indicate a one-dimensional RES, as found in other
studies (Kong et al., 2014; Valverde-Barrantes et al., 2015b; Kramer-Walter et al.,
2016; Weemstra et al., 2016). Root diameter, branching and SRL can be interpreted
as one dimension and RTD and Nroot as a second dimension, which both seem to be
related to the topographic gradient.

3.5.3 Fine root functional diversity along the topographical
gradient

A key result of our study is that not only functional trait values, but also fine root
functional diversity (measured as functional dispersion) decreased from lower slope to
upper slope positions. Whereas some studies on aboveground functional traits along
topographical gradients in tropical forests found no topography effect on functional
diversity (Apaza-Quevedo et al., 2015; Muscarella et al., 2019), Liu et al. (2014)
observed, in agreement with this study, a higher functional diversity at the lower
slopes in a tropical rain forest. Also matching is the finding of Mason et al. (2012)
who reported a positive relationship between nutrient availability and leaf functional
diversity in a temperate rain forest. The possible mechanism behind these patterns
is probably the restrictive environmental filtering by the lower nutrient supply at the
upper slope, which leads to functional convergence (cf. Ding et al., 2019). Here, a
conservative resource economics strategy is the only possibility for the trees, whereas
more fertile conditions allow for a broader range of strategies (Mason et al., 2012).
At the lower slope positions of the study area, not only the average availability of all
five macronutrients is higher, but also the spatial heterogeneity of nutrient supply is
larger (Homeier et al., 2010). This enables a higher functional differentiation among
tree species under stronger competition for light (Mason et al., 2012; Liu et al., 2014;
Werner & Homeier, 2015). As the functional dispersion index is independent from
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species richness (Laliberté & Legendre, 2010), the observed trend toward higher func-
tional differentiation at the lower slopes cannot be a result of the higher tree species
richness here. As phylogenetic diversity in our tree sample was only weakly associ-
ated with functional diversity, PD is an unlikely cause of the decrease in functional
diversity in upslope direction. Therefore, it can be assumed that the same underlying
edaphic gradient directly drives both the functional trait variation and diversity of
tree fine roots in this tropical montane forest.

In conclusion, marked changes in tree fine root traits and their functional diversity
were detected in these tropical montane forests on a local scale of a few hundred me-
ters that could be related to the pronounced small-scale soil heterogeneity. Fine root
traits varied from acquisitive at the more fertile lower slope to conservative at the
more impoverished upper slope, with a pattern of decreasing root functional diversity
from the lower to the upper slope that is likely to be due to environmental filtering
processes. Detailed soil chemical and physical investigations along topographic gra-
dients are needed to identify the main abiotic drivers (different soil nutrient species,
water) of the root functional differentiation along the slope. In any case, a larger frac-
tion of the root trait variation was explained by species effects related to phylogeny
than by topography or plot, which shows that phylogeny is key to understanding
the diversity of co-existing root trait syndromes. Our results suggested that tree
species in tropical montane forests assemble along topographical gradients in accor-
dance with their belowground resource economics strategies and the associated root
trait combinations.
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4.1 Abstract

With increasing elevation, trees in tropical montane forests have to invest larger
fractions of their resources into their fine roots in order to compensate for increasingly
unfavorable soil conditions. It is unclear how elevation and related edaphic changes
influence the variability in tree fine root traits and belowground functional diversity.

We measured six fine root traits related to resource acquisition on absorptive
fine roots of 288 trees from 145 species along an elevational gradient from 1000 m to
3000 m a.s.l. in tropical montane forests of the Ecuadorian Andes. We analyzed trait
relationships with elevation and soil nutrient availability, and tested whether root
functional diversity varied along these gradients.

Fine roots at higher elevations and at more nutrient-poor sites were thicker, had
higher tissue densities, and lower specific root length and nutrient concentrations than
at lower elevations. These trends were diluted by the co-existence of tree species with
a broad range of different root traits within communities particularly towards lower
elevations, where root functional diversity was significantly higher.
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We conclude that nutrient limitation and waterlogged, acidic conditions at higher
elevations are strong environmental filters that lead to trait convergence towards
a conservative resource use strategy, whereas different trait syndromes are equally
successful at lower elevations.

Keywords: Elevational gradient, fine roots, functional diversity, functional traits,
tropical montane forest, Ecuador

4.2 Introduction

Tropical montane forests in the Andes are among the most species-rich ecosystems in
the world (Myers et al., 2000; Pérez-Escobar et al., 2022). Harboring an enormous
plant species diversity and highly variable topographic, climatic and edaphic condi-
tions on a small area, they are ideal study systems to investigate the varying strategies
of plant species along environmental gradients. Tree root systems play extraordinary
roles for ecosystem functioning in tropical montane forests, notably as important sinks
for carbon and nutrients and due to their crucial role for soil formation and stabiliza-
tion (Hertel & Leuschner, 2011). The relationships between soil conditions and root
properties differ considerably between tropical lowland forests and tropical montane
forests (Huasco et al., 2021). With increasing elevation, the root/shoot biomass ratio
greatly increases, which is usually attributed to a reduction in nutrient availability
and the frequent occurrence of waterlogged, oxygen-deficient and acidic soils at higher
elevations (Graefe et al., 2008; Soethe et al., 2008; Moser et al., 2011). High fine root
biomasses and fine root productivity found in high elevations indicate that the trees
allocate substantial amounts of their resources to their root systems in order to thrive
in the upper tropical montane forests (Röderstein et al., 2005; Leuschner et al., 2007;
Soethe et al., 2007). While the processes driving community-level fine root dynamics
and aboveground/belowground carbon allocation patterns in trees are already quite
thoroughly understood in these ecosystems, we still lack insight into the resource use
strategies and functional trade-offs that shape fine root properties of different tree
species and their variation along environmental gradients. We expect that trees at
higher elevations do not only generally have to allocate more of their resources into
the root systems, but also have root adaptations to more effectively acquire nutrients
under adverse soil conditions.

The integration of root traits into theoretical frameworks of resource use trade-
offs and their associated functional trait syndromes has been a major achievement of
belowground ecology in the past years (Reich, 2014; Weemstra et al., 2016; Freschet
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et al., 2021b; Vleminckx et al., 2021). Despite large variation across plant species,
ecosystem types and different scales of observation, many root ecologists agree to-
day that one main axis of variation in fine root functional traits reflects a trade-off
between resource acquisition and resource conservation, the so-called root economics
spectrum (Kong et al., 2014; Roumet et al., 2016; Weemstra et al., 2016; Bergmann et
al., 2020; Weigelt et al., 2021). Compared to conservative fine roots, acquisitive fine
roots are thinner, have a higher specific root length (SRL), lower root tissue density
(RTD), and higher nutrient concentrations. Acquisitive fine roots are moreover asso-
ciated with shorter life spans, higher metabolic and resource acquisition rates, lower
concentrations of secondary compounds and typically occur in resource-rich environ-
ments (Weemstra et al., 2016). While these patterns have not always been found in
tropical forests (Sierra Cornejo et al., 2020; Vleminckx et al., 2021), tree fine roots
at mid-elevations in tropical montane forests in the research area varied accordingly
along local topography-driven edaphic gradients (Pierick et al., 2021). We expect fine
root traits to vary along elevational gradients more strongly than along small-scale
topographic gradients, with the nutrient-deprived, waterlogged and acidic soil con-
ditions at higher elevations filtering for tree species with more conservative fine root
strategies. Our expectation to find more conservative fine root strategies at higher
elevations is further enhanced by the results of Homeier et al. (2021) on elevational
change in leaf traits in neotropical montane forests, demonstrating that tree species
at higher elevations have more conservative leaf traits than at lower elevations. As
leaf and root traits are often linked to each other (Shen et al., 2019; Hogan et al.,
2020), a shift from acquisitive to conservative fine roots with increasing elevation,
analogous to leaves, appears likely.

While plant functional traits are often studied along environmental gradients as
community means, the range of trait variation within communities is far less inves-
tigated. Especially in species-rich communities tropical montane forests, it can be
expected that species with very different trait syndromes co-exist in close proximity.
Furthermore, soil conditions are highly heterogeneous on a small scale in the rugged
terrain of tropical montane forests (Wolf et al., 2011; Werner & Homeier, 2015),
which may further promote the co-occurrence of tree species with different below-
ground strategies. Therefore, we focus not only on community-level trait means, but
also analyze functional traits of fine roots on the level of individual trees. We perform
this for a large number of tropical montane forest tree species, which has not been
done so far. Through this approach, we want to illustrate the range of coexisting
root trait syndromes that would be obscured when only using community-aggregated
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data, and to compare trait variation along environmental gradients on two different
scales of aggregation. Additionally, we measured functional diversity, which expresses
the variability of various traits in the multi-dimensional trait space, a feature that is
generally assumed to influence ecosystem functioning and resilience in a positive way
(Díaz & Cabido, 2001; Díaz et al., 2007). While the variation of functional diversity
along environmental gradients is far less studied than the variation of trait means,
there is some evidence that the functional diversity of trees tends to increase with
resource availability (Mason et al., 2012; Ding et al., 2019). However, most related
studies consider only aboveground traits, whereas the functional diversity of fine root
traits has barely been explored. In our study area, we already found that functional
diversity of tree fine roots increased with nutrient availability on a small scale at lower
montane elevations (Pierick et al., 2021). We expect that a similar trend also exists
along the large-scale elevational gradient.

With this study, we explore how fine root functional traits of trees and their func-
tional diversity change with elevation and soil fertility in order to improve our un-
derstanding of the intricate ecological processes in highly species-rich Andean forests.
The following hypotheses were tested:

1. Fine root traits at higher elevations and lower nutrient availability pursue a more
conservative resource use strategy with a higher root tissue density, absorptive
fine root fraction and root diameters, and lower specific root length and nutrient
concentrations.

2. Different tree species within the same community can follow a broad range of
belowground strategies, resulting in high within-site trait diversity.

3. The functional diversity of root traits decreases with elevation and increases
with nutrient availability.

4.3 Methods

4.3.1 Study area

The study was conducted in the southern Ecuadorian Andes, on the east-facing slopes
of the Cordillera Real mountain range. Investigations took place in an elevation
transect ranging from 1000 m to 3000 m a.s.l. either within or close to Podocarpus
National Park in the Ecuadorian provinces Loja and Zamora Chinchipe. A map of
plot locations as well as a list of plot coordinates and elevations is provided in the
supplementary material (Fig. B.1 and Table B.1, respectively). The area is part
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of the Tropical Andes biodiversity hotspot (Myers et al., 2000). The climate of the
study area is tropical humid with highest precipitation from June to August and a
less humid period between September and December. Typically, all months receive >

100 mm precipitation. Over the observed altitudinal range, the climate changes dras-
tically. Mean annual temperature decreases from 20 °C at 1000 m to 9.5 °C at 3000 m,
while annual precipitation increases from around 2000 mm at 1000 m to 4500 mm at
3000 m (Emck, 2007; Bendix et al., 2008). The study area is characterized by rela-
tively nutrient-poor soils on metamorphic schists and sandstones (2000 and 3000 m)
or granodioritic rocks (1000 m) (Wolf et al., 2011). In general, soils are slightly more
fertile at lower elevations and also on lower slope positions than at higher elevations
and on upper slopes (Wilcke et al., 2008a; Wolf et al., 2011). The decreasing nutrient
availability is reflected by decreasing forest biomass and productivity with increasing
elevation (Homeier & Leuschner, 2021). Floristic composition, species richness and
structural forest characteristics are subject to pronounced elevational change (Home-
ier et al., 2008): The premontane rain forest at the lowermost study site reaches
40 m in height with common tree families being Fabaceae, Moraceae, Myristicaceae,
Rubiaceae, and Sapotaceae. It is replaced at 1300–2100 m by smaller-statured lower
montane rain forest with Euphorbiaceae, Lauraceae, Melastomataceae, and Rubiaceae
as characteristic tree families, and above 2100 m by upper montane rain forest with
a canopy height rarely exceeding 8–10 m. Common tree families of the latter forest
type are Aquifoliaceae, Clusiaceae, Cunoniaceae, and Melastomataceae.

4.3.2 Experimental design

We collected fine root samples in pre-existing permanent plots at elevations of about
1000 m, 1500 m, 2000 m, 2500 m and 3000 m a.s.l., where the tree species already
had been identified. These five elevational levels are hereafter termed ‘sites’. We
selected mid-slope plots, as the strong influence of topographic position on fine root
traits in this rugged terrain has already been demonstrated in an earlier study for
the study area (Pierick et al., 2021). At 1000 m, 2000 m and 3000 m, we collected
samples in six plots of 400 m2 per elevation level (the mid-slope plots established by
Wolf et al. (2011)). At 1500 m, we used three, and at 2500 m a.s.l. two 1000 m2
plots (a subset of plots used by Tiede et al. (2017)). The exact shapes, elevations
and locations of the plots are given in Table B.1. So far, more than 1000 tree species
have been registered in the study area; this makes a complete sampling of all species
almost impossible. Therefore, our approach was to randomly select 60 trees per
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site from the population of all adult tree individuals (diameter at breast height ≥
10 cm) with the samples distributed equally over the plots of the site. This led to
a dataset where not all species were sampled, and common species were replicated
more often than rare species. In comparison with other incomplete trait sampling
strategies, the accuracy of randomized approaches in species-rich tropical forests has
been evaluated positively (Baraloto et al., 2010a; Paine et al., 2015), in a similar
manner as sampling strategies, where common species are more thoroughly sampled
than rare species (Carmona et al., 2015). Of the 300 originally selected trees, 12 had
to be discarded due to insufficient fine root sample quality (e.g. too little or damaged
material or likely misidentification of species). The final data set comprised samples
belonging to 288 individuals, 145 species and 47 families (see species list in Table B.2).
The most common species were Clusia elliptica with 11 observations and Alchornea
lojaensis, Graffenrieda aff. uribei, Otoba parvifolia and Tapirira cf. guianensis with
seven observations each. Eighty species were only present with one individual. The
most common plant families were Melastomataceae (43 observations), Lauraceae (30),
Clusiaceae (25) and Moraceae (25). The number of species sampled per site ranged
from 23 species at 2500 m to 38 species at 2000 m a.s.l., without an elevational trend.
Only five species were sampled at more than one site.

