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1. General introduction



Chapter 1

Tree growth and resource uptake

The growth of trees depends on the availability of light, CO2, water and nutrients, that
are acquired by the leaves and fine roots. Aboveground, leaves intercept light and fix
CO2 to produce carbohydrates that are prerequisites for growth. Belowground, fine
roots (i.e. roots < 2 mm diameter) take up water and different nutrient elements, that
are required for photosynthesis in the crown. Because the availability of these
resources fluctuates in time and space, trees can adjust their leaves and fine roots to
capture them when their availability changes. Consequently, trees of the same and of
different species may have very diverse leaves and fine roots, which allows them to
grow and survive in different environments.

The variation in leaves that can be observed within and between species is
closely related to light availability and interception (Evans and Poorter 2001; Janse-Ten
Klooster et al. 2007; Poorter et al. 2012), and to plant growth (Reich et al. 1997; Poorter
and Bongers 2006). In contrast, the relationships between variation in fine roots, water
and nutrient availability and acquisition, and tree growth, are more ambiguous and
less quantified (Mommer and Weemstra 2012). Accordingly, the fine roots of trees and
how they fulfil their functional role in tree growth (i.e. acquiring soil resources) are
still relatively little understood. As leaf and fine-root functional processes are
interdependent and together drive tree growth, more functional insights into the fine
roots of trees can enhance our understanding of tree growth in different (resource)
environments. In this thesis, I study the role of fine roots in aboveground
functioning and tree growth. I specifically focus on the intra- and interspecific

variation in the tree fine roots.

Leaf and fine-root functional traits

Plant functional traits provide a relevant tool in explaining the plant-ecological
processes of interest in this thesis: resource uptake and tree growth. Plant functional
traits are defined as plant properties that affect fitness, through their impacts on
survival, growth and reproduction (Violle et al. 2007), and can strongly determine the
acquisition of resources. They can be categorised into architectural, morphological,
chemical and physiological traits, and trait dynamics. Aboveground, crown

architectural traits refer to the spatial organization of leaves within the crown (e.g. leaf
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area index, LAI). Morphological (e.g. area), chemical (e.g. nitrogen content),
physiological (e.g. photosynthetic capacity) and dynamic (e.g. lifespan) traits typically
refer to the individual leaf. Such leaf traits have been found to control light uptake and
tree growth; for instance, a high specific leaf area (SLA, leaf area per leaf mass) has
been associated with fast growth across tree species (Poorter and Bongers 2006).

The functional traits of fine roots can be grouped in the same categories (see
Table 1.1 for examples of fine-root traits in each category). Architectural traits typically
describe the spatial arrangement of the root system as a whole (e.g. fine-root mass and
length; Bardgett et al. 2014). Fine-root morphological, chemical and physiological traits
represent individual root features related to their form, chemical composition, and
uptake and respiration capacities, respectively (Bardgett et al. 2014). Finally, dynamics
in fine-root mass or length are also often considered to be functional traits, and
include fine-root growth rate and lifespan (e.g. Withington et al. 2006; McCormack et
al. 2012). These fine-root traits are also expected to be associated with resource
acquisition (Table 1.1). Yet for tree roots, there are less empirical data available to
underwrite such expected relationships compared to leaves, so that the functional

roles of different fine-root functional traits are still less clear than those of leaf traits.

Intraspecific trait variation and tree growth

Fine-root functional traits can vary within species. This trait plasticity allows plants of
the same species to grow and survive when resource availability changes (Bradshaw
1965; Sultan 2000; Valladares et al. 2007). Correspondingly, when above- or
belowground resource availability decreases, trees are expected to enlarge their leaf or
fine-root uptake area, respectively, to enhance the uptake of the most limiting
resource. First, they can change their architectural traits, such as total leaf or fine-root
mass, to increase resource acquisition (i.e. functional equilibrium, Brouwer 1963).
Second, trees can change their leaf and fine-root morphology to enlarge their resource
uptake area; an increase in SLA or in specific root length (SRL, fine-root length per
fine-root mass) implies a larger uptake area at a given biomass investment.
Aboveground, the functional equilibrium hypothesis has been widely supported.
In the shade, plants increase their leaf mass relative to their total plant mass (Poorter
and Nagel 2000; Shipley and Meziane 2002). Moreover, when light availability

decreases, SLA generally increases in order to intercept more light and enhance carbon
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gain at an equal biomass investment (Ryser and Eek 2000; Evans and Poorter 2001;
Poorter et al. 2012). In fact, the latter (morphological) response is generally stronger
than the former (mass) response to light conditions (Poorter et al. 2012), and has been

identified as an important driver of carbon gain (Evans and Poorter 2001).

Table 1.1 Fine-root traits and assumed functional roles per trait category. I distinguished two types of
functional roles, corresponding to resource economics theory: resource acquisition and resource
conservation (Grime 1977; Wright et al. 2004; Reich 2014; further explained in the section 'Interspecific
trait variation and tree growth'). The role of a given trait for resource uptake or conservation is often
indirect, so in this case, the mechanism(s) through which a trait contributes to either strategy is/are
described. Green boxes indicate a positive, and red boxes a negative impact of a trait on resource uptake

or conservation. References are indicated by numbers.

Trait category  Trait Assumed functional role and mechanism

Resource acquisition Resource conservation

Architecture Fine-root mass
Fine-root length
density

Morphology Specific root length

Fine-root tissue density

Fine-root diameter

Chemistry Fine-root N content

Fine-root C : N

Physiology Fine-root respiration
rate
Fine-root uptake
capacity

Dynamics Fine-root growth rate

Fine-root lifespan

References: 1, Eissenstat (1991); 2, Yanai et al. (1995); 3, Roumet et al. (2011); 4, Roumet et al. (2016); 5,
Clark et al. (2003); 6, McCormack et al. (2012); 7, Silver and Miya (2001). C, carbon; N, nitrogen.