4.3.3 Soil chemical and physical analyses

Data on chemical and physical topsoil properties were available for the plots at 1000,
2000 and 3000 m from the study of Wolf et al. (2011). For the plots at 1500 and
2500 m, we measured soil organic layer depth and followed the methods described in
Wolf et al. (2011) to analyze the chemical properties of the upper 10 cm of mineral
soil. Briefly, the availability of the plant macronutrients N and P and soil acidity
were analysed in the soil of all study plots. P availability was estimated as resin-
exchangeable P, which may give an estimate of plant-available P (Pav). Soil C:N ratio
(CNsoil) was determined for characterizing the decomposability of soil organic matter,
providing an estimate of mineral N supply. In addition, effective cation exchange
capacity was determined by salt exchange (0.2 N BaCl2 solution), applying a standard
protocol for the chemical analysis of forest soils (for analytical details see Wolf et al.
(2011)). Base saturation at the cation exchangers was calculated as the percentage of
exchangeable base cations (Na, K, Ca and, Mg) in the total of exchangeable cations.
Furthermore, pH (H2O) was measured (Wolf et al., 2011). The general increase
in organic-layer depth with elevation, accompanied by an increase in CNsoil and a
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reduction in pH, is an expression of reduced organic matter decomposition rates with
decreasing temperature and a lowered nutrient supply through mineralization.

4.3.4 Root trait measurements

Roots were sampled from the uppermost 20 cm of soil (incl. organic layer) by tracing
coarse roots of a target tree from the trunk until strands of fine roots (diameter ≤
2 mm) were reached. Per tree, at least one complete and undamaged fine root strand
> 15 cm length, or more material if possible, was harvested. The roots were then
washed, dead and damaged material was removed, and the samples separated into
absorptive and transportive fine roots on the basis of morphology. Such a functional
approach has been suggested by McCormack et al. (2015) and Shao et al. (2019),
based on the notion that both order-based and diameter-based fine root definitions
can be arbitrary (Freschet et al., 2017). The classification of fine roots of woody plants
into primarily absorptive and transportive roots bases on the analysis of the anatomy
of fine roots in cross sections, as done by e.g. Kong et al. (2016), Trocha et al. (2017)
and Wang et al. (2019), with most authors agreeing that the most distal two to four
root orders maintain a mainly absorptive function. Since we analyzed a large number
of species, we were not able to investigate root cross-sections in all sampled species,
and therefore relied on morphological criteria (periderm color and surface texture,
root diameter, root elasticity, and presence of root hairs) for classifying roots into
absorptive and transportive fine roots. For almost all species, we found a clear and
very discrete change in color, elasticity and surface texture between lower-order and
higher-order root segments and assumed that these morphological differences reflect
a shift in root function. This discrete change in morphology was visible between the
second and fifth root order in all species. All distal root segments that we classified as
absorptive were separated from the material classified as transportive. We oven-dried
the transportive root material for at least 48 h at 60 °C and subsequently used the
dry weights to calculate absorptive fine root fraction (AFRF), the dry weight fraction
of absorptive fine roots of the whole fine root sample with diameter ≤ 2 mm. By
introducing this new trait, we aimed at estimating the error introduced when only
the classical 2 mm-cutoff method would be employed for root sampling. We expect
it to be positively correlated with the average diameter of the absorptive fine roots,
and therefore to be interpretable in a similar way. All other functional traits (average
root diameter (droot), specific root length (SRL), root tissue density (RTD), and root
N and P concentrations (Nroot, Proot)) were only measured on absorptive fine roots.
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Table 4.1: Trait names, abbreviations, and units. All root traits besides
AFRF were measured on the absorptive fine roots.

Trait Abbreviation Unit
Average root diameter droot mm
Specific root length SRL m g-1

Root tissue density RTD g cm-3

Absorptive fine root fraction AFRF g g-1

Root nitrogen concentration Nroot mg g-1

Root phosphorus concentration Proot mg g-1

We arranged the root samples in a plexiglass tray filled with demineralized water
and used a Hewlett Packard Scanjet G4050 scanner to obtain grey-scale images with
a resolution of 600 dpi. The resulting images were then analyzed with the software
WinRhizo 2013 Basic (Régent Instruments Inc., Quebec, Canada), obtaining average
root diameter, total root length and total root volume. Afterwards, we oven-dried
the root samples for at least 48 h at 60 °C and weighed them on an analytical balance.
With these data, we calculated specific root length (root length/dry weight) and root
tissue density (dry weight/root volume). For chemical analyses, the dried samples
were ground with a vibrating disc mill. The ground samples were used to measure the
N content with a CN elemental analyzer (Vario EL III, Hanau, Germany), and the
P content by ICP analysis (Thermo Scientific iCAP 7000 ICP-OES, Thermo Fisher
Scientific, Germany) after HNO3 digestion of the ground material. A full list of the
measured traits and their units is given in Table 4.1.

4.3.5 Data analyses

We calculated a principal component analysis (PCA) with all standardized soil vari-
ables in order to select a set of meaningful predictor variables that are as independent
of each other as possible and represent main axes of variation in soil parameters.
Based on the result (see Fig. B.2), we selected CNsoil (which is positively correlated
with depth of organic layer, soil C concentration and soil N concentration) and Pav

(which is positively correlated with base saturation, pH, and cation exchange capac-
ity) as predictors together with elevation above sea level (which is a proxy for temper-
ature). We then tested for linear relationships of each CNsoil and Pav with elevation
using linear models. In order to test if the root functional traits droot, SRL, RTD,
AFRF, Nroot and Proot varied with elevation and soil parameters, and to quantify
their within-site variability, we combined two approaches, i.e. community-weighted



4.4. Results 49

means (CWM) and linear mixed models (LMM) (Hypothesis 1 and 2). We calcu-
lated community-weighted means for each plot with the subset of species sampled,
comparing both CWM values weighted by the number of individuals and the total
basal area of each species, using the trait means of the tree species sampled within
the plots. We then fitted linear models of the CWM for each trait in dependency of
elevation, CNsoil and Pav. In a second approach, we fitted one linear mixed model for
each of the traits using the R package glmmTMB version 1.0.2.1 (Brooks et al., 2017).
We fitted the models with tree individuals as the observational unit. As random
effects, we included random intercepts for species, site, and plot nested in site. As
all functional traits were left-skewed and strictly positive, they were log-transformed
prior to analysis for both types of models to avoid heteroscedasticity issues and ensure
normality of residuals. To test hypothesis 3, we chose functional dispersion (FDis)
as a measure for functional diversity, as it is unaffected by species richness (Laliberté
& Legendre, 2010). FDis of the six studied fine root traits of the sampled species
was calculated for each plot using the R package FD version 1.0.12 (Laliberté et al.,
2014). Subsequently, the relationship of FDis with elevation, soil C:N ratio and plant
available phosphorus was tested using a linear model. We visualized trait values of
families and large phylogenetic clades within the context of their evolutionary history.
To do so, we extracted the phylogeny of the species contained in our sample from the
megatree GBOTB.extended using the R package V.PhyloMaker version 0.1.0 (Jin &
Qian, 2019). To complement our analyses, we also calculated Pagel’s λ, a measure of
the strength of the phylogenetic signal, using the R package phytools version 0.7.70
(Revell, 2012). All analyses were conducted with R version 4.0.2 (R Core Team, 2020)
in the tidyverse programming framework (version 1.3.1, Wickham et al. (2019)).

4.4 Results

4.4.1 Elevational changes in soil properties

Our soil chemical data did not show significant increases in topsoil C:N ratio and
decreases in plant-available P contents, as were expected from earlier studies in the
transect (Fig. 4.1), which was mainly a result of comparatively high soil N and Pav

contents in the plots at 2000 m a.s.l.
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Figure 4.1: Soil C:N ratio and plant available P in dependency of ele-
vation above sea level for 23 plots overlayed with linear regression lines
with their 95 % confidence intervals (CNsoil: p = 0.370, R2 = 0.04; Pav:
p = 0.8, R2 = 0.0003 ).

4.4.2 Trait relationships with elevation and soil properties

Our data revealed that there were slight elevational trends in some fine root traits,
though the trait variability within sites exceeded the trait differences between sites
by far for all traits (Fig. B.3). Different methods to aggregate the individual-level
data on the plot level led to similar results (Fig. B.4). The inference from our linear
models on the level of community-weighted means and the linear mixed models on
individual tree level yielded very similar results in terms of significance, slope and
directions of trait-environment relationships (Fig. 4.2, Tables B.3 and B.3). Our
models indicated that all traits, except for RTD, depended significantly on elevation
(but the relationship of droot was significant only on the CWM level). droot and
AFRF increased with elevation, whereas SRL, Nroot and Proot decreased (Fig. 4.2).
While CNsoil and Pav had no significant effect on droot and SRL, and affected AFRF
positively only on the individual level, RTD increased significantly with CNsoil and
decreased significantly with Pav (only at the individual level). Both chemical traits,
Nroot and Proot, decreased with CNsoil and increased with Pav. The linear models on
the level of CWM explained between 25.3 % (droot) and 78 % (Nroot) of the variance
in the different traits (Table B.3). The linear mixed models on the individual level
generally explained a large part of the observed variation, ranging from 52 % explained
variance in case of RTD to 71 % explained variance for Nroot concentration (Table B.4).
However, in all cases, most explained variance was attributable to species identity,
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while environment (both in form of the linear predictors and the random effects for
site and plot) was much less important. The variance explained by the fixed effects
ranges from 3.1 % for droot to 39.6 % for Proot ((Table B.4).

4.4.3 Functional dispersion

Functional dispersion of the six fine root traits analyzed decreased significantly with
elevation (p < 0.001), whereas soil C:N ratio and plant-available P did not have a
significant effect on functional dispersion (R2 = 0.411, Fig. 4.3).

4.4.4 Phylogenetic signals in root traits

Of the major plant clades Rosidae, Asteridae, Magnoliidae, and Gymnosperma, the
latter deviated from the rest in terms of most root traits. Since our dataset only
comprises two gymnosperm species (both from the Podocarpaceae family), this re-
sult should not be overly interpreted (Fig. 4.4, Fig. B.5). Magnoliidae generally
had thicker fine roots with lower SRL than Rosidae and Asteridae, which was mostly
driven by thick-rooted species within the Myristicaceae and Lauraceae families. Nev-
ertheless, Clusiaceae, Euphorbiaceae, and Meliaceae from the Rosidae clade had also
comparatively thick roots. In many cases, related plant families tended to be similar
in their root traits (Fig. 4.4), even if they occurred at rather different elevations. This
was exemplified by the closely related Myrtaceae and Melastomataceae, in which all
species had thin and nutrient-poor roots, even though they occurred along the entire
elevational range (Fig. 4.4). However, Cunoniaceae, Clusiaceae and Aquifoliaceae are
examples of families that were sampled exclusively at high elevations, and had strik-
ingly high root tissue densities and low nutrient concentrations, compared to related
families (Fig. 4.4). We found marked phylogenetic signals for all traits except AFRF
(SI10), which yielded a Pagel’s λ of 0.31, whereas all other traits showed λ values
between 0.57 (Proot) and 0.76 (Nroot).

4.5 Discussion

4.5.1 Root trait variation with elevation and soil fertility

Supporting our first hypothesis, we found that tree absorptive fine roots at higher
elevations were thicker, had lower SRL, higher AFRF and lower concentrations of
N and P than fine roots at lower elevations. Further, absorptive fine roots at more
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Figure 4.2: Partial residual plots of models predicting fine root traits
in response to elevation, soil C:N ratio and plant available P. Points:
partial residuals; lines: partial predictions; ribbons: 95 % confidence in-
tervals. Solid lines indicate significant relationships (p ≤ 0.05), dashed
lines indicate insignificant relationships. Results from linear models cal-
culated on the level of community weighted means are shown in black.
Results from linear mixed models calculated on the level of individual
trees, with random effects accounting for plot, site, and species, are
shown in green. Trait acronyms and units can be found in Tab. 1.
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Figure 4.3: Functional dispersion of six fine root traits in 23 plots
in dependency of elevation with the predictions and 95 % confidence
intervals from a linear model (p < 0.001, R2 = 0.38).

nutrient-limited sites showed elevated RTD and reduced N and P concentrations than
on more fertile sites. So far, only few studies on root morphological and chemical
traits of from tropical montane forests do exist, as the focus of tree fine root studies
in these systems has mostly been on fine root biomass, productivity and turnover
(Hertel et al., 2003; Leuschner et al., 2006, 2007; Girardin et al., 2013). Decreasing
root nutrient concentrations with elevation on the community level have similarly
been reported by Soethe et al. (2007) and Graefe et al. (2010) in our study region,
confirming our individual- and community-level results. Moreover, in a previous
study at the individual level along a small-scale topographic gradient in our study
area, we found that roots were thicker and less branched, and had lower SRL and N
concentrations at the more nutrient-limited upper slopes than at the more fertile lower
slopes Pierick et al. (2021). In the Paleotropics, Sierra Cornejo et al. (2020) found
non-linear dependencies of root diameter, SRL and N concentration on elevation at
the community level on Mt. Kilimanjaro, Tanzania. Ushio et al. (2015) reported an
increase in specific root area and a decrease in fine root diameter with decreasing P
availability in lower montane forests on Mt. Kinabalu, Malaysia. Our results differ
from these two studies, in that the trait relationships with elevation are clearer and
more linear than in Sierra Cornejo et al. (2020), but unlike Ushio et al. (2015), we
did not find relationships of root diameter or SRL (which usually is closely linked to
specific root area) with P availability. These differences are likely attributable to the
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Figure 4.4: Standardized mean trait values of 288 tree species, sorted by
plant family and phylogenetic clade. The traits shown are root diameter
(droot), specific root length (SRL), root tissue density (RTD), absorptive
fine root fraction (AFRF), root nitrogen concentration (Nroot), and root
phosphorus concentration (Proot). Each dot represents one tree species,
with the color indicating the species’ average elevation of occurrence.

fact that both the vegetation on Mt. Kilimanjaro and Mt. Kinabalu, and the study
designs of Ushio et al. (2015) and Sierra Cornejo et al. (2020) differed principally
from our study design. Notably, Sierra Cornejo et al. (2020) studied vegetation belts
from savannas to Ericaceae-dominated dwarf shrub communities, whereas Ushio et
al. (2015) conducted their investigation along a P limitation gradient caused by
different geological substrates within the same elevation. Furthermore, we have to
acknowledge a certain degree of uncertainty in the generalizability of our results,
because our available resources only allowed for an incomplete sampling of the tree
communities. This illustrates our fragmentary knowledge about root traits in tropical
montane forests and demonstrates the need of more studies comparing root trait
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patterns between montane forests of the different tropical regions of the world.
Our results support the hypothesis that fine roots in more resource-limited en-

vironments tend to pursue a more conservative resource use strategy as compared
to roots in more fertile sites, as predicted by the root economics spectrum frame-
work (Kong et al., 2014; Roumet et al., 2016; Weemstra et al., 2016). The root
economics spectrum in its simplest form postulates that, in equivalence to the leaf
economics spectrum (Wright et al., 2004), also in roots there should be also in roots
a trade-off between fast growth and rapid resource acquisition on the one hand, and
long life spans and conservative resource use on the other hand (Kong et al., 2014;
Roumet et al., 2016; Weemstra et al., 2016). Conservative fine roots are expected
to be thicker and less branched, to have higher tissue densities and lower nutrient
concentrations, while acquisitive roots should exhibit the opposite properties (Weem-
stra et al., 2016). Fine roots with conservative trait syndromes are expected to be
more successful in harsh or resource-limited environments, while building acquisitive
fine roots should be advantageous in ecosystems with abundant resources and high
competition intensity (Kramer-Walter et al., 2016). Some studies did not find evi-
dence for such root trait-environment relationships (e.g. Vleminckx et al. (2021), in
neotropical lowland forests), and many authors have stressed that understanding fine
root traits exclusively in the light of this one-dimensional trade-off is a simplification
(e.g. Valverde-Barrantes et al., 2015a; Weemstra et al., 2016; McCormack & Iversen,
2019; Bergmann et al., 2020). However, there is a large amount of evidence of trends
toward more conservative root traits under more resource-limited conditions (Pérez-
Ramos et al., 2012; de la Riva et al., 2018; Shen et al., 2019; Fort & Freschet, 2020;
Hogan et al., 2020). This includes a study from a small-scale topographic gradient
in the same study area as studied here (Pierick et al., 2021), confirming our results.
In correspondence, leaf functional traits in our study area also exhibit a general shift
from more acquisitive to more conservative traits with increasing elevation in our
study area (Homeier & Leuschner, 2021).

In a recent study on root traits of 11 plant species along an elevational gradi-
ent in the French Alps, Weemstra et al. (2020) highlighted the important role of
intraspecific trait variation along elevational gradients. We are convinced that, con-
trary to the temperate mountainous ecosystem studied by Weemstra et al. (2020),
in tropical montane forests, intraspecific trait variation plays only a minor role com-
pared to species turnover. In our highly diverse study region with more than 1000
tree species, most species occur only within narrow elevational belts and the species
turnover between the elevational levels is consequently high (Homeier, 2008). This is
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visible also at the family level, since certain families only occurring at the highest ele-
vations (Cunoniaceae, Aquifoliaceae, Clusiaceae) consistently had conservative traits,
whereas the opposite was observed, for example, in case of the Rubiaceae, which were
only sampled at the lower sites. Therefore, we argue that species turnover driven by
environmental filtering is the underlying process that drives fine root trait variation
along environmental gradients.

4.5.2 Nutrient availability as a possible driver of changes in
root traits

Previous research in our study region has highlighted the elevation effect on many
biotic and abiotic properties and processes in these tropical montane forests, notably
the temperature effect on decomposition and mineralization rates, which leads to the
accumulation of thick organic layers and decreased nutrient availability at higher el-
evations (Leuschner et al., 2007; Soethe et al., 2008). Both nitrogen and phosphorus
availability have been found to decrease with elevation (Soethe et al., 2008; Wilcke et
al., 2008a; Wolf et al., 2011). Unexpectedly, the soil data used in this study do not
reflect these results, but small-scale variation seems to overlay elevational trends. We
assume that this pattern is attributable to the pronounced geological and edaphic het-
erogeneity at the scale of meters to hundreds of meters in the topographically rugged,
mountainous study area. Even though we attempted to select only mid-slope plots,
it appears that local topographic differences resulted in unexpectedly high nutrient
availabilities at lower montane elevation at 2000 m a.s.l., masking a principal general
trend toward lower N availability and wider C:N ratios in upslope direction (Soethe
et al., 2008; Wolf et al., 2011). Fertilization experiments and foliar N:P ratios suggest
that both macronutrients are co-limiting plant growth along the whole elevation gra-
dient, but N supply becomes more critical than P supply towards higher elevations
(Soethe et al., 2008; Graefe et al., 2010; Homeier et al., 2013; Cárate-Tandalla et
al., 2018) (even though patterns of nutrient limitation differ among species, Cárate-
Tandalla et al. (2018), Báez & Homeier (2018)). Additionally, high soil water contents
cause frequent oxygen deficiency at higher elevations, and soils become increasingly
acid (Moser et al., 2011). While overall productivity and aboveground biomass both
decrease with elevation as a consequence of lowered temperature, nutrient limita-
tion and other adverse soil conditions (Leuschner et al., 2007; Homeier & Leuschner,
2021), root biomass and fine root productivity and root-shoot ratio increase towards
the upper montane forest in southern Ecuador (Röderstein et al., 2005; Leuschner
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et al., 2007; Moser et al., 2011). The higher fine root biomass at higher elevations
has been interpreted as a compensation of the trees to cope with low nutrient avail-
ability (Moser et al., 2010; Moser et al., 2011) and reduced root uptake activity in a
temporarily oxygen-deficient soil (Soethe et al., 2007), whereas the observed higher
fine root turnover and production is interpreted as a compensation for increased root
mortality under adverse soil conditions (Graefe et al., 2008; Moser et al., 2011).
Combining these findings on elevational trends in root biomass and dynamics with
the here reported trend of increasingly conservative fine root resource use strategies
towards higher elevations, the general picture emerges that tree species at higher
elevations have to allocate a larger proportion of their assimilates to establish and
maintain sturdy and extensive root systems in order to guarantee sufficient nutrient
supply under harsher edaphic and climatic conditions.

4.5.3 Co-existence of complementary root strategies

Already the inspection of the raw trait data along the elevation gradient clearly shows
the large within-site variation of root traits. This variation is mirrored by the results of
the linear mixed models, in which species random effects are explaining a far greater
variation than fixed and plot random effects combined, which confirms our second
hypothesis. Similar results have been reported by Valverde-Barrantes et al. (2013)
for North American temperate tree species and Weemstra et al. (2020) for alpine
species: in both cases, species identity was by far more important than environment
for explaining variance in fine root traits. The observed variation in root traits within
the study sites is primarily a consequence of the co-existence of a large number of
tree species with different belowground strategies and thus different root traits in a
small area. Several underlying mechanisms can be identified that drive the trait vari-
ation: 1) a particularly high diversity of root trait syndromes in tropical forests, 2)
a high local soil heterogeneity, 3) the multidimensional nature of the root economics
spectrum, and 4) a possible feedback of root trait diversity on species co-existence
and tree species diversity. With respect to root trait diversity (1), previous studies
have pointed out that the pool of root trait syndromes present in the tropics is in
general considerably larger than in colder regions (Chen et al., 2013; Ma et al., 2018).
Vleminckx et al. (2021) argued that a high phylogenetic diversity in the tropics both
at lower and higher taxonomic levels may cause root trait overdispersion in tropical
environments. In our species sample, several examples demonstrate how phylogenet-
ically outstanding species are contributing markedly to widen the trait space within
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the study sites. For instance, at the lowermost site at 1000 m a.s.l., most species had
relatively thin root diameters, except for a group of species with mean absorptive
fine root diameters > 1 mm (Fig. B.3), which consisted of two Myristicaceae (Otoboa
parvifolia and Virola sebifera) and one Lauraceae (Rhodostemonodaphne kunthiana),
both plant families from the early-diverged magnoliid clade that is known for hav-
ing thick roots (Valverde-Barrantes et al., 2015a). The presence of these species at
1000 m markedly widens the range of root diameters found here.

A major reason of the high root trait variability in our study region likely is
local soil heterogeneity (2). Gradient studies in our study region have shown that
local topography is causing considerable small-scale variability in soil fertility and
community composition (Wilcke et al., 2008a; Homeier et al., 2010; Wolf et al., 2011;
Werner & Homeier, 2015), which is reflected in a higher observed root trait variability
along the topographic than along the much longer elevation gradient (Pierick et al.,
2021). Even though we aimed at selecting only study plots at mid-slope positions,
we cannot exclude the possibility that the chosen plots within an elevation level
comprise a broad range of micro-habitats that promote the occurrence of tree species
with different belowground strategies in close proximity.

A hint on the role of root fungal partners in promoting the multidimensionality
of the root trait spectrum (3) is given by the observation that the environmental
influence on root traits was strongest for root N and P concentrations and weaker for
the morphological traits. This is supported by the finding of previous studies such
as Holdaway et al. (2011); Kramer-Walter et al. (2016); Wang et al. (2018) and
Ding et al. (2020), which all demonstrated a decoupling of root morphological traits,
especially diameter-related traits, from soil fertility gradients, whereas root nutrient
contents and sometimes RTD varied more closely in dependence on soil fertility. While
this phenomenon has frequently been explained with a stronger phylogenetic signal
in diameter-related traits than in root chemical traits (Kong et al., 2014; Wang et
al., 2018; Liu et al., 2019), this cannot be valid in our data set, as we found a strong
phylogenetic signal in all root traits except for AFRF, and the largest phylogenetic
influence for root N concentration.

A strong influence of phylogeny on fine root traits is in agreement with earlier
studies demonstrating that many root traits are highly phylogenetically conserved,
and that differences found in root traits of extant plant clades mirror key diversifica-
tion events in the past (Kong et al., 2014; Valverde-Barrantes et al., 2017).
Specifically, the evolution of angiosperms was associated with the evolution of thin-
ner roots from primitive thicker roots in the course of adaptation to colder and drier
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biomes (Chen et al., 2013; Ma et al., 2018). Consequently, modern species of the
ancient magnoliid clade still possess thicker, less branched absorptive roots than
species in the evolutionary more derived angiosperm clades (Valverde-Barrantes et
al., 2015a), a pattern confirmed by our results. However, root chemical traits also
showed a strong phylogenetic signal in our data set. Yet, we found that some families
from the later-diverged angiosperm clades (Clusiaceae and Meliaceae) also tend to
form thick roots, which have usually been attributed only to the magnoliid clade.

Possibly, the key to explain the weaker relationship of diameter-related traits with
the environment compared to chemical traits lies in the gradient of fungal collabora-
tion intensity proposed by Bergmann et al. (2020) and further elaborated by Stock
et al. (2021) and Weigelt et al. (2021). This gradient represents a proposed exten-
sion of the root economics spectrum to a further dimension related to the intensity
of plant-fungal interaction. It attempts to quantify an assumed trade-off between a
collaboration strategy with thick roots and a high degree of colonization with myc-
orrhiza, and a “do-it-yourself strategy” with thin roots and high SRL with low or no
support by fungal partners. Both strategies, i.e. either thick roots relying highly on
mycorrhizal partners or thin roots acting more independently from them, may sup-
port a root system to function in an acquisitive way (Bergmann et al., 2020; Stock
et al., 2021; Weigelt et al., 2021). The notion that both thin and thick roots can
be acquisitive due to different degrees of mycorrhizal collaboration is supported by
calculation with a heuristic model (McCormack & Iversen, 2019). In further support,
Lugli et al. (2019) and Yaffar et al. (2021) showed that a diverse set of species with
complementary P acquisition strategies, including both thin- and thick-rooted taxa,
can co-exist at highly P-impoverished sites in tropical lowland forests. Such a mech-
anism related to fungal partners could well offset environmental filtering processes on
root diameter and related traits such as SRL and AFRF, and thus be the reason for
of weaker dependence of root morphological than chemical traits on environmental
factors.

Finally, it is possible that high within-site root trait variation, as observed in
our stands, benefits the trees and the community in these highly diverse forests and
it might even promote tree diversity (4). The co-existence of species with comple-
mentary belowground strategies may allow for the exploitation of distinct spatial,
temporal and soil chemical niches in the community (Valverde-Barrantes et al., 2013;
Luo et al., 2021; Vleminckx et al., 2021) In addition, this functional diversity could
help to avoid the attack by specialized pathogens (Liang et al., 2019; Luo et al., 2021).
The phenomenon has been observed and discussed for fine roots in temperate forests
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(Valverde-Barrantes et al., 2013), subtropical forests (Luo et al., 2021) and tropical
lowland forests (Vleminckx et al., 2021) using different terminologies (competitive
trait displacement, limiting similarity, niche segregation).

4.5.4 Belowground functional diversity decreases with eleva-
tion

The functional diversity of tree fine roots significantly decreased with increasing eleva-
tion, confirming our third hypothesis, and mirroring the main findings of the related
study of Pierick et al. (2021), i.e. a decrease in community-level FDis from more to
less fertile sites along short topographic gradients. In correspondence, Ding et al.
(2019) also found a decrease in the functional diversity of aboveground plant traits
with elevation in tropical montane forests and argued that it was caused by increased
environmental filtering at higher elevations. The functional diversity of fine roots has
very rarely been investigated so far. St. Martin & Mallik (2021) observed that root
functional diversity decreased markedly during the transition from boreal forests to
heath vegetation, after a wildfire had reduced N availability and increased soil acid-
ity. The authors argue that harsher conditions and increased resource limitation led
to stricter environmental filtering and hence a reduction in belowground functional
diversity. We believe that similar processes are involved in our study area, i.e. the
growing conditions become increasingly adverse and nutrient-limited at higher ele-
vations, which must lead to a stronger impact of environmental filtering compared
to the process of competitive trait displacement. In correspondence, Laughlin et
al. (2021) concluded that, on the global scale, root trait convergence is more often
found in dry and cold climates, whereas the co-existence of a broad range of trait
syndromes is prevailing in wet and warm climates. The authors explain their ob-
servation by the assumption that many trait-environment relationships may not, as
usually assumed, function as trade-offs, but as uni-directional benefits. One conse-
quence would be that, while at one end of an environmental gradient, only a certain
extreme trait syndrome is beneficial, at the other end of the gradient, not only the
opposite extreme trait syndrome could benefit the plant, but a variety of syndromes
might function well. Applied to our elevational gradient, this would mean that a con-
servative fine root strategy is required under the increasingly unfavorable conditions
at higher elevations causing high degrees of trait convergence. A broader range of
trait syndromes can be beneficial at the lower sites, allowing for higher functional
diversity. Interestingly, only elevation, but not CNsoil and Pav, were significant pre-



4.5. Discussion 61

dictors of functional dispersion. This may suggest that not nutrient availability itself,
but other soil properties that change with elevation, are acting as the environmental
filters for species selection. Possible candidates are soil temperature, excess soil water
and oxygen availability, and soil acidity and Aluminium concentrations.