10



General introduction

Belowground plasticity is less consistent and predictable than leaf trait plasticity.
The expected increase in fine-root mass om resource-poor soils has been both
corroborated (Mokany et al. 2006; Yuan and Chen 2010; Hertel et al. 2013) and refuted
(Brunner et al. 2015). Regarding fine-root morphology, trees on poor soils are expected
to have a higher SRL than trees on rich soils (Eissenstat 1992; Aerts and Chapin 2000;
Holdaway et al. 20m). Yet again, contradictory findings have been reported,
demonstrating an increase (Fahey and Hughes 1994; Ostonen et al. 1999), decrease
(Ostonen et al. 2007b) or no change (Meier and Leuschner 2008; Brunner et al. 2015) in
SRL with soil resource availability. Furthermore, it is so far unclear if one of these two
root uptake strategies prevails over the other: according to some studies, fine-root
mass is more plastic than morphology (Poorter et al. 2012), whereas others
demonstrate the opposite (Freschet et al. 2013; Hertel et al. 2013). Besides these
architectural and morphological trait responses, trees can also adjust their fine-root
chemical, physiological traits or trait dynamics to their environment, but these plastic
responses are far less quantified for large trees. These are beyond the scope of this
thesis, which focuses primarily on fine-root mass and morphology.

Thus far, for trees, trait plasticity patterns are less general belowground than
aboveground, and cannot always be directly linked to soil resource availability. To gain
greater insights into the functional role of fine-root mass and morphology in tree
growth on different soils, this thesis studies their plasticity on large trees at contrasting
forest soils. We further explore how these traits affect tree growth with a mechanistic
whole-tree growth model that simulates fitness under different root-trait combinations

and at different nutrient levels.

Interspecific trait variation and tree growth

Across species, functional traits serve as proxies for species fitness (Violle et al. 2007).
According to the resource economics hypothesis, functional traits can be coordinated
along a spectrum that ranges from an acquisitive to a conservative resource strategy
(Grime 1977; Aerts and Chapin 2000; Craine 2009). The trade-off between these two
strategies implies that species invest in functional traits that allow either fast resource
acquisition and therefore fast growth when resources are readily available (i.e. an
acquisitive resource strategy), or conservation of acquired resources which allows

survival under adverse conditions (i.e. a conservative resource strategy). Consequently,

11
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resource uptake and use, as well as the potential growth and survival rates of species are
expected to be reflected by their functional traits (Reich et al. 1998; Poorter et al. 2006).

Aboveground, a vast number of studies has demonstrated the existence of a
worldwide leaf economics spectrum (Reich et al. 1992; Reich et al. 1997; Wright et al.
2004). Species with an acquisitive strategy were found to have a higher SLA and leaf
nitrogen contents, and therefore grow faster under high-light conditions. On the other
hand, species with a conservative strategy had longer leaf lifespan and lower
respiration rates which enabled them to retain plant resources and survive in the shade
(Aerts and Chapin 2000; Diaz et al. 2004; Wright et al. 2004; Ordoiiez et al. 2009;
Kunstler et al. 2016). This resource economics theory has proved highly relevant in
linking leaf traits to plant performance (Reich et al. 1998; Poorter and Bongers 2006),
species dynamics (Sterck et al. 2006; Kunstler et al. 2016), and ecosystem processes
(Reich et al. 1997; Diaz et al. 2004; Diaz et al. 2007; Grigulis et al. 2013).

Belowground, cross-species variation in fine-root traits has been hypothesised to
follow the same resource-economics principles in a root economics spectrum (e.g.
Comas and Eissenstat 2004; Withington et al. 2006; Comas and Eissenstat 2009;
McCormack et al. 2012; Chen and Brassard 2013; Kong et al. 2014; Liu et al. 2015;
Valverde-Barrantes et al. 2015). The acquisitive fine-root trait syndrome is expected to
consist of roots of high SRL and with high nutrient concentrations and resource uptake
capacities (Table 1.1). Such acquisitive roots are assumed to efficiently acquire water
and nutrients that are needed to maintain high photosynthetic rates in the crown, and
rapid tree growth (Reich 2014). At the other end of the spectrum, conservative species
are expected to have thick, long-lived fine roots with dense tissue and low respiration
rates. These traits have been associated with lower resource losses (by low root
shedding and respiration rates; Table 1.1) and with enhanced survival rates under
adverse conditions (Wahl and Ryser 2000; Gu et al. 2011; Reich 2014).

Several studies have tested the existence of a root economics spectrum on forest
trees, but with mixed outcomes (e.g. Withington et al. 2006; McCormack et al. 2012;
Chen et al. 2013; Hansson et al. 2013; Kong et al. 2014). Establishing a root economics
spectrum could contribute to understanding the role of fine-root traits in resource
uptake and tree growth across species. Yet at present, it is unclear whether it exists.
Based on a literature review and meta-level analysis, in this thesis, we thus evaluate
whether the resource-economics concept presents an equally suitable conceptual

framework for linking fine-root traits, resource uptake and growth as it does for leaf traits.
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Mycorrhizal symbiosis

Belowground, a third mechanism exists that enhances a tree’s uptake area: mycorrhizal
symbiosis. This fungal-plant association implies the colonization of roots by
mycorrhizal fungi, and the exchange of nutrients acquired by the fungus and carbon
fixed by the host plant. These fungi generally have greater access to soil resources than
plants due to their long and thin mycelia that strongly enhance the soil volume
available to the host tree (Smith and Read 2008), their capacity to mobilise nutrient
elements unavailable to plants (Read and Perez-Moreno 2003), and their ability to
transfer resources (e.g. carbon) between trees (Klein et al. 2016). Consequently, this
symbiosis forms an important resource-uptake strategy for almost all tree species, and
can strongly interact with trees at the whole-plant and fine-root level.