4.5.5 Conclusion

Our study with 145 tropical tree species from 47 families shows that functional traits
of absorptive fine roots vary from more acquisitive at lower elevations and more
fertile sites to more conservative at higher elevations and more infertile sites. These
trends were more evident for chemical than for diameter-related morphological traits,
which might be linked to the recently proposed idea that different degrees of fungal
collaboration allow both thin and thick roots to be acquisitive. However, further
studies that also investigate fungal root partners are needed to test if the degree
of root-fungus collaboration can explain the co-existence of fine roots with different
diameters within communities. We found broad trait variation at all study sites,
which in part is a consequence of small-scale soil heterogeneity and spatial niche
segregation. For future research in this field, we recommend applying linear mixed
models with random effects for species in addition to community-weighted means,
because they allow inference about within-site variation and the explanatory power
of species identity compared to environmental effects.
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5.1 Abstract

The question whether the strategies of above- and belowground plant organs are
coordinated is not fully answered. We aimed to determine the leading dimensions of
tree trait variation for above- and belowground functional traits, and test whether
they represent spectra of adaptation along environmental gradients in tropical Andean
forests. In an unprecedented sampling effort, we measured functional traits and
soil nutrient availability for individual trees from 52 species at three elevation levels
between 1000 and 3000 m a.s.l.

We found remarkable aboveground–belowground coordination of traits related to
the trade-off between resource acquisition and conservation, whereas traits related
to root diameter formed an independent axis, confirming the recent collaboration
gradient theory. Tree species’ position along the acquisition–conservation axis of the
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trait space was highly associated with soil nitrogen availability. In conclusion, the
combined analysis of above- and belowground functional traits can provide deeper
insights into different strategies of coexisting species and explain small-scale patterns
of community assembly in species-rich tropical forests.

Keywords: Ecuador, fine roots, intraspecific trait variability, microhabitats,
plant economics spectrum, soil heterogeneity.

5.2 Introduction

Aboveground and belowground plant organs are functionally integrated through en-
ergy, matter and information fluxes as part of the plant’s metabolism, and plants
thereby link communities and ecosystem processes in the aboveground realm with
the belowground compartment of the ecosystem (Porazinska et al., 2003; Wardle et
al., 2004; A’Bear et al., 2014). Yet, the question of how resource investment strategies
of above- and belowground plant organs influence each other, remains largely unan-
swered. Investigating plant functional traits is a means to simplify the complexity of
highly diverse ecosystems in studies of ecosystem functioning. They can be powerful
predictors for plant performance (Poorter & Bongers, 2006), community assembly
(Laughlin, 2014; Dantas de Paula et al., 2021), plant-animal interactions (Schleuning
et al., 2020), ecosystem processes (Bardgett et al., 2014), and community responses to
global change (Suding et al., 2008). A central question of trait-based ecology is, how
functional traits are coordinated with each other and with environmental gradients
(Westoby & Wright, 2006; Díaz et al., 2016; Bruelheide et al., 2018).

A seminal step forward in identifying general patterns of plant trait coordination
was the description of the leaf economics spectrum (LES) (Wright et al., 2004), a
framework that contextualizes the coordination of leaf functional traits as trade-off
between resource conservation and resource acquisition. Subsequent works integrated
the LES, wood traits, plant height and seed mass into multi-dimensional spectra
of worldwide plant functioning (Chave et al., 2009; Díaz et al., 2016). However,
despite their major relevance for plant and ecosystem functioning, fine root traits
have long been studied less than aboveground plant parts and their integration into
generalizable trait spectra has proven more challenging (Weemstra et al., 2016; Lal-
iberté, 2017). A major step forward was the plant economics spectrum (PES, Reich,
2014), a comprehensive framework in which functional traits of plant roots, stems
and leaves are subject to the same trade-off between a fast, acquisitive strategy and
a slow, conservative strategy. According to the PES, traits from roots, stems and
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leaves should all be coordinated along this one axis of variation due to biophysi-
cal constraints that impair fitness, in case the plant would not pursue a consistent
strategy for all its organs (Reich, 2014). However, empirical evidence more often
has pointed towards a multi-dimensional root trait spectrum that is at least partly
decoupled from the aboveground PES (Kong et al., 2014; Valverde-Barrantes et al.,
2015a; Kramer-Walter et al., 2016; Liese et al., 2017). Bergmann et al. (2020) ad-
vanced this debate by proposing the theory of a two-dimensional fine root economics
spectrum, where one axis represents the classical acquisition-conservation trade-off,
while a second, orthogonal axis termed the collaboration gradient is formed by traits
related to root diameter and the degree of reliance on mycorrhiza. Two recent con-
tributions seeked to combine those concepts into multi-dimensional whole-plant trait
spectra, reaching at partly conflicting outcomes: A review by Weigelt et al. (2021)
concluded that there is a shared axis of trait coordination for leaf and root traits re-
lated to the acquisition-conservation trade-off with an orthogonal root collaboration
gradient and separate axes for plant height and rooting depth. In contrast, Carmona
et al. (2021) presented evidence from a global database that plant size, the LES, the
root acquisition-conservation gradient and the root collaboration gradient all form
independent dimensions of their own.

The different strategies of plant species that are represented by their functional
traits structure plant communities along environmental gradients through processes
of environmental filtering and limiting similarity Tilman (1988); Díaz et al. (1998)]),
which is why a plenitude of studies on plant trait variation along environmental
gradients does exist (e.g., Freschet et al., 2017; Bruelheide et al., 2018). Nutrient
availability is thought to be the key driver of the evolution of divergent strategies along
the conservation-acquisition axis, with conservative strategies being an adaptation to
nutrient scarcity and acquisitive strategies one to nutrient abundance (Reich, 2014).
Both above- and belowground functional traits have been shown in many studies to
vary with nutrient availability (Pérez-Ramos et al., 2012; de la Riva et al., 2018; Shen
et al., 2019). This pattern holds also for leaf traits of tropical rain forest tree species
(Asner & Martin, 2016; Ding et al., 2019; Martin et al., 2020; Vleminckx et al.,
2021), but the association of root traits with soil fertility seems to be more complex
(Lugli et al., 2019; Vleminckx et al., 2021), with their strength and direction highly
being dependent on the environmental context, in particular the degree of N and P
limitation (Cusack et al., 2021).

Trait variation along environmental gradients can be observed on different aggre-
gation levels, i.e., within species, between species, and between communities. Be-
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cause the underlying processes driving trait variation differ between those levels, the
strength and direction of trait-environment associations can also differ (Clark et al.,
2011; Petter et al., 2016). Intraspecific trait variation in particular has received
increased attention in the past decade due to its role in community assembly and
ecosystem processes (Bolnick et al., 2011; Tautenhahn et al., 2019; Westerband et al.,
2021). Occurrence of a pattern on one scale of aggregation does not imply that the
same pattern holds on other aggregational scales; rather, differing or even reversed
relationships of traits with environmental factors on the intra- versus the interspecific
level can obscure overall trends (Laughlin et al., 2017; Anderegg et al., 2018; Dong
et al., 2020).
Specifically, inferring the existence of relationships on the individual level based on
group-level associations constitutes a logical fallacy, the so-called ecological fallacy
(Robinson, 1950; Subramanian et al., 2009). It is therefore crucially important to be
aware which level of aggregation is studied, and if possible, separate between within-
and between-species relationships when describing trait associations with environ-
mental gradients.

As different community assembly processes may operate on different spatial scales,
trait-environment associations are often scale-dependent (Mokany & Roxburgh, 2010;
Chalmandrier et al., 2017; Saar et al., 2017). Microhabitats within forest patches can
harbor species with slightly different niches and thereby may contribute to high species
numbers and affect the spatial structure of the community (Stark et al., 2017; Ulrich
et al., 2017; Umaña et al., 2021). Such an effect has been explored in particular for
tropical montane forests in rugged terrain (Inman-Narahari et al., 2014; Werner &
Homeier, 2015; Pierick et al., 2021), where small-scale soil heterogeneity was found
to contribute to the outstanding species diversity (Homeier et al., 2010; Jones et al.,
2011).

We made a comprehensive sampling effort to measure soil nutrient availability in
direct vicinity to more than 400 trees of 52 tree species distributed across 9 ha of
tropical Andean forest at three elevation levels, and investigate its association with
the tree’s above- and belowground functional traits.

This study builds on our work in Homeier et al. (2021) where we investigated the
variation of leaf functional traits of 52 tree species from three elevational levels in
highly diverse tropical montane forests in the Andes. Here, we use the same leaf trait
data and complement them with individual-level wood and fine root trait data as well
as highly resolved data on nutrient availability in order to answer fundamental ques-
tions regarding aboveground-belowground trait coordination and trait-environment
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associations of tropical tree species. We address the following questions:

1. Which are the leading dimensions of trait variation, and are functional traits
from fine roots, stems and leaves coordinated with each other? We investigate
whether the observed trait coordination most closely agrees with the whole-
plant spectra proposed by Reich (2014) (one-dimensional coordination of traits
from all organs), Weigelt et al. (2021) (integrated leaf and root acquisition-
conservation gradient with decoupled root collaboration gradient) or Carmona
et al. (2021) (separate acquisition-conservation gradients of leaves and roots,
plus a decoupled root collaboration gradient).

2. Are leaf, stem and root traits associated with N and P availability on the intra-
and interspecific level? We expect tree species with more acquisitive functional
traits to grow at local habitats with higher nutrient availability, and vice versa.

5.3 Methods

5.3.1 Study area

The study was conducted in tropical montane forests on the eastern slope of the
Andes in Southern Ecuador (Figure C.1). Sampling was conducted at three different
elevation levels (1000 m, 2000 m and 3000 m a.s.l.) subsequently referred to as ‘sites’
(for their coordinates see Table C.1). The sites at 1000 and 3000 m are located
in the Podocarpus National Park, while the 2000 m site lies in the adjacent San
Francisco Reserve. The sites are arranged along a pronounced climatic gradient from
1000 m to 3000 m a.s.l., with mean annual temperatures decreasing from 20 °C to
9.5 °C, and annual precipitation increasing from 2000 mm to 4500 mm from the lowest
to the highest site. Typically, precipitation shows a moderate seasonality with a
wetter season from June to August and a drier season from September to December.
Nevertheless, the climate is humid throughout the year, with all months on average
receiving > 100 mm precipitation (Emck, 2007; Bendix et al., 2008).

The study sites are characterized by relatively nutrient-poor soils on metamorphic
schists and sandstones (1000, 2000 and 3000 m) or granodioritic rocks (1000 m) (Wolf
et al., 2011). There is a pronounced decrease in nutrient availability with increasing
elevation and also from lower to upper slope positions in the rugged terrain, which is
reflected in decreasing forest biomass and productivity along these gradients (Wilcke
et al., 2008a; Wolf et al., 2011; Homeier & Leuschner, 2021). The studied forest types
can be classified as evergreen premontane forest (1000 m), evergreen lower montane
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forest (2000 m), and evergreen upper montane forest (3000 m). Floristic composition
changes rapidly with elevation, as most tree species in the study area are only found
in narrow elevational belts (Homeier et al., 2008). With increasing elevation, tree
height decreases and tree root-shoot ratio increases (Leuschner et al., 2007).

5.3.2 Study design

Sampling was conducted in three permanent 1 ha-plots located at 1000 m, 2000 m
and 3000 m elevation. We selected 52 tree species in total (20 species each at 1000 m
and 2000 m; 12 species at 3000 m, Table C.2) that fulfilled the criteria of a) being
common enough to find enough replicates in the plots, and b) covering all major
tree functional types including both pioneer and late-successional species, as well as
both understory and canopy trees. The latter aspect was supported by taking trait
data (specific leaf area, SLA and wood specific gravity, WSG) from previous studies
(Báez & Homeier, 2018) into account. Except for one gymnosperm (Podocarpus
oleifolius at 2000 m), all species were angiosperm trees. All selected species had a
restricted elevational distribution, occurring only at one elevational level. Per species,
we selected 6-11 replicate individuals (in total 433 trees) by random from the total
number of individuals per species found in the plots.

5.3.3 Functional trait measurements

The leaf trait data used in this work are already published in Homeier & Leuschner
(2021), and a more detailed description of the methods employed in measuring them
is given there. In short, from each tree, one branch was collected in the crown top,
and leaf area (LA), specific leaf area (SLA), leaf dry mass content (LDMC), leaf N,
and leaf P concentrations were measured on 20 leaves per tree. Leaf thickness and
leaf toughness were determined on three additional leaves.

From each tree, we collected one intact, distal fine root strand (diameter < 2 mm)
by tracing coarse roots from the stem base in distal direction until reaching fine root
systems. The root samples were taken either from the organic layer or, in case of thin
organic layers, mineral topsoil (0-10 cm depth). After being collected in the field,
the samples were stored in a fridge at 8 °C for no more than two days. Next, the
roots were washed carefully in tap water, dead and damaged looking root parts were
removed, and absorptive fine roots were separated from transportive fine roots based
on morphological criteria (periderm color and surface texture, root diameter, root
elasticity, and presence of root hairs, as in McCormack et al. (2015), and Chapter 4).
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Table 5.1: Trait names, abbreviations, and units. All root traits were
measured on the absorptive fine roots.

Trait Abbreviation Unit
Average root diameter droot mm
Specific root length SRL m g-1

Root tissue density RTD g cm-3

Root nitrogen concentration Nroot mg g-1

Root phosphorus concentration Proot mg g-1

Leaf dry matter content LDMC mg g-1

Leaf toughness Toughleaf kN m-1

Leaf thickness Thickleaf mm
Leaf area LA cm2

Specific leaf area SLA cm2 g-1

Leaf nitrogen concentration Nleaf mg g-1

Leaf phosphorus concentration Pleaf mg g-1

Wood specific gravity WSG g cm-3

Depending on the species, the absorptive fine roots included material up to the 2nd
to 4th root order. All following steps were conducted on absorptive fine roots only.

The roots were placed in a plexiglass tray filled with demineralized water and
scanned with a Hewlett Packard Scanjet G4050 scanner at grey-scale and a resolution
of 600 dpi. We then used the software WinRhizo 2013 Basic (Régent Instruments Inc.,
Quebec, Canada) to estimate average root diameter, total root length and total root
volume from the scanned images. After scanning, the root samples were oven-dried
for at least 48 h at 60 °C, and in a next step weighed on an analytic balance. With
these data, we calculated the morphological traits specific root length (SRL) and root
tissue density (RTD). Finally, the root samples were ground with a vibrating disc
mill and the N content was measured with a CN elemental analyzer (Vario EL III,
Hanau, Germany), and the P content by ICP analysis (Thermo Scientific iCAP 7000
ICP-OES, Thermo Fisher Scientific, Germany) after HNO3 digestion of the ground
material.

In addition to the leaf and fine root traits, we quantified wood specific gravity
(WSG) for each studied tree by collecting a wood core (5 cm length, 5.15 mm diame-
ter) with an increment corer (Haglöf, Sweden) at a stem height of 1.30 m. WSG was
obtained by dividing core dry weight by core green volume. A list of all measured
functional traits is provided in Table 5.1.
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5.3.4 Soil chemical analyses

We measured the chemical properties of the mineral topsoil in close vicinity (distance
< 1 m from stem) of each of the 433 trees sampled. Samples were taken 0–10 cm
depth layer, dried at 40 °C at the field station and transported to Germany for labo-
ratory analyses. Total carbon and nitrogen were measured by elemental analysis via
thermal combustion in milled aliquots. Due to high soil acidity, all C was assumed
to be organic carbon (SOC). Soil C/N ratios were calculated to estimate the speed
of soil organic matter turnover and nutrient supply rate via mineralization. High soil
C/N ratios indicate slow turnover of organic matter, resulting in low N availability
to plants. Plant-available phosphorus was determined with the Olson method and
measured in the < 2 mm soil fraction through extraction with 0.5 M NaHCO3 and
PO4

3- measurement by continuous flow analysis.

5.3.5 Data analysis

All data analyses were conducted in R version 4.1.0 (R Core Team, 2021).

Aboveground-belowground trait relationships

We calculated three principal component analyses (PCA) with the species-level trait
means, one including all 13 measured functional traits (PCAall), one including only
leaf traits (PCAleaf), and another one including only root traits (PCAroot). All
traits were natural log-transformed and standardized before running the PCA. Sub-
sequently, the species scores on the first principal components of PCAleaf and PCAroot

were extracted. To test whether the main axes of root and analyzed for interaction
leaf trait variation are coordinated, linear regression was applied.

Trait relationships with local soil nutrient availability

In order to test for associations between traits and soil nutrient availability in direct
vicinity of the sampled trees, we used mixed models with the technique of within-
group centering (van de Pol & Wright, 2009), which allows discriminating between
within-species and between-species effects. We fitted one model for each combination
of the 13 functional traits and the two predictors soil C/N ratio (as a measure of N
availability) and P availability, leading to a total of 26 models. We chose this approach
instead of fitting models with both predictors included, because we were interested
in the magnitude and direction of trait associations with N and P availability rather
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than in the marginal effects of each predictor after controlling for the other. All traits
were natural log-transformed and standardized, except for WSG, which was not log-
transformed. The log transformations were done to address heteroscedasticity and
right-skewed trait distributions, while the centering and scaling was done to be able
to compare parameter estimates between models. We also centered and scaled both
predictors, and additionally log-transformed Olsen P because they were highly right-
skewed. The models were fitted in a hierarchical Bayesian framework using R package
brms V. 2.15.0 (Bürkner, 2017). For details about the model fitting, prior choice, and
convergence diagnostics see Methods C.1.

Furthermore, we tested whether the species’ position in the trait space depended
on their preferences for local nutrient availability by fitting linear models of the
species’ scores on the first and second axes of PCAall, PCAleaf and PCAroot in de-
pendency of the mean N and P availabilities measured directly adjacent to the tree
individuals of that species.

5.4 Results

5.4.1 Dimensions of the plant economics space

In the principal component analysis performed with all traits (PCAall, Fig. 5.1), leaf
thickness, leaf toughness, WSG, LDMC, and RTD were highly positively associated
with the first axis (45 % of variance explained), while all leaf and root nutrient con-
centrations, leaf area, and SLA were negatively associated with it. Root diameter was
positively, and SRL negatively, associated with the second axis (19.8 % of variance
explained). The species from the three elevational levels did not separate into distinct
clusters but formed a continuum. However, there was a visible tendency for species
from the 1000 m site to occupy the negative range of PC1, whereas species from the
2000 m and 3000 m sites tended to have positive scores on PC1. Certain species de-
viated strongly from this pattern, notably Heliocarpus americanus from 2000 m and
Siparuna muricata from 3000 m with much more negative scores on PC1 than all
other taxa at these sites. In the leaf trait PCA (PCAleaf, Fig. 5.2 A), the first axis
explained 60.7 % and the second axis 14.9 % of variation. Leaf area, SLA, foliar P
and foliar N were positively, and leaf toughness, leaf thickness and LDMC, negatively
associated with the first axis. Like in PCAall, there was only a weak differentiation
between the species from the three sites, with taxa from 2000 m and 3000 m having
lower and species from 1000 m higher values on PC1. In the PCA with root traits
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Figure 5.1: Principal component analysis of root, stem and leaf func-
tional traits of 52 tree species from 3 elevational levels. For abbrevia-
tions of functional traits, please consult Table 5.1.

(PCAroot, Fig. 5.2 B), the first axis explained 54.6 % of variation and was positively
associated with RTD and negatively with root N and P. The second axis explained
34.0 % of variation. It was positively associated with SRL and negatively with root
diameter, with the species being not visibly clustered by site. We interpret the first
principal component (PC1) of PCAleaf as an expression of the leaf economics spectrum
and the first principal component of PCAroot as an expression of the root economics
spectrum. For consistency, we multiplied the species scores on PC1 of PCAroot by -1,
so that low values stand uniformly for more conservative, and high values for more
acquisitive resource use strategies in the leaf and the root economics spectra. There
was a significant positive relationship between axes representing the leaf and root
economics spectrum (p = 0.003, R2 = 0.18, Fig. 5.2 C).

5.4.2 Trait associations with nutrient availability

Soil C/N ratio measured in direct vicinity to the trees ranged from 9.8 to 18.9 and
reached lower values at 1000 m (10.4–13.1, mean 11.9) and 3000 m (13.8–16.7, mean
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Figure 5.2: Coordination of above- and belowground functional trait
dimensions. A) Principal component analysis of leaf functional traits
(PCAleaf). B) Principal component analysis of root functional traits
(PCAroot). C) Relationship between the respective first principal com-
ponents (PC) from PCAleaf and PCAroot. PCArootPC1 was multiplied
with -1 for consistency. The trend line shows the predictions from a
linear regression with 95 % confidence intervals (p = 0.003, R2 = 0.18).
For abbreviations of functional traits, please consult Table 5.1.

14.8) than at 2000 m (9.8–18.9, mean 16.1), revealing no clear elevational trend (Fig.
C.2). Topsoil Olsen-P showed highly right-skewed distributions at all three sites,
with lower values at 1000 and 2000 m (means around 3 mg kg-1, maxima of 11.5 and
5.9 mg kg-11, respectively) than at 3000 m (mean 19.1 mg kg-1, maximum 28.4 mg kg-1,
Fig. C.2). Soil C/N ratio and Olsen-P were not significantly correlated across the
sampling locations (ρ = −0.15, Fig. C.3).

Most measured traits, i.e. all leaf traits and RTD and WSG, were credibly asso-
ciated with soil C/N ratio on the interspecific, but not on the intraspecific level (Fig.
5.3, Table C.3). RTD, DMC, leaf toughness, leaf thickness and WSG increased with
soil C/N ratio, whereas leaf area, SLA, foliar N and foliar P decreased with soil C/N
ratio. SRL was not associated with soil C/N ratio between species, but declined with
increasing C/N at the intraspecific level. Root N and P concentrations declined with
increasing soil C/N ratio at the intra- and the interspecific levels, but slopes were
steeper for the between-species relationship. Root diameter did not credibly change
with soil C/N ratio neither on the intraspecific nor the interspecific level. While all of
our models of the 13 traits in dependency of soil N availability had very high expla-
native power (conditional R2 values ranging from 66 % for RTD to 95 % for leaf area,
Table C.5), a large proportion of the variance in the traits was explained by random
variation between experimental units, most importantly by the random species in-
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Figure 5.3: Functional traits in dependency of soil C/N ratio. Shown
are the data in combination with predictions from mixed models with
within-group centering. Each point represents one individual tree. The
thin, colorful lines show intraspecific model predictions for the 52 tree
species; the black lines show the overall interspecific trend with 95 %
confidence intervals. Dashed lines indicate slope parameters that did
not credibly differ from 0; solid lines indicate slope parameters that
were credibly different from 0. For abbreviations of functional traits,
please consult Table 5.1.
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tercepts, which by far contributed the largest fraction of explained variance in most
models. Consequently, the proportion of variance explained by overall within- and
between-species trends alone (marginal R2 value) was lower, with the highest variance
explained in the models of root and foliar N (both 34 %), and the lowest in the model
for root diameter (1 %, Table C.5).

In contrast to the pronounced responses of most traits to soil C/N ratio, there
were almost no relationships of traits with Olsen-P in the topsoil on the inter- or
intraspecific level (Fig. 5.4, Table C.4). The only exceptions were a positive interspe-
cific trend of leaf thickness, a negative interspecific trend of leaf area, and a positive
intraspecific trend of SRL with increasing available P. As in the models with soil
C/N ratio, the standard deviations of the random intercepts for species were high in
all models, while the random variability between plots and random species-specific
differences in slopes were negligible (Table C.4). The variance explained by the whole
model was very similar to the models with C/N ratio, but the variance explained
by the fixed effects was smaller for all traits except root diameter (marginal R2 with
C/N ratio: 0.01, marginal R2 with Olsen-P: 0.02, Table C.5). The largest marginal
R2 values were found for leaf area and leaf thickness (both 11 %).

5.4.3 Association of the species’ position in the trait space
with nutrient availability

We found a significant positive relationship between the species scores on the first axis
of PCAall, representing the plant economics spectrum (higher values interpretable as
conservative and lower values as acquisitive), and the average soil C/N ratio measured
in vicinity of the trees (p < 0.001, R2 = 0.54, Fig. 5.5). In this plot, the species
separated clearly by site.
The species growing at high soil C/N ratios and scoring high on PC1 of PCAall

were mostly from the 2000 m site, while the species related to low C/N and with
low scores were predominantly from the 1000 m site; the species from 3000 m took an
intermediate position in this plot. Exceptions are some species from 2000 m (Cecropia
angustifolia, Elaeagia mollis, and Meriania franciscana) situated in a range largely
filled by species from 1000 m. In addition, Heliocarpus americanus and Siparuna
muricata from 2000 m and 3000 m represented striking outliers, with scores on PC1
of PCAall being being unusually low for their average soil C/N ratio compared to the
overall trend. We did not find significant relationships of PC2 of PCAall with soil
C/N ratio, or of any of the axes with topsoil Olsen-P.
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Figure 5.4: Functional traits in dependency of soil Olsen P. Shown
are the data in combination with predictions from mixed models with
within-group centering. Each point represents one individual tree. The
thin, colorful lines show intraspecific model predictions for the 52 tree
species; the black lines show the overall interspecific trend with 95 %
confidence intervals. Dashed lines indicate slope parameters that did
not credibly differ from 0; solid lines indicate slope parameters that
were credibly different from 0. For abbreviations of functional traits,
please consult Table 5.1.
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Figure 5.5: Species position in the plant economics space (PCAallPC1)
in dependency of mean soil C/N ratio in vicinity of all individuals of
the species. The line shows predictions from a linear regression with
95 % confidence intervals (p < 0.001, R2 = 0.54)

5.5 Discussion

5.5.1 Resource-use traits of all plant organs are coordinated

Our results provide clear evidence that leaf morphology and nutrient concentrations,
wood specific gravity (WSG), fine root nutrient concentrations and root tissue density
(RTD) of 52 tree species in tropical montane forests were coordinated. Root and leaf
nutrient concentrations, leaf area and specific leaf area (SLA) were positively corre-
lated with each other, and negatively correlated with RTD, WSG, leaf dry matter
content (LDMC), and leaf thickness and toughness. Not only did these traits consti-
tute the first axis of variation when all traits were included in one joint ordination,
they also formed the most influential first axes in in separate ordinations for leaf
and root traits only. Moreover, the main axes of variation for the leaf and root trait
spaces were significantly associated with each other. We interpret thin, large and
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soft leaves, high leaf and fine root nutrient concentrations, and low tissue densities as
indicative of an acquisitive, and a resource use strategy, while a conservative strategy
is characterized by opposite properties (Wright et al., 2004; Reich, 2014; Weemstra et
al., 2016). The trade-off between resource acquisition and conservation results from
the constraint that high investment into long tissue life span and protection against
herbivory and mechanical damage comes at the cost of slow growth, low resource
acquisition rates, and therefore generally slow return of invested resources (Reich,
2014). On the other hand, investment into fast growth, high resource acquisition
rates and, as a consequence, fast resource return comes at the cost of more vulnerable
tissue and shorter tissue life spans (Wright et al., 2004; Reich, 2014; Weemstra et al.,
2016). Whether these trade-offs hold for all organs of a plant and therefore lead to
trait coordination between leaves, stem and roots is currently still debated.