In the first place, mycorrhizal fungi play an essential role in soil resource
acquisition and therefore the growth of trees through the mechanisms explained above
(Courty et al. 2010). Second, at the fine-root level, mycorrhizal fungi directly influence
functional traits, such as diameter (Berta et al. 1995; Eissenstat et al. 2015), length (Pena
et al. 2013) and lifespan (King et al. 2002). Therefore, these traits cannot be interpreted
in terms of resource uptake or a root economics strategy without accounting for the
mycorrhizal fungi present on the root. Third, mycorrhizal fungi may strongly interact
with fine-root trait plasticity (Freschet et al. 2015). On nutrient-poor soils, mycorrhizal
mycelium abundance is generally larger than on nutrient-rich soils (Nilsson et al. 2005;
Kjoller et al. 2012). Such mycorrhizal abundance may reduce the need for
morphological plasticity, e.g. increasing SRL. Studying tree growth based on fine-root
functional traits and trait-plasticity thus requires considering the mycorrhizal
associations involved. In this thesis, we therefore specifically address mycorrhizal
symbiosis when studying intraspecific fine-root trait plasticity, and discuss their role in

interspecific resource economic strategies.

A whole-tree perspective on tree growth

Although this thesis focuses on fine-root traits, tree growth ultimately results from
above- and belowground resource uptake and use. These resources need to be
functionally balanced, so that neither of them limits growth (Cannell and Dewar 1994).

To maintain these functional balances and maximise their growth, trees coordinate

13
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their leaf and fine-root traits. For example, crowns with a large LAI, high leaf nitrogen
content and high photosynthetic rate, require rapid water and nutrient supply.
Therefore, they should be supported by large and dense root systems that can readily
capture these resources to maintain tree growth. Such functional relationships
between leaves and fine roots are relatively little quantified for large trees. Empirical
studies for instance have sought correlations between assumingly parallel leaf and fine-
root functional traits associated with resource uptake, such as SRL and SLA; these
traits have been found to correlate in some studies (Wright and Westoby 1999;
Withington et al. 2006; Freschet et al. 2010), but not in others (Tjoelker et al. 2005;
Chen et al. 2013; Valverde-Barrantes et al. 2015).

These mixed results may be partly caused by the different uptake mechanisms
through which a tree can maintain or restore its functional balance. High
photosynthetic rates in the crown may be met by an increase in fine-root mass rather
than in SRL, or by a specific combination of both traits, to enhance water and nutrient
uptake. This could explain why SLA and SRL are not correlated across tree species.
Moreover, fine-root traits can also be strongly influenced by soil properties other than
resource availability. This implies that an increase in SRL may be optimal to acquire
soil resources, but may be constrained by e.g. soil compaction (Bejarano et al. 2010;
Alameda and Villar 2012). In the field, such confounding variables are difficult to
account for, so that the functional role of SRL remains unclear. Therefore, a
mechanistic rather than a correlative approach seems more suited for studying the
combined effects of fine-root and leaf traits on growth (Mommer and Weemstra 2012).

In this thesis, we applied a mechanistic whole-tree growth model that allows us to
simultaneously vary different fine-root traits. This way, their combined impacts on tree
growth can be explicitly tested, while excluding the effects of confounding (soil)
variables. Furthermore, the model incorporates both above- and belowground traits that
are functionally connected; photosynthesis in the crown is thus constrained by
belowground resource uptake, and water uptake by the fine roots is driven by
evaporation in the crown, and together they drive tree growth. Through this model, we
aim to further explore the role of fine-root traits in aboveground functioning, as well as

their integrated effects on tree growth.
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Rationale and research questions

In sum, understanding tree growth requires a whole-tree approach that integrates
above- and belowground traits and resource uptake and loss. However, this whole-tree
perspective is currently underexplored because of our relatively poor understanding of
1) fine-root traits, and how and why they vary within and between species, and 2) how
fine-root traits relate to aboveground functioning and whole-tree growth. Addressing
these issues contributes to obtaining functional insights in the resource uptake and
growth rates of different tree species, and on different soils, that are not yet fully
understood. Moreover, they are particularly timely and relevant to address in the
context of environmental change, as water and nutrients are essential to tree growth
but subject to climate change. This thesis seeks to contribute to these two knowledge
gaps by addressing the following general research question: How do fine-root
functional traits relate to tree growth?

To answer this question, this thesis specifically examines across- and within-
species variation in tree root functional traits, and relates these fine-root traits to tree

growth in four chapters where four corresponding research questions are addressed:

1. How does the growth of trees of different species respond to variation in
climate variables and groundwater tables?

2. Can fine-root trait variation across tree species be explained from a
resource economics perspective?

3. How do trees of the same species adjust their fine-root functional traits to
the soil environment?

4. How do fine-root traits and trade-offs relate to whole-tree fitness under

different soil nutrient conditions?

Thesis outline

Chapters 2 and 3 focus on cross-species variation in growth (Chapter 2) and fine-root
traits (Chapter 3). In the second chapter, we examine the annual growth response of 10
broadleaved tree species to different climate and groundwater variables under uniform
soil conditions in the Netherlands. In the third chapter, we expand our cross-species

perspective belowground, and present the state-of-the-art regarding a root economics
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spectrum in a literature review and meta-level analysis. We thus test the root
economics spectrum-hypothesis and discuss whether this concept is able to explain
interspecific variation in fine-root traits, and the implications of our findings for future
root research (Chapter 3).