Our findings represent robust support for the theory that leaves, stem and roots
are subject to the same resource acquisition-conservation trade-off, and that traits
related to resource economics of all plant organs are correlated with each other (plant
economics spectrum, PES, Reich, 2014). Reich (2014) reasons that this is the case
because an organ with traits associated with an acquisitive strategy is only advanta-
geous for a plant when its other organs follow the same strategy, as such a strategy is
only viable when necessary resources can be supplied fast enough by the other organs.
There is broad support for general local- or regional-scale linkage between functional
traits of aboveground and belowground plant organs for a great number of growth
forms in different ecosystems (e.g., Freschet et al., 2010; Pérez-Ramos et al., 2012;
de la Riva et al., 2018; Hu et al., 2019; Shen et al., 2019; Marañón et al., 2020). In
a recent review, Weigelt et al. (2021) concluded that leaf and root traits related to
the resource economics trade-off are generally associated with each other and form an
integrated axis from slow to fast resource return. However, a recent analysis based
on a global trait database concluded that leaf, root and stem traits were decoupled
from each other and in fact form separate dimensions of trait covariation (Carmona
et al., 2021). In support, there are other studies reporting a lack of association be-
tween aboveground and belowground traits of woody plants (e.g., Valverde-Barrantes
et al., 2015a; Burton et al., 2020; Vleminckx et al., 2021). Furthermore, Baraloto et
al. (2010a); Fortunel et al. (2012) and Vleminckx et al. (2021) all concluded that
the wood traits were decoupled from the leaf economics spectrum in neotropical tree
species.

The reasons for these contrasting findings may be of ecological or methodological
nature. Comparing different scales, organism groups and environmental contexts can
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lead to different results concerning trait correlation (Messier et al., 2017). In addition,
the most widely used data analysis tools to explore the dimensionality of trait spaces
are principal component analysis (PCA) and other ordination methods, which can be
problematic, because the results are highly susceptible to the number and correlation
structure of the input variables. The outcome of analyses might change dramatically,
if certain variables were included or removed. Importantly, as the scores on each
axis are computed as a linear combination of all variables in a dataset, comparisons
between PCA results based on different sets of input variables are highly questionable.

5.5.2 The root collaboration axis

We observed that root diameter and SRL formed their own axis of trait variation,
which was orthogonal to the resource economics axis. Similarly, Kramer-Walter et
al. (2016) and Liese et al. (2017) found that, while root nutrient concentrations
and root tissue density were coordinated with traits of the leaf economics spectrum
(LES), they were decoupled from traits related to root diameter. Bergmann et al.
(2020) proposed a theoretical framework in which functional traits related to fine
root diameter form their own axis in the root trait space, the so-called collaboration
gradient. Accordingly, this gradient is driven by a trade-off between investing either
into cost-effective proliferation of the soil by fine roots with high SRL, or alternatively
into high mycorrhizal colonization of fine roots with higher diameters and thereby
“outsourcing” part of the costs of soil proliferation and nutrient acquisition to the
fungal partners.

This theory is supported by some evidence supporting the assumption that thick
fine roots are more intensively colonized by mycorrhizal fungi than thinner, more
short-lived fine roots (Comas et al., 2014; Eissenstat et al., 2015; Liu et al., 2015;
McCormack & Iversen, 2019). In accordance, there is wide agreement that diameter-
related root traits are to a larger degree phylogenetically conserved, whereas other
fine root morphological traits and nutrient concentrations are more plastic and often
more closely related with soil fertility (Kong et al., 2014; Wang et al., 2018; Liu et al.,
2019). Both the global data base analysis by Carmona et al. (2021) and the review
by Weigelt et al. (2021) found evidence supporting the existence of the collaboration
gradient. However, this multi-dimensional perception of the fine root trait space
needs validation against empirical data that cover not only root morphology, but also
mycorrhizal colonization and fine root functioning, which are still rarely measured in
multi-species samples (Freschet et al., 2021a).
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Our data support the plant economics spectrum in the form proposed by Weigelt
et al. (2021), where morphology and nutrient concentrations of leaves and fine roots
form a leading dimension of trait covariation driven by the acquisition-conservation
trade-off, and traits related to fine root diameter form a separate axis of mycorrhizal
collaboration, driven by a trade-off between an outsourcing strategy and a “do-it-
yourself” strategy.

5.5.3 Small-scale N availability drives the plant economics
spectrum

All of the traits assigned to the resource economics spectrum in our study were cred-
ibly associated with the local soil C/N ratio on the interspecific level, while there
was no evidence for an interspecific association of root diameter and specific root
length (SRL) with soil C/N ratio. The direction of the trait associations with N
availability confirmed the expectation of species with conservative traits being con-
fined to locations with wide C/N ratios (i.e., low N availability), whereas species with
acquisitive traits were found in local habitats with narrow C/N ratios (i.e., high N
availability). These results for single traits are supported by the relationship between
the species’ average soil C/N ratios and their score on a PCA axis that represents
the resource economics spectrum (PC1 of PCAall). The most likely explanation why
conservative strategies are more successful when nitrogen is scarce, and acquisitive
strategies are more advantageous upon higher N availability, is that resource conser-
vation is required to survive under infertile conditions, whereas increased competition
under fertile conditions makes it advantageous to grow faster than competitors and
thus pursue an acquisitive strategy (Reich, 2014). We conclude that tree species,
even if they co-exist within the same elevational belt, have preferences for different
levels of local soil fertility, and are adapted to these microhabitats by differing trait
combinations that are explained by the plant economics spectrum.

The local heterogeneity in soil conditions demonstrated by our data is most likely
a result of small-scale topographic heterogeneity, which has been shown to cause
considerable variation in nitrogen availability (Wolf et al., 2011) and therefore is
profoundly influencing vegetation composition and ecosystem functioning in the study
area on scales of a few to a few hundred meters (Homeier et al., 2010; Werner &
Homeier, 2015; Pierick et al., 2021). These studies at medium spatial scale show
that trees at the less fertile upper slope have lower basal area increment rates than
those at the more fertile lower slope (Homeier et al., 2010), a lower foliage and litter
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quality (Werner & Homeier, 2015) and more conservative fine root traits (Pierick
et al., 2021). The recent study conducted at even finer spatial resolution of soil
chemical predictor variables (< 1 m to about 5 m) highlights the relevance small-scale
environmental variation for community assembly and trait spectra in topographically
complex mountain landscapes.

It is well documented for many biomes that functional traits of communities typi-
cally are shifting from more conservative to more acquisitive with increasing N avail-
ability (e.g., Pérez-Ramos et al., 2012; Kramer-Walter et al., 2016; de la Riva et al.,
2018; Ding et al., 2020). The dependence of aboveground plant functional traits on
soil fertility has been demonstrated repeatedly for tropical forests (Asner & Martin,
2016; Ding et al., 2019; Vleminckx et al., 2021), but there is a lack of data on fine
root traits for tropical tree species (Cusack et al., 2021). According to Reich (2014),
the most likely explanation why conservative strategies are more successful when ni-
trogen is scarce is that resource conservation is required to enhance survival under
infertile conditions. In contrast, acquisitive strategies are assumed to be more suc-
cessful when nitrogen is more readily available because increased competition under
fertile conditions makes it advantageous for a plant to be able to grow faster than its
competitors.

We found almost no credible trait associations with available P, neither for single
traits, nor for the PCA axes summarizing them. While P is a limiting resource that
drives functional trait distributions in most tropical lowland forests (Lugli et al., 2019;
Cusack et al., 2021; Yaffar et al., 2021), N limitation plays a more prominent role in
tropical mountain ecosystems due to lower mineralization rates at colder temperatures
(Leuschner et al., 2007). Therefore, N seems to play a more relevant role than P in
structuring the functional composition of tree communities in our study area, which
is key to understanding and modeling tropical montane forest vegetation.

Intraspecific trait variation along gradients of nutrient availability did not play a
significant role for the majority of traits in our species sample, contrary to our expec-
tation. The only credible intraspecific trait trends observed were negative associations
of SRL, root N and root P with soil C/N ratio, and positive associations of SRL with
Olsen-P availability. Strikingly, these are all root traits. Roots can be highly plastic
both in terms of tissue element contents and morphology (Hodge, 2004). Our results
agree with findings showing that intraspecific trait variation is larger in fine roots
than in leaves (Delpiano et al., 2020), and that fine root nutrient concentrations are
more responsive to the environment than most other traits (Liu et al., 2019).

The outcome of only minor intraspecific trait variation could result from the ab-
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sence of overall within-species trait variability in dependence on the environment, or
from species-specific differences in the direction and magnitude of the relationship
(Kumordzi et al., 2019; Weemstra et al., 2020). Judging from the small standard
deviation of species-specific random slopes, the former of the two explanations seems
to be the case. This agrees with the finding that the interspecific component was con-
sistently larger than the intraspecific component of leaf trait variation in our study
area (Homeier & Leuschner, 2021). Yet, it contradicts evidence from other tropical
forests where significant intraspecific leaf and root trait variation along environmental
gradients has been found (Hogan et al., 2020; Schmitt et al., 2020). It is possible that
we would have seen clearer intraspecific trait-environment associations, if more dis-
tant populations of a species had been included and the spatial scale and the edaphic
variation covered in the study were larger. We judge it plausible that the two factors
leading to intraspecific trait variation, genetic adaptation and phenotypic plasticity,
are mainly active on larger spatial scales and across larger environmental variation
than covered in this study. If valid, this would allow the conclusion that interspecific
trait variation along soil fertility gradients seems for most traits to act on a smaller
spatial scale than intraspecific trait variation.

Trait relationships with the environment might differ between interspecific and the
intraspecific levels, because different underlying processes, i.e. of aggregation selection
over evolutionary times vs. within-species adaptation or acclimation and phenotypic
plasticity, are causing them (Clark et al., 2011). Furthermore, the strength and
direction of intraspecific relationships can vary between species (Anderegg et al., 2018;
Weemstra et al., 2020). Both of these phenomena can weaken or reverse patterns of
trait association, when inter- and intraspecific effects are not separated from each
other (Laughlin et al., 2017; Anderegg et al., 2018; Dong et al., 2020). Within-group
centering is a technique that solves this problem elegantly within a mixed-model
framework (van de Pol & Wright, 2009), as done here.

5.5.4 Adaptation to edaphic microhabitats promotes coexis-
tence

We found evidence for highly variable soil conditions within plots, and a broad overlap
of N and P availability between the three elevational levels. Besides, tree species
from different sites were not on average functionally distinct, but occupied largely
overlapping areas in the trait space. Conversely, species coexisting within the same
plot in close proximity exhibited highly diverse functional strategies. Further, as
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discussed before, the functional strategies of the tree species were strongly associated
with the mean N availability measured in direct vicinity to the sampled individuals
of the species. Taken together, this information implies that the coexistence of a
high number of tree species in the studied forests is partly enabled by small-scale soil
heterogeneity in conjunction with specific adaptation of the species to the different
microhabitats, as was proposed by Homeier et al. (2010) and Jones et al. (2011).
Moreover, the position of the tree species within the trait space and their average
local N availability may be indicative of the species’ role within the community. For
example, Heliocarpus americanus, Cecropia angustifolia, Hedyosmum goudotianum
(all from 2000 m), Siparuna muricata, and Hedyosmum purpurascens (both from
3000 m), all fast-growing pioneer species, have more acquisitive traits and on average
grow at more N-rich spots than the other species from the same elevational level.

This highlights the importance of paying more attention to small-scale environ-
mental heterogeneity in gradient studies, which usually consider plot or community
level means of environmental variables. The approach used here, that measured
edaphic predictor variables on the scale of individual trees, performed well in explain-
ing trait variation and provided valuable insights into the community assembly of
tree species with diverse functional strategies. Therefore, we encourage field ecolo-
gists and modelers in all ecosystems, but especially tropical montane forests, to take
small-scale environmental heterogeneity into account in their experimental designs,
models, and interpretations of data.

5.5.5 Conclusions

Our investigation of wood, leaf and fine root traits in a species-rich tropical montane
forest shows that the functional traits of the 52 studied tree species can be arranged
in an integrated multi-dimensional space, which is structured by the acquisition-
conservation trade-off axis, and a decoupled root collaboration dimension, supporting
concepts proposed by Reich (2014), Bergmann et al. (2020) and Weigelt et al. (2021).
While the tree species’ strategies tended to shift from acquisitive to more conserva-
tive from lower to higher elevation, heterogeneous N availability within plots overlaid
altitudinal differences and was the most powerful predictor of the species’ functional
strategy. These findings highlight the advantages of measuring highly resolved en-
vironmental predictors and provide a plausible explanation for the outstanding tree
species richness of tropical montane tree communities.
The strong relationship between a species’ microhabitat preference and its position
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in the trait space may represent a valuable functional link to be included in future
trait-based vegetation modelling approaches.



Chapter 6

Synthesis

This chapter summarizes the results found in Chapters 3-5, puts them in perspective
to each other and the current state of knowledge, and draws shared conclusions from
the unified findings of these chapters. Furthermore, implications and directions for
future research projects are presented.

6.1 Leading dimensions of the fine root trait space

The analyses of coordination of root traits in Chapter 3 and 5 both confirm the
existence of two main independent dimensions of root trait variation: Firstly, an
axis of root nutrient concentrations in negative association with root tissue density
(RTD), and secondly an axis where root diameter is negatively correlated with root
branching intensity (RBI) and specific root length (SRL) (Fig. 6.1 a). The first
axis can be interpreted as a representation of the acquisition–conservation or fast–
slow trade-off that constitutes the original root economics spectrum (Kong et al.,
2014; Kramer-Walter et al., 2016; Roumet et al., 2016; Weemstra et al., 2016). The
second axis can be interpreted as the fungal collaboration gradient, representing a
trade-off between outsourcing most of the acquisitive functions to mycorrhizal fungi
and pursuing a Do-It-Yourself strategy, the former of which favoring thicker and
the latter thinner and highly branched roots (Bergmann et al., 2020; Carmona et
al., 2021; Weigelt et al., 2021). However, as no data on the degree of mycorrhizal
colonization were measured for this thesis, this interpretation remains speculative.
Interestingly, these patterns emerged both in Chapter 3, which only compared species
within lower montane forests at roughly 2000 m a.s.l., and in Chapter 5, which covered
species from three elevational levels spanning an elevational gradient of 2000 m. This
implies that within tropical montane forests, the same trade-offs shape the patterns
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of tree root trait coordination at different spatial scales. The consistency of the two-
dimensional root economics spectrum throughout the chapters of this work provides
further support for the emergent theory of the collaboration gradient (Bergmann et
al., 2020).

6.2 Aboveground-belowground functional coordi-
nation

Chapter 5 showed that tree species with acquisitive root traits also had a high proba-
bility of having acquisitive leaf and wood traits, and vice versa with conservative traits
(Fig. 6.1 b). There was no such relationship for diameter-related root traits. This
partly confirms the seminal framework of the plant economics spectrum (Freschet et
al., 2010; Reich, 2014), which states that functional traits related to the acquisition-
conservation trade-off in roots, leaves and stems should be correlated with each other
and form a single axis of variation. The reasoning behind this is that plants that do
not have a consistent strategy within the fast–slow spectrum for all their organs have
a reduced fitness due to biophysical constraints (Reich, 2014).

Similar cases of (partly) coordinated above- and belowground functional traits
have been reported among others by Freschet et al. (2010), Pérez-Ramos et al. (2012),
Valverde-Barrantes et al. (2015a), Kramer-Walter et al. (2016), Liese et al. (2017)
and de la Riva et al. (2018). However, while many of these authors acknowledged
that not all root traits are aligned with the whole plant economics spectrum (see also
Weemstra et al. (2016) and Laliberté (2017) for reviews), it was not until the recent
introduction of the collaboration gradient by Bergmann et al. (2020), that unified
theories of a multidimensional plant economics spectrum with a separate dimension
for diameter-related root traits, emerged (Carmona et al., 2021; Weigelt et al., 2021).
The framework by Carmona et al. (2021) states that the two orthogonal dimensions
of root trait variation (the fast–slow axis and the collaboration axis) are both in-
dependent from the axes of aboveground trait variation. Contrarily, Weigelt et al.
(2021) propose that there is a shared axis of variation for leaf and root traits that are
related to resource acquisition, and an independent collaboration axis encompassing
diameter-related root traits. The results in Chapter 5 are a powerful argument for the
theory of Weigelt et al. (2021), and contradict the view of Carmona et al. (2021). In
summary, the results in this work provide ample support for the view that leaf, wood
and root strategies related to the acquisition–conservation trade-off are coordinated.
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a) Root trait dimensions b) Leaf and root trait relationships

c) Trait-environment relationships

d) Functional diversity e) Phylogenetic patterns
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Figure 6.1: Visual summary of the main findings of this thesis.
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6.3 Fine root trait variation along environmental
gradients

The results from Chapters 3, 4 and 5 concordantly revealed that functional traits
of roots varied along gradients of elevation, topography and soil fertility (Fig. 6.1
c). However, which traits showed these patterns depended on the spatial scale, type
of gradient (indirect gradient or resource gradient) and the level of aggregation of
the analysis (intraspecific, species, or community level). The root functional traits
belonging to the acquisition–conservation axis of trait variation (RTD, Nroot, Proot)
showed more consistent patterns than those belonging to the collaboration axis (droot,
SRL, RBI, AFRF). The observational data from Chapters 3, 4 and 5 indicate roots
to be more acquisitive at lower elevations, lower slope positions, and higher nutri-
ent availability, and more conservative at the opposite ends of these gradients. This
confirms the predictions by the plant economics spectrum theory that conservative
resource use strategies are an adaptation to nutrient scarcity, and acquisitive strate-
gies are an adaptation to nutrient abundance (Reich, 2014). Similar results of root
functional trait syndromes changing from acquisitive to conservative with decreas-
ing nutrient availability have been demonstrated e.g. by Pérez-Ramos et al. (2012),
Kramer-Walter et al. (2016), de la Riva et al. (2018), Shen et al. (2019) and Fort &
Freschet (2020).

There is a discrepancy between the results in Chapters 4 and 5 concerning the
question whether root traits vary along gradients of N and P availability. Using the
highly resolved soil data in Chapter 5, the functional traits were only associated with
N availability and showed no trend along P availability, but with the plot-level soil
data in Chapter 4, root traits related to the acquisition-conservation trade-off de-
pended both on N and P availability. This can either be attributed to the fact that
available P was measured with two different methodologies (resin-exchangeable P in
Chapter 4, Olsen P in Chapter 5), or to the different spatial resolution of the environ-
mental predictors. Considering that the results on P availability along the elevational
gradient differed greatly between the two chapters (highest P availability at 2000 m
in Chapter 4, but at 3000 m in Chapter 5), the first of those two explanations seems
more likely. From this, it can be concluded that resin-exchangeable P is presumably
a more adequate predictor of root functional traits than Olsen P, and that trends
of root traits related to the acquisition-conservation axis along P availability would
have maybe been found as well in Chapter 5 if resin-exchangeable P instead of Olsen
P would have been measured.



6.3. Fine root trait variation along environmental gradients 89

Functional traits related to the collaboration axis of root trait variation were not
associated with gradients of N and P availability in almost all cases, but with eleva-
tion and topography. Roots at higher elevations and upper slope positions tended to
be thicker and less branched than at lower elevations and lower slope positions (Fig.
6.1 c). This is intriguing, because in contrast to the acquisition-conservation axis,
there is no consistent evidence or theoretical framework so far on how and why the
collaboration axis of root trait variation is associated with environmental gradients
(Bergmann et al., 2020; Weigelt et al., 2021). Alternatively, instead of interpreting
specific root length (SRL) and root diameter as the collaboration axis, they can also
be viewed as part of the acquisition-conservation gradient (McCormack et al., 2013;
Roumet et al., 2016), which would explain their trends along the topographic and ele-
vational gradient, but not the absence of association with nitrogen availability. Both
topography and elevation are indirect gradients (Garnier et al., 2016) along which
several edaphic, hydrologic and (micro-)climatic factors co-vary. Without manipula-
tive experiments or larger observational datasets that cover more naturally occurring
combinations of confounding covariates, it will be impossible to disentangle the causal
relationships behind these patterns.

The trait associations with environmental gradients described above were observ-
able on the community or interspecific level, while on the intraspecific level, trait–
environment associations were mostly absent. This supports the conclusion that the
community-level trait changes along environmental gradients observed in Chapters 3
and 4 are driven by species turnover between communities induced by environmental
filtering, and not by intraspecific trait variation.

Both in Chapter 3 and 4, it became apparent that there was a large amount of
within-community root trait variation, and that the differences between communities
explained only minor proportions of the overall trait variance compared to differences
between species. This lead to the assumption that species with diverse belowground
strategies can coexist within communities, which could be verified in Chapter 5.
There, we could show that species have preferences for different edaphic microhab-
itats and are adapted to them with matching trait syndromes on the acquisition-
conservation axis. One of the most astonishing and relevant outcomes of this work is
the high degree of interspecific root trait coordination with nitrogen availability on
the local scale and individual level in Chapter 5. In combination, all of these findings
highlight that small-scale edaphic heterogeneity and adaptations of tree species to
different microhabitats are essential to the diversity and functional composition of
tropical montane forests.
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6.4 Functional diversity along environmental gra-
dients

Functional diversity of root traits decreased from lower to upper slopes, and from
lower to higher elevations (Chapters 3 and 4). Presumably, this is the case because
the conditions at upper slopes and higher elevations are harsher, more nutrient lim-
ited, and less beneficial for plant growth, which leads to stronger environmental fil-
tering (Leuschner et al., 2007; Homeier et al., 2010; Werner & Homeier, 2015). This
allows only for a reduced set of viable trait combinations and causes trait conver-
gence towards conservative strategies. Under the more beneficial conditions at lower
elevations and lower slopes, trees with several belowground strategies can coexist suc-
cessfully. These findings coincide with similar evidence for leaf functional diversity
by Mason et al. (2012), Liu et al. (2014), Spasojevic et al. (2014), and Ding et al.
(2019), but are novel for roots.

6.5 Phylogenetic conservation of root traits

Both morphological and chemical root functional traits had high phylogenetic signal
(Chapter 3 and 4). In Chapter 3, phylogeny was the most important component
in explaining trait variation, exceeding phylogenetically independent species effects
and environmental factors. Also in Chapter 5, more closely related species tended
to have more similar root traits. The fact that phylogeny played such an important
role for all measured root traits, morphological and chemical, confirms observations
by Valverde-Barrantes et al. (2015a), Liese et al. (2017) and Valverde-Barrantes et
al. (2017). This contradicts statements by Kong et al. (2014), Wang et al. (2018),
Liu et al. (2019) and Fort & Freschet (2020), who assumed that only root diameter
and related morphological root traits are highly phylogenetically conserved, whereas
chemical traits (and partly RTD) tend to be less conserved and to respond more
plastically to the environment.

Several well-represented plant families had characteristic root trait syndromes
throughout all the datasets analyzed in this thesis. A schematic figure showing their
positioning within the root trait space is given in Fig. 6.1 e. Three of the typi-
cally thick-rooted families, Myristicaceae, Chloranthaceae and Lauraceae, are early
diverged angiosperms (magnoliid clade and close relatives). It has been shown re-
peatedly in the literature that older angiosperm taxa on average have larger root
diameters (Chen et al., 2013; Comas et al., 2014; Valverde-Barrantes et al., 2015a;
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Ma et al., 2018). The fine roots of the first angiosperms are assumed to have been
thick and highly reliant on arbuscular mycorrhizal fungi (Chen et al., 2013; Bard-
gett et al., 2014; Ma et al., 2018). Thinner, more branched roots and other types
of mycorrhizal associations evolved presumably during the angiosperm radiation as
adaptations to a changing climate (Chen et al., 2013; Bardgett et al., 2014; Ma et
al., 2018). As the results of this work confirm, a legacy of this evolutionary history
is still visible in the thick fine roots of extant magnoliid tree species. However, with
Meliaceae and Clusiaceae, two later-diverged angiosperm families had similarly high
fine root diameters as the early diverged angiosperms. This is probably a result of
convergent evolution, and shows that the large angiosperm clades can contain plant
groups with very different belowground strategies.

6.6 Implications

The root functional traits featured in this thesis are closely associated with root
decomposition, respiration, growth rates, life spans and resource uptake rates (Comas
et al., 2002; McCormack et al., 2013; Roumet et al., 2016; See et al., 2019; Freschet
et al., 2021b). They are furthermore relevant for a complex network of belowground
interactions, because they can impact root–root competition (Mommer et al., 2016),
root herbivory both directly and via their relationships with defensive secondary
compounds (Xia et al., 2021), and the microbial communities of the rhizosphere via
their relationship with exudation (Wen et al., 2019; Spitzer et al., 2021; Sun et al.,
2021; Williams et al., 2021). In other words, they are both response and effect traits.
Accordingly, the observed trait-environment associations imply that many of these
plant functions and ecosystem processes also vary along the environmental gradients.
One likely example of a potential effect of root traits in the study area is the impact
of fine root litter quality on decomposition and soil fertility. In analogy to leaf litter
(Werner & Homeier, 2015), the poor fine root litter quality at less fertile sites, which is
in parts a result of high root tissue densities and low root nitrogen concentrations (i.e.,
a conservative strategy that represents an adaptation to low nutrient availability),
could have a feedback effect on decomposition and thus reinforce the low soil fertility
(Werner & Homeier, 2015).

The robust support for the existence of an axis of root trait covariation related to
a growth–survival trade-off, and its strong association with nutrient availability and
aboveground traits, highlights the root economics spectrum theory as a framework
that is simplified, but of great predictive value for plant functioning and community
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assembly along environmental gradients. The work by Dantas de Paula et al. (2021)
is an example from the study area that demonstrates how functional traits can be
successfully integrated into dynamic vegetation models to improve the predictions of
ecosystem functioning along gradients of nutrient availability. However, one has to
stay aware that dimensionality reduction of the trait space might be a useful simplifi-
cation in some applications, but should not be extrapolated universally. For example,
the findings from this work demonstrate that trait–environment associations depend
on the level of aggregation, spatial scale, and spatial resolution of the environmen-
tal data. This underlines that it is crucial to take these factors into account when
studying trait-environment relationships.

By showing that niche differentiation causes adaptation of tree species to differ-
ent microhabitats in close spatial proximity, especially the results from Chapter 5
contribute valuable aspects to the understanding of community assembly and main-
tenance of biodiversity in species-rich tree communities. They highlight that for
understanding these processes, it can be insightful to zoom in into local spatial scales
and highly resolved environmental data. This finding is especially important for
tropical montane forests with their highly heterogeneous topography, but can also be
extrapolated to other ecosystems.

6.7 Conclusions

By measuring the previously unexplored fine root traits of more than a hundred trop-
ical tree species, this work helps answering several vividly debated questions related
to the dimensionality of the plant economics space and functional trait distribution
along environmental gradients. The results obtained in this thesis do not support the
hypothesis that root traits are aligned along a single axis of variation that mirrors the
leaf economics spectrum. Rather, they provide important evidence in favor of recent
theories claiming that the root economics spectrum is formed by two main axes of
fine root trait variation, one related to resource economics and driven by a growth-
survival trade-off, and one related to root diameter. Whether in accordance with a
recent hypothesis the diameter-related axis can be understood as a gradient of depen-
dency on mycorrhizal fungi could not be tested in the framework of this study. It thus
remains a central question for subsequent research. The conservation–acquisition axis
of root trait variation was strongly coordinated with aboveground functional traits
such as wood density, and leaf traits of the leaf economics spectrum. This reinforces
one of the central tenets of functional trait theory, namely that there are selective
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pressures that favor coordinated functioning of different plant organs. The mounting
evidence that trait syndromes are coordinated in a consistent fashion across plant
organs is of crucial importance for the parametrization of trait-based models of plant
and ecosystem functioning.

Many common tropical tree families displayed consistent trait combinations within
this two-dimensional trait spectrum, and considerable phylogenetic signal was found
for all traits. Contrary to previous findings, high root diameters were not only re-
stricted to early-diverged plant families, but also found in later-diverged angiosperm
clades.

In general, the observed variation of traits along environmental gradients implies
that strong environmental filters at higher elevations and upper slopes allow only for
the persistence of plants with a limited set of strategies, leading to trait convergences
towards more conservative trait syndromes. At lower elevations and lower slopes, root
trait syndromes were on average more acquisitive, but the higher belowground func-
tional diversity observed there indicates the coexistence of species with a wider range
of strategies within these communities. These findings suggest that environmental
filtering acts on belowground strategies of trees both on the larger spatial scale of
the elevational gradient, and on the smaller spatial scale of the topographic gradient,
but it also implies that the relative importance of niche differentiation for community
assembly might increase towards more fertile sites. Within the scope of this descrip-
tive study, it was not possible to determine which of the many environmental factors
that vary along the indirect gradients, elevation and topography, have a direct causal
effect on the root trait distributions along these gradients. Identifying such causal
trait-environment relationships is a future challenge that will require more mechanis-
tically orientated methodological approaches. Nevertheless, the correlative patterns
found in this study suggest that nitrogen availability could play a crucial role in the
distribution of root functional strategies along elevation and topography.