Chapters 4 and 5 further look into the effects of the soil environment on fine
roots and tree fitness. Chapter 4 focuses on fine-root trait plasticity. We examine
within-species variation in different fine-root traits and associated mycorrhizal fungi,
on beech (Fagus sylvatica L.) and spruce (Picea abies (L.) Karst.) trees growing on
contrasting soils. The fifth chapter builds on the gathered data and insights on within-
and across species root-trait variation (from Chapters 2 - 4) to explore how below- and
aboveground traits influence tree fitness. We use a whole-tree growth model that
integrates different fine-root, stem and crown traits and that simulates tree fitness at
different soil nutrient levels. In the general discussion (Chapter 6), I synthesise the
results of the previous chapters, and discuss how this thesis contributes to grasping the

role of fine-root traits in tree growth.
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Abstract

Studies on climate impacts on tree annual growth are mainly restricted to marginal
sites. To date, the climate effects on annual growth of trees in favourable
environments remain therefore unclear despite the importance of these sites in terms
of forest productivity. Because species respond differently to climate, comparing a
multitude of species further enhances our knowledge on climate impacts on tree
growth and forest productivity.

We present a first study that reveals to what extent radial growth is limited by
climate and the groundwater table across 10 temperate tree species growing on a
uniform, productive soil (i.e. high nutrient and water contents) in the Netherlands. We
ranked our study species according to their shade tolerance, which is associated with
species’ resource requirements and growth rates, and examined their annual growth
using tree-ring analysis. This allowed us to investigate how these species with diverse
ecological backgrounds differ in their growth response to precipitation, temperature,
irradiance, potential evapotranspiration (PET), and the groundwater table, when
growing under similar and favorable site conditions.

Nine out of 10 species had strikingly similar radial growth rates (on average 3.9 -
4.8 mm yr'), which contradicts the widely established trade-off between shade
tolerance and growth. Populus trichocarpa, the least shade-tolerant of our species,
however grew much faster (on average 6.8 mm yr™). Trees of all species reduced their
growth significantly during dry summers, driven by low rainfall and high PET. Yet, the
magnitude of their growth responses to climate conditions and especially the
groundwater table differed across species. Receding groundwater tables significantly
and strongly reduced radial growth of the shade-intolerant species, but not of the
shade-tolerant species. The climate impacts on growth were not associated with
variation in shade tolerance across our species.

Our study demonstrates that even on a productive forest site, summer droughts
reduced radial growth across a multitude of common tree species, whereas lower
groundwater tables only affected the shade-intolerant species significantly. Thus, the
productivity of forests in favourable environments may be seriously affected when
summers in north-western Europe become hotter and drier as predicted by climate

change models.
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Introduction

Climate models predict higher yearly mean temperatures and a change in precipitation
patterns leading to wetter winters and drier, hotter summers in north-western Europe
(Alcamo et al. 2007; Lindner et al. 2010). These forecasts imply that temperate forests
will encounter increased water supply in spring, but more frequent and intense
droughts in summer (Broadmeadow 2005; Scharnweber et al. 2011) with possibly
detrimental effects on tree growth (Bolte et al. 2009; Allen et al. 2010). Tree growth
depends on several interrelated climate variables. High evaporative pull from the
atmosphere for example, associated with high air temperature and irradiance, can
hamper growth when water supply does not meet atmospheric demand (Bréda et al.
2006). Under these conditions, stomatal closure reduces tree water loss but also
carbon uptake which limits growth (Bréda et al. 2006; McDowell et al. 2008). At the
same time, the effects of temperature on tree growth depend on water availability:
temperature can enhance growth (Lindner et al. 2010), but only if water is sufficiently
available (Bolte et al. 2009).

Previous dendrochronological studies assessed climate impacts on radial growth,
but mainly under extreme site conditions (e.g. van der Werf et al. 2007; Helama et al.
2009; Eilmann et al. 2009; Mérian and Lebourgeois 2011; Scharnweber et al. 2011), or at
the limits of a species’ natural distribution (e.g. Andreu et al. 2007; Eilmann et al. 2011),
where growth-limiting factors are more manifest. These studies are often restricted to
a single or a few species (e.g. one to five species in the references given above). So far,
it is uncertain if and to what extent trees growing in productive temperate forests with
favourable water-holding capacities also suffer from the predicted water deficits and
temperature rise, and whether this varies across species. This knowledge is nonetheless
essential to predict the productivity of forests, especially because wood production of
different species is even more important on productive than on marginal sites.
Furthermore, assessing the climate impacts across a large species set could contribute
to selecting appropriate species for these economically relevant forests.

In order to expand our insights into climate effects on tree growth beyond
marginal sites and few species, this study compares annual growth rates and responses
to climatic variation across 10 temperate, deciduous tree species under productive and
uniform soil conditions. These beneficial conditions include a calcareous clay soil with

high water-holding capacities, high moisture and nutrient contents (Cornelissen et al.
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2012), and shallow groundwater tables (Bijlsma and Verkaik 2008). In order to compare
our study species from an ecological background, we have ranked them based on a
shade tolerance index (Niinemets and Valladares 2006). The shade tolerance of a
species is largely associated with its plant strategy (Grime, 1974) where shade-
intolerant species typically acquire resources rapidly in order to maintain high growth
rates under resource-rich conditions. More shade-tolerant species generally take up
resources at a slower pace and retain them longer. This enhances tolerance to and
occurrence in resource-poor environments, but at the expense of growth rate (Grime
1974; Aerts and Chapin 2000; Reich et al. 2003; Diaz et al. 2004).

From this species classification, we first test whether more shade-intolerant
species indeed grow faster than more shade-tolerant species on this water- and
nutrient-rich soil. Second, we hypothesise that shade-intolerant species respond more
strongly to climate conditions and to the depth of the groundwater table than shade-
tolerant species and that their growth is more limited by low water availability, as they
exploit their resources faster. We expect that such growth limitations are stronger in
summer when water supply is insufficient to meet the high evaporative demand
associated with high temperature and irradiance. We expect less severe water
limitations for growth in spring because lower temperatures reduce evaporative water
demand and more water will be available from winter rainfall (Dittmar et al. 2003).

To test our hypotheses, we selected an experimental forest setting in the
Netherlands that hosts a variety of temperate tree species growing under uniform
climate and soil conditions, where the soil is characterised by high nutrient and soil
moisture levels compared to other forests in north-western Europe (Cornelissen et al.
2012). This study site provides a unique opportunity to compare growth rates and
responses to climate among dominant, mostly 35 - 40-year old trees from 10 different
tree species (Table 2.1) in monospecific stands on a homogeneous, favourable soil. We
tested the impacts of spring and summer precipitation, temperature, potential
evapotranspiration (PET), irradiance, and groundwater depth on tree growth using

tree-ring analyses.
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Methods

Study site

Field work was conducted at an experimental forest setting in the Hollandse Hout, in
the centre of the Netherlands (52228'N, 5226'E). The area was claimed from the sea in
the 1960s and is situated at approximately 4 m below sea level. It is characterised by a
temperate marine climate with mild winters and summers (Figure 2.1) and an annual
precipitation of approximately 8oo mm (KNMI, 2009). The Hollandse Hout forest
comprises approximately goo ha and was established in the late 1960s and the 1970s,
with a variety of deciduous and coniferous species planted in monospecific stands. Its
marine clay soil is calcareous and nutrient-rich (see Appendix 2. for soil
characteristics; Kemmers et al. 2000; Cornelissen et al. 2012) and has a uniform texture
across the forest (Alterra, n.d.). Groundwater tables are highly controlled by the
regional water board to prevent flooding (P. Ponsteen, personal communication), and
range from 1.6 to 1.2 m below the surface averaged over 17 years of available
groundwater data (TNO-NITG, 20m).

100 50

Mean precipitation (mm)
Mean temperature (° C)

Jan Feb March Apr May June July Aug Sept Oct Nov Dec

Month

Figure 2.1 Climate diagram of the De Bilt weather station, the Netherlands. Monthly mean precipitation

(bars) and temperature (line) over the period 1960 - 2010.
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To test growth responses to climate, climate data were retrieved from the De Bilt
weather station of the Royal Dutch Meteorological Institute (Klein Tank et al. 2002), at
approximately 50 km from the study site. They include daily precipitation (mm),
temperature (°C), PET (mm), and irradiance (] c¢m™) records. Potential
evapotranspiration was calculated according to Makkink’s method which integrates
temperature and irradiance (Klein Tank et al. 2002). Groundwater depth data (cm below
ground level) were available from the Dutch Organization for Applied Scientific
Research (TNO-NITG, 20m), and were retrieved from one station located in the centre of
the forest, where they were recorded twice per month. The groundwater data covered
only a short time span (17 years, 1981 - 1997), with data missing for 23 months that were
replaced by data from a nearby station that correlated highly (r = 0.94). Climate and
groundwater data were grouped into two seasons: spring (1 March - 31 May) and
summer (1 June - 31 August), and we calculated seasonal sums (for precipitation and
PET) or averages (for temperature, irradiance and groundwater depth).

In this system, spring precipitation and spring groundwater depth were correlated
such that high rainfall coincides with shallow groundwater tables (Figure 2.2a, r = 0.54, P
< 0.05, N = 17). In summer however, precipitation and groundwater were not
significantly correlated (Figure 2.2¢, r = 0.10. P = 0.70, N = 17). Precipitation had no
significant impact on the summer groundwater table after a one, three and six month
time lag either (not shown). Precipitation correlated negatively with irradiance in spring
(r = -0.47, P < 0.01) and in summer (r = -0.54, P < 0.001), and with PET in summer (r = -
0.43, P < 0.01). Temperature increases evaporative demand in spring (Figure 2.2b, r =
0.32, P < 0.05, N = 40) and summer (Figure 2.2d, r = 0.87, P < 0.001, N = 40). Irradiance
(not shown) correlated with PET in summer (r = 0.97, P < 0.001, N = 40), and to a lesser
degree in spring (r = 0.44, p < 0.01, N = 40), as well as with temperature in both summer

(r=0.82,P <0.001 N = 40) and spring (r = 0.44, P < 0.01, N = 40).
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Figure 2.2 Annual variation in spring and summer climate conditions and groundwater depth over the
period of the experiment. Spring (a, b) and summer (c, d) total precipitation and mean groundwater
table, mean temperature and total PET. Mean values over the time period covered in respectively spring
and summer: precipitation 57, 71 mm; temperature 9, 17 °C; PET 65, 89 mm; irradiance 1278, 1659 ] cm~;
groundwater depth 122, 154 cm below soil surface. Correlation coefficients and P-values are given in the

study site description. Groundwater curves do not cover the entire period due to missing data.

Study species and sampling

We collected increment cores of 10 mostly even-aged (35 - 40 year old) individuals
for each of 10 deciduous tree species: Acer pseudoplatanus L. (sycamore maple), Alnus
glutinosa L. Gaertn. (black alder), Betula pendula Roth. (silver birch), Fagus sylvatica
L. (European beech), Fraxinus excelsior L. (European ash), Populus trichocarpa (black
cottonwood), Prunus avium L. (wild cherry), Quercus robur L. (pedunculate oak),
Salix alba L. (white willow), Tilia cordata Mill. (small-leaved lime) (Table 2.1). Some
P. avium and S. alba trees sampled, were however younger, i.e. 20 - 30 years from the

year of establishment.
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Table 2.1 Stand and chronology statistics of the study species at the Hollandse Hout forest site. Species
are ordered according to their shade tolerance index (ST index; Niinemets and Valladares (2006), from
shade-tolerant to shade-intolerant. Data on the years of establishment were retrieved from the State
Forestry Service, but were unavailable for S. alba, and therefore estimated based on the number of tree
rings cored at breast height. Mean DBH (diameter at breast height, cm) and standard deviation
(between parentheses) values were derived from field measurements. Mean ring width (mm) and
standard deviation (between parentheses) are based on raw data. Ry,,, species intercorrelation, and MS,

mean sensitivity, are explained in the Methods section and calculated based on detrended data.