Even though the trends along elevation and topography were robust, they ex-
plained only small proportions of overall root trait variation, because tree species
with many different root trait syndromes coexist within communities. Highly re-
solved, small-scale soil data resolved this previously unexplained root trait variation,
and led to the insight that topography-induced, small-scale soil heterogeneity allows
the coexistence of many species adapted to slightly different microhabitats in tropical
montane forests. The root economics spectrum proved to be a useful concept with
high predictive power in explaining the microhabitat preferences of tree species.
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Root traits along topography

Figure A.1: Map of (a) the location of the study area in Ecuador and (b)
the location of the study plots in the Reserva Biológica San Francisco



96 Appendix A. Root traits along topography

Figure A.2: Coordination of soil properties with the Topographic Po-
sition Index (TPI) in the 18 study plots. Soil properties: Depth of
organic layer (dol), pH value, concentrations of K, Mg, Ca, Al and N,
C:N ratio, plant available phosphorus (Pav), nitrogen mineralization
rate (Nmin) and nitrogen nitrification rate (Nnitr). Data from Wolf et
al. (2011).
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Figure A.3: Principal component analysis (PCA) of the soil properties
Depth of organic layer (dol), pH value, concentrations of K, Mg, Ca, Al
and N, C:N ratio, plant available phosphorus (Pav), nitrogen mineral-
ization rate (Nmin) and nitrogen nitrification rate (Nnitr) in the 18 study
plots. The variables were centered and scaled. a) Biplot of the PCA
with topographic position index (TPI) indicated by color. b) Relation-
ships between the first two PCA dimensions and TPI. Upper triangle:
Pearson’s correlation coefficient; diagonal: density distribution; lower
triangle: scatterplots of the respective variable pairs. Data from Wolf
et al. (2011).
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Figure A.4: Phylogenetic tree of the studied species.
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Figure A.5: Random effects of the studied species in Bayesian Phy-
logenetic Mixed Models for the traits root diameter (droot), specific
root length (SRL), root tissue density (RTD), root branching intensity
(RBI), and root nitrogen concentration (Nroot). Displayed are poste-
rior means and highest density intervals of the combined phylogenetic
species effects and phylogenetically independent species effects as rela-
tive effects on the response scale (%).
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Table A.1: Positions (UTM coordiantes) and altitudes of the plots.

Figure A.6: Relationships of (a) phylogenetic diversity (PD) with the
topographic position index (TPI) (p = 0.81, R2 = 0.003) and (b) of
functional dispersion (FDis) with PD (p = 0.13 , R2 = 0.14). Grey
ribbons show the 95 % confidence intervals.
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Table A.2: List of the plots with number of sampled trees and species,
and the coverage of the tree species present in the plots (diameter at
breast height ≥ 10cm, 2016) by our sampling procedure.



102 Appendix A. Root traits along topography

Table A.3: List the sampled tree species with the corresponding sam-
pling size.
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Table A.4: Inference and diagnostics from the Bayesian Phylogenetic
Multilevel Models. For each parameter (for explanation of parameter
symbols, see Methods S1), the point estimate posterior mean, its stan-
dard error, highest posterior density intervals (HDI), Rhat convergence
diagnostic and effective sample size (ESS).
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A.1 Method: Phylogenetic multilevel models

Five Phylogenetic Multilevel Models with identical structures, one for each fine root
trait, were fit following Bürkner (2020).

Model equation:

log(Yi) ∼ Normal (µi, σ)

µijk = α0 + β · TPIi + αplot[j] + αspecies[k]

The log-transformed response variable Y (a fine root trait) followed a normal
distribution around the varying mean µ with a standard deviation of σ.The predicted
value for observation i in plot j and of species k equals the sum of an overall intercept
α0, a slope parameter β multiplied with the Topographic Position Index (TPI), a
random intercept for plot j (αplot[j]) and a random intercept for species k (αspecies[k]).

Random plot effects:

αplot[j] ∼ Normal (0, τplot)

Random species effects:

αspecies[k] ∼ MVN (0, Σphyl)

Σphyl[m,n] =

 τ 2
phyl + τ 2

ind if m = n

τ 2
phyl ρphyl[m,n] else

While the random plot effects where drawn from a normal distribution with stan-
dard deviation τplot, like done for random intercept effects in standard Linear Mixed
Models, the random species effects were build from two components: A phylogenetic
species effect that incorporated the phylogenetic non-independence of residuals, and
an independent species effect that accounted for additional variance among species
independent from phylogeny. The random species intercepts stem from a multivariate
normal distribution with a covariance of Σphyl. Σphyl[m,n] is a matrix with τ 2

phyl + τ 2
ind

(Variances of the phylogenetic species effect and the independent species effect) on
the diagonal and τ 2

phyl times the correlation ρphyl[m,n] between the two species m and
n everywhere else.

Prior probabilities of regression coefficients: The intercept was assigned a weakly
informative Student t prior with a scale of 10 and 3 degrees of freedom, thus placing
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the bulk of probability mass at values around zero while not ruling out more extreme
values.

α0 ∼ Student − t (µ = 0, ν = 3, σ = 10)

The effect of topographic position βT P I was assigned a noniformative improper uni-
form prior over the real line.

All variance components were assigned half-t priors with a scale of 10 and 3 degrees
of freedom.

σ ∼ half − t (µ = 0, ν = 3, σ = 10)

τplot ∼ half − t (µ = 0, ν = 3, σ = 10)

τphyl ∼ half − t (µ = 0, ν = 3, σ = 10)

τspec ∼ half − t (µ = 0, ν = 3, σ = 10)

Models were fit with Hamiltonian Monte Carlo (HMC, Betancourt & Girolami
(2015)) via the Stan probabilistic programming language (Carpenter et al., 2017)
using R package brms (Bürkner, 2017). Sampling was performed on 4 chains for each
5000 iterations, discarding the first 2500 iterations of each chain for warmup. The
settings used for the HMC algorithm were adapt_delta = 0.95 and a maximum tree
depth of 15.
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Elevational trends of fine root
traits

Figure B.1: Map of the study area.
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Figure B.2: Biplot of the plot scores of the first two principal com-
ponents of the principal component analysis with soil parameters for
23 plots, overlaid with the loadings for the analyzed soil properties.
Included variables are: Plant available phosphorus, base saturation,
soil pH value, cation exchange capacity, nitrogen concentration, car-
bon concentration, soil C:N ratio, and depth of the organic layer. All
variables were standardized prior to the analysis. Color indicates plot
elevation in m a.s.l.
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Figure B.3: Fine root functional traits (raw data, each dot represents
one tree) along the elevational gradient. Data are shown for average
root diameter (droot), specific root length (SRL), root tissue density
(RTD), absorptive fine root fraction (AFRF), root nitrogen concentra-
tion (Nroot) and root phosphorus concentration (Proot). Trait units can
be found in Tab. 1 in the main article.
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Figure B.4: Different types of plot means of root trait values in de-
pendency of elevation. Each dot represents one plot mean, with colors
distinguishing community-weighted means (CWM) calculated with the
number of individuals per species as weights, CWM calculated with the
species’ total basal area as weights, and the mean calculated with all
the randomly selected trees from the plot. Data are shown for average
root diameter (droot), specific root length (SRL), root tissue density
(RTD), absorptive fine root fraction (AFRF), root nitrogen concentra-
tion (Nroot) and root phosphorus concentration (Proot). Trait units can
be found in Tab. 1 in the main article.
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Figure B.5: Fine root functional traits of large phylogenetic clades.
Results are shown for average root diameter (droot), specific root length
(SRL), root tissue density (RTD), absorptive fine root fraction (AFRF),
root nitrogen concentration (Nroot) and root phosphorus concentration
(Proot). All traits were centered and scaled.
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Table B.1: Locations and extents of the plots.
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Table B.2: Species list, including number of individuals sampled per
elevational level.
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Table B.3: Results from linear models for six fine root functional traits
in dependency of soil C:N ratio (CNsoil), plant available phosphorus
(Pav) and elevation. Models were fitted on the level of community
weighted means for 23 plots. Parameters that are different from zero
on a p < 0.05 level are highlighted.
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Table B.4: Results from linear mixed models for six fine root functional
traits in dependency of soil C:N ratio (CNsoil), plant available phospho-
rus (Pav) and elevation. Models were fitted on the level of individual
trees (n = 288), with plot nested in site, and species, as random ef-
fects. Significant parameters (p < 0.05) are highlighted. “sd” stands
for standard deviation.
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Appendix C

Above- and belowground strategies

Figure C.1: Map of the study area.
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Figure C.2: Soil C/N ratio and soil Olsen P measured in vicinity to the
sampled trees at three elevational levels.

Figure C.3: Relationship between soil C/N ratio and soil Olsen P mea-
sured in vicinity to the sampled trees at three elevational levels.
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Table C.1: List of permanent plots, their coordinates, and elevations.
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Table C.2: List of tree species with the number of replicates on which
leaf, root and wood functional traits were measured.
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Table C.3: Inference and diagnostics from mixed models describing the
dependency of functional traits on soil C/N ratio. α0: Intercept. βW :
Within-species slope. βB: Between-species slope. τ : Standard devi-
ation parameters of random effects. ρ: Correlation between random
slopes and intercepts. σ: residual variance. For more information on
the model structure, see Method
refmeth2. Shown are the posterior mean (Estimate) and the 95 % high-
est density intervals (HDI low and high) of each parameter. Slope pa-
rameters are considered credibly different from zero when the 95 % HDI
does not include zero, in which case they are highlighted in bold case.
As indicators of model convergence, R̂, and bulk and tail effective sam-
ple sizes (ESS) are given.
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Table C.4: Inference and diagnostics from mixed models describing the
dependency of functional traits on soil Olsen P. α0: Intercept. βW :
Within-species slope. βB: Between-species slope. τ : Standard devi-
ation parameters of random effects. ρ: Correlation between random
slopes and intercepts. σ: residual variance. For more information on
the model structure, see Method
refmeth2. Shown are the posterior mean (Estimate) and the 95 % high-
est density intervals (HDI low and high) of each parameter. Slope pa-
rameters are considered credibly different from zero when the 95 % HDI
does not include zero, in which case they are highlighted in bold case.
As indicators of model convergence, R̂, and bulk and tail effective sam-
ple sizes (ESS) are given.
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Table C.5: Marginal and conditional R2 values for all models of func-
tional traits in dependency of soil C/N ratio and Olsen P.
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C.1 Method: Within-group centering multilevel
models

In order to test for associations between traits and N and P availability, we used
mixed models with the technique of within-group centering (van de Pol & Wright,
2009), which allows to discriminate between effects within and between groups (in our
case, species). We fitted one model for each combination of the 13 functional traits
and the two predictors Soil C/N ratio and Soil P, leading to a total of 26 models. We
chose this approach instead of fitting models with both predictors at once because
we were interested in the magnitude and direction of trait associations with N and
P availability rather than in the marginal effects of each predictor after controlling
for the other. All traits were log-transformed, centered and scaled, except for WSG,
which was not log-transformed. The log transformations were done to deal with
issues of heteroscedasticity and right-skewed trait distributions, while the centering
and scaling was done to be able to compare parameter estimates between models.
We also centered and scaled both predictors, and additionally log-transformed soil P
because it was highly right-skewed. The models were fitted in a hierarchical Bayesian
framework.

We assumed the observed trait values yijk for observation i, species j and plot k

to be normally distributed across their conditional mean µijk with residual standard
deviation σ :

yijk ∼ Normal(µijk, σ)

Here, the conditional mean µijk is expressed as a linear function of both the group-
centered predictors xij − x̄j and the species level averages x̄j.

µijk = α0 + αspecies[j] + αplot[k] + (βW + βW [species][j])(xij − x̄j) + βBx̄j

where alpha0 is the overall intercept, αspecies[j] and αplot[k] ar random intercepts for
species and plot, respecively, βW and βB are the average within- and between-species
slopes and βW [species][j] is a species-specific random within-species slope.

On the parameter level, we assumed plot-specific random intercepts to be normally
distributed with a mean of zero and a standard deviation τplot, while the species-
specific random intercept and slope were assumed to be distributed according to a
multivariate normal distribution with mean 0 and covariance matrix Σ containing the
random effects standard deviations τspecies[slope] and τspecies[intercept] and their correla-
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tion ρ.

αplot ∼ Normal(0, τplot) αspecies

βW [species]

 ∼ MVNormal
 0

0

 , Σ


We assigned moderately informative priors to all model parameters that were
intended to constrain the parameters to reasonable ranges and assuring convergence
without overpowering the posterior.

α0 ∼ normal (µ = 0, σ = 1)

β ∼ normal (µ = 0, σ = 1)

τspecies[intercept] ∼ normal (µ = 0, σ = 1)

τspecies[slope] ∼ normal (µ = 0, σ = 0.2)

τplot ∼ normal (µ = 0, σ = 0.1)

ρ ∼ LKJ (η = 2)

The models were fit with the R package brms (Bürkner, 2017), which performs
Hamilton Monte Carlo (HMC) sampling (Betancourt & Girolami, 2015) based on the
probabilistic programming language Stan (Carpenter et al., 2017). For each model, we
fitted 4 parallel chains with 10000 iterations each, of which the first 5000 were used for
warm-up. We set the adapt_delta value to 0.95 and the maximum tree depth to 15.
Convergence was assessed by the inspection of the R̂ criterion (Vehtari et al., 2021)
and visual inspection of trace plots for the main model parameters. Further, we used
approximate leave-one-out cross validation (LOO CV) based on Pareto-smoothed
importance sampling (Vehtari et al., 2017) to identify highly influential observations.
The samples for all main parameters in all models reached R̂ below 1.004 (indicating
full convergence) and achieved an effective sample size of > 3000 (Tables C.3 and
C.4). In LOO CV, no model hat any observations with a Pareto tail shape parameter
k > 0.7 (indicating problematic model fits). We assumed parameters to be credibly
different from zero when their 95 %% highest posterior density interval (Kruschke,
2011) excluded zero.
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