Species ST Establishment Mean DBH Mean ring Ry MS

index width
Fagus sylvatica 4.56 1969-1972 33.6 (2.7) 4.43 (1.52) 0376 0.213
Tilia cordata 418 1969-1979 29.4 (5.7) 3.90 (1.77) 0306 0.301
Acer

373 1969-1972 32.9 (2.5) 416 (1.41) 0.438 0.239
pseudoplatanus
Prunus avium 3.33 1969-1992 28.7 (3.6) 4.49 (2.58) 0351 0.255
Alnus glutinosa 2.71 1970-1980 31.3 (3.5) 3.91 (1.52) 0340 0.332
Fraxinus excelsior ~ 2.66 1969-1971 34.3 (3.7) 4.23 (1.61) 0.275 0.200
Quercus robur 2.45 1970-1983 32.9 (4.5) 4.73 (1.51) 0.470 0.186
Betula pendula 2.03 1970-1975 32.8 (3.4) 4.21 (1.89) 0.440 0.354
Salix alba 1.99 1965-1975 37.0 (3.8) 4.79 (2.21) 0.403 0.355
Populus

1.27 1969-1972 58.8 (5.5) 6.81 (3.68) 0.522  0.456

trichocarpa

Two dominant trees were sampled from each of five monospecific stands per
species to ensure that our study trees were fully light-exposed and to minimise the
effects of competition by other trees on growth. The stands were evenly distributed
across the forest to guarantee sufficient replicates. Two increment cores per tree were
extracted at breast height, and diameter (DBH) was measured. The study species were
categorised according to their shade tolerance index (Table 2.1; Niinemets and
Valladares 2006), as an ecological indicator associated with species’ resource
requirements and growth rates (Grime 1974; Aerts and Chapin 2000; Reich et al. 2003).
As in the original data set (Niinemets and Valladares 2006), these indices range
between zero and five, where a low index value refers to shade-intolerant species, and

a high index value to shade-tolerant species.
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Ring-width data

Increment cores were planed with a microtome and sanded to increase the visibility of
tree-ring boundaries. Tree-ring width was measured using a LINTAB measuring table
(1/100 mm accuracy) and TSAP-Win software (Rinn 2003). The two measurements per
tree were cross-dated, verified with Cofecha software (Holmes 1983), and we
established species chronologies. The individual tree-ring series were detrended to
reduce variation caused by non-climatic (e.g. ontogenetic) trends using the dplR
package in R (Bunn 2008; R Development Core Team 2012). A cubic smoothing spline
was fit to the individual tree-ring series, because the series did not follow a
monotonically increasing or decreasing trend. We set the frequency cut-off at its
default (50%), and because series lengths differed within and between species, the

bandwidth was set at 0.67 of the series length.

Data analysis

Statistical analyses were carried out in R (R Development Core Team 2012). Mean ring
widths and their standard deviation were calculated from the un-detrended ring
widths, whereas mean sensitivity and series intercorrelation (Rpa) were computed
based on the detrended ring widths (dplR package in R; Bunn 2008). The mean
sensitivity is a measure of the year-to-year variability in ring-width indices, and
indicates the sensitivity of a series to certain environmental conditions. The Ry, was
calculated as the mean Pearson correlation coefficient between all ring-width series
within a species, and indicates to what extent the growth of trees of a single species is
limited by the same factors. Impacts on radial growth were assessed with a simple
linear regression analysis per species with seasonal climate and groundwater variables
as independent, and individual tree-ring width indices (i.e. the detrended ring widths)
as dependent variables, using a mixed model with the individual tree as a random
factor. The regression coefficients were standardised to allow for further comparison. A
one-sample t-test was carried out to detect general trends in the direction (i.e. positive
or negative) of the climate and groundwater effects on tree growth across the species
set as a whole. We correlated the species’ shade tolerance indices (Table 2.1) with the
standardised regression coefficients (Table 2.2) to examine patterns in climate and

groundwater effects on growth across species (Spearman’s rank correlation).
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Results

Radial growth rates across species

The mean ring widths suggest that all species grew evenly fast, except for P. trichocarpa
that had a higher mean ring width and standard deviation (Table 2.1). The mean ring
width of P. avium and S. alba may have been increased by some individuals that were 10
- 20 years younger than the 35 — 40-year old trees of the other species (Table 2.1). When

comparing radial growth across species between 5 and 25 years after establishment to

avoid such age effects, P. trichocarpa still grew the fastest, and the other species again
showed similar and almost linearly increasing radial growth patterns over time (Figure
2.3). The DBH in 201 of the even-aged species (i.e. excluding P. avium and S. alba) was
higher for P. trichocarpa than for the other species (Table 2.1), mainly owing to its fast

growth between the age of 5 and 15 years (Figure 2.3).

25 — .
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B. pendula
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Cumulative ring width (cm)

- — P. trichocarpa

Age (years)

Figure 2.3 Cumulative annual ring width over tree age per species. Data are shown from five years
onwards due to insufficient replicates prior to age = 5 years. Age refers to the cambial age of the tree

after it reached the coring height of 1.3 m.
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Effects of climate and groundwater on tree growth across species

Qualitatively, species responded similarly and most strongly to summer climate (Table
2.2). Summer precipitation had a significant, positive impact on the radial growth of all
species, and high summer temperature, irradiance and especially PET caused a
reduction in tree-ring width, which was significant for half of the species. The direction
(i.e. positive or negative) of these summer impacts was consistent throughout the
species set as a whole (Table 2.2). The effect of the summer mean groundwater depth
on growth differed across species. A strong negative impact was found for F. excelsior,
B. pendula, S. alba and P. trichocarpa, suggesting that shallow groundwater tables
coincided with fast growth. The remaining species showed a small or no growth
response to the depth of the groundwater table (Table 2.2). T. cordata however was the
only species that showed faster growth in response to deep groundwater tables during
summer. Due to this remarkable response of T. cordata, the relationship between
growth and the groundwater depth across the entire species set was insignificant.
Removing T. cordata from the analysis did yield a significant, negative effect across the
remaining nine species (t = -3.052, P = 0.02, N=9).

Growth responses to spring climate conditions were weaker and more variable
than to summer climate. Spring temperature and PET had a consistently positive
impact on growth, but this impact was minor and was significant for only a few species
(Table 2.2). The effects of precipitation and irradiance on growth were even smaller
and inconsistent across the entire species set and spring groundwater depth had
almost no significant influence on growth. The few significant values indicate that B.
pendula and P. trichocarpa were sensitive to deep groundwater tables in spring, and
this sensitivity influenced the negative relation between spring groundwater depth and
growth observed over the species set as a whole (Table 2.2).

Quantitatively, species differed in their growth response to climate. Fagus
sylvatica and P. trichocarpa for example strongly responded to summer climate,
whereas P. avium and F. excelsior showed only weak growth responses (Table 2.2). We
found a trend in the negative correlation between mean sensitivity and species’ shade
tolerance index (r = -0.615, P = 0.058, N = 10), suggesting that the least shade-tolerant
species tended to show greater year-to-year variation in their ring width, possibly
pointing at greater sensitivity to climate. The high mean sensitivity of B. pendula, S.

alba and P. trichocarpa (Table 2.1) for example, was reflected in their observed and
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detrended growth curves, which showed the highest growth peaks and lowest
depressions (Figure 2.4).

Also, the shade-intolerant species responded more strongly to the depth of the
groundwater table than the shade-tolerant species in spring, but especially in summer
(Table 2.2). In fact, tree growth of F. excelsior, B. pendula and S. alba was more reduced
by summer groundwater levels than by the climate variables. The shade tolerance
indices of our species were not significantly related to their growth responses to any of

the climate variables (Table 2.2).

- 57 —— F. sylvatica
|
B — = T.cordata
2 1.0 A. pseudoplatanus
£ .
5 — = P.avium
z o .
2 05 A. glutinosa
e —— F. excelsior
= = Q. robur
I I I I I I I I I B dul
1970 1975 1980 1985 1990 1995 2000 2005 2010 - penduia
— - S.alba

14 - - — P.trichocarpa
127
€
£ 10
£ 8 —
o
3 6 -
2
g 4]

2 —

0 —

1970 1975 1980 1985 1990 1995 2000 2005 2010

Year

Figure 2.4 Variation in ring width index (a) and annual tree-ring width (b) per species over the period of

the experiment. Data points are averaged over 10 individuals per species, except for S. alba (N = 6).
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Annual growth across tree species

Discussion

We assessed the impact of several climate variables and the groundwater depth on
tree annual growth across 10 species on similar, productive soils to enhance our
understanding of these effects across a wider environmental range than currently
focused on in research. We tested whether different growth responses across species
could be explained from their shade tolerance that is associated with resource uptake
and use, growth rates and site preference (Grime 1974; Aerts and Chapin 2000; Reich

et al. 2003).

Radial growth rates across species

In contrast to our first hypothesis, the shade-intolerant species did not grow faster
than the shade-tolerant species of our species set. Radial growth rates were
surprisingly similar among nine out of the 10 species (Figure 2.3) and also higher than
generally reported. The DBH measured in 2011 was overall a factor 1.5 - 2 higher than
yield table DBH estimates in the highest growth classes (i.e. under the most favourable
site conditions) for north-western Europe (Jansen and Faber 1996). Populus trichocarpa
grew even faster than the other species (Figure 2.3), and had a higher DBH at
approximately 40 years old. It was also the most shade-intolerant species studied here
(Table 2.1). After the first 15 years, radial growth rates of P. trichocarpa converged
however to the other species’ growth rates (Figure 2.4). This fast radial growth of P.
trichocarpa may be partly attributed to low investments in wood density. A low wood
density is typically found in fast-growing species (Westoby and Wright 2006; Chave et
al. 2009), and also in Populus species (De Boever et al. 2007; Hacke et al. 2010), but
wood density was not measured here.

Our results show that the variation in shade tolerance across our species set does
not explain the radial growth rates of our 10 tree species, despite the negative
correlation between shade tolerance and growth rates observed in other studies
(Kitajima 1994; Reich et al. 2003; Coomes et al. 2009). Studies on this trade-off have
been mostly restricted to seedlings or saplings (Kitajima 1994; Kobe et al. 1995; Walters
and Reich 1999; Poorter 1999; Sterck et al. 2006), where growth is largely driven by leaf
photosynthetic capacities (Walters and Reich 1999; Poorter and Bongers 2006). To

explain the similar growth rates across our 35 - 4o0-year old trees, we speculate that
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after canopy closure, fast growth is no longer controlled by leaf characteristics such as
a high leaf photosynthetic capacity, but can also be achieved by an optimal leaf area
display and a large light interceptive area (McMurtrie and Dewar 20u; Sterck and
Schieving 2011). Possibly, the shade-tolerant species in our set match the fast growth of
the shade-intolerant species by producing large, dense crowns that capture much light
to compensate for their low leaf photosynthetic capacities. Although not tested here,
we propose that differences in leaf photosynthetic traits related to a plant’s shade

tolerance are less prominent for dominant canopy trees with fully established crowns.

Effects of climate and groundwater on tree growth across species

Growth responses to climate conditions and groundwater depth were qualitatively
similar across species. Even under these favourable soil conditions, characterised by
high growth rates across our species, radial growth of all 10 species was reduced by
summer water deficits (Table 2.2). This outcome agrees with studies carried out
elsewhere in north-western Europe on subsets of our species set (van der Werf et al.
2007; Helama et al. 2009; Mérian and Lebourgeois 2011; Scharnweber et al. 2011), but is
nonetheless surprising given the high water-holding capacities and shallow
groundwater tables of the Hollandse Hout soils, relative to the poor, dry sandy (van
der Werf et al. 2007; Scharnweber et al. 2011), or shallow soils (Helama et al. 2009)
covered by other studies. Trees on soils with seemingly sufficient water supply may be
as sensitive in stomatal closure responses to local conditions as trees on dry sites in
order to maximise carbon gain when water is sufficiently available, but with negative
impacts on growth when water becomes limiting. Similarly, trees in very different
climates seem to tune their stomatal responses such that they are similarly sensitive to
local droughts (Choat et al. 2012).

In summer, water deficits were strongly driven by low precipitation and high air
temperature, irradiance and evaporative demand (PET) (Table 2.2). Their impacts were
consistently positive (precipitation) and negative (temperature, irradiance and PET)
throughout our species set, and significant for most if not all species, indicating a clear
summer-climate mechanism affecting tree growth. The depth of the groundwater table
had a smaller and overall negative impact on tree growth across our species, implying
that deeper groundwater tables reduced growth (Table 2.2). On our study site,

groundwater tables are highly artificially controlled, leading to a poor match between
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groundwater depth and precipitation in summer (Figure 2.2¢) suggesting that both
variables have largely independent effects on the water availability and growth of trees.
Rainwater penetrating the top soil seems a more important water source than
groundwater in summer, at least for most species, as the latter significantly affected
only four species (Table 2.2).

In spring, climate conditions and the groundwater depth had a weaker and less
consistent impact on growth across our species than in summer (Table 2.2), as
expected. Precipitation was lower in spring than in summer (Figures 2.1 and 2.2), but
the results suggest that trees did not experience water shortage as the evaporative
demand was lower (Figure 2.2b,d) and the clay soil was still filled with water reserves
from winter precipitation. Consequently, high spring temperature and irradiance
enhanced growth as water was sufficiently available to meet evaporative demand and
maintain photosynthetic activity (Table 2.2). Yet, although this mechanism was
consistent throughout the species set as a whole for spring temperature, PET and the
groundwater table, the effects on tree growth of these variables were often significant
for only a few species individually. Furthermore, the mechanism is not as
straightforward as described here: species that significantly reduced their growth when
facing high evaporative demand did not necessarily respond to high spring
temperatures (Table 2.2).

Despite qualitative similarities, species differed quantitatively in their growth
responses to climate and groundwater depth. We expected shade-intolerant species to
suffer more from water deficits than shade-tolerant species. The larger inter-annual
variation in the growth rates of these species (i.e. high mean sensitivity, Table 2.1)
suggests they are more sensitive to climate variation, possibly because they exploit
resources more rapidly. The impacts of the groundwater table and the individual
climate variables on growth however only partly support our hypothesis. The shade-
intolerant species did indeed respond more strongly to receding groundwater tables
than the shade-tolerant species in both spring and summer (Table 2.2), although these
results should be treated with caution, because groundwater data were available for
only a short time frame (17 years). We cannot provide a mechanistic explanation for
these findings, but it may well be found in species’ differences in belowground traits, as
also suggested by other studies (Sterck et al. 20m), that are beyond the scope of this
study, and still poorly understood in general (Bréda et al. 2006; Mommer and

Weemstra 2012).
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There was however no evidence that shade-intolerant species suffer more from
precipitation deficits than shade-tolerant species (Table 2.2). This contrasts with
Fekedulegn et al. (2003) who found trees of acquisitive, shade-intolerant species
(Liriodendron tulipifera) to respond more strongly to droughts than trees of other
species, but these drought-sensitive individuals were sampled on a site with a different
aspect, which could have confounded this outcome (Fekedulegn et al. 2003). Across
the homogeneous soils of our study site, P. trichocarpa, our most shade-intolerant
species, was little more sensitive to precipitation shortage than F. sylvatica, the most

shade-tolerant species of our set (Table 2.2).

Conclusions

Our study demonstrates that summer drought, mainly resulting from low precipitation
and high evaporative demand, reduces tree growth across a variety of common
deciduous tree species, even on soils with favourable water and nutrient conditions.
Thus, the dry and hot summers predicted for north-western Europe will also negatively
affect forest productivity on such productive soils. The qualitatively similar climate-
growth relationships across the species are consistent with their similar radial growth
rates, despite differences in shade tolerance across species, which does not agree with
the generally observed trade-off between growth and shade tolerance. The negative
impact of receding groundwater tables on tree growth among the more light-
demanding species indicates that investigating species’ differences in fine-root traits
may become more important if water becomes increasingly limited. We therefore
advocate a whole-plant perspective that links above- and belowground traits and
processes to understand the different growth responses to climate and soil conditions

across species.
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Appendix

Appendix 2.1 Soil characteristics of the Hollandse Hout study site.

Soil variable Unit Ah horizont AC horizont
pH - 6.8 7.0

Organic matter g1o0g’ 7.9 3.5

Total N mg100 g 445.8 181.0

Total P mg100 g 76.8 57.2

C stock gm” 1530 2890

N stock gm” 1711 299.5

P stock gm” 29.4 95.6

C / N ratio - 8.9 9.7

C / P ratio - 52.0 30.2

Data from Kemmers et al. (2000). C / P ratio deduced by the authors from C and P stocks.
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Abstract

The search for a root economics spectrum (RES) has been sparked by recent interest in
trait-based plant ecology. By analogy with the one-dimensional leaf economics
spectrum (LES), fine-root traits are hypothesised to match leaf traits which are
coordinated along one axis from resource acquisitive to conservative traits. However,
our literature review and meta-level analysis reveal no consistent evidence of an RES
mirroring an LES. Instead the RES appears to be multidimensional. We discuss three
fundamental differences contributing to the discrepancy between these spectra. First,
root traits are simultaneously constrained by various environmental drivers not
necessarily related to resource uptake. Second, above- and belowground traits cannot
be considered analogues, because they function differently and might not be related to
resource uptake in a similar manner. Third, mycorrhizal interactions may offset
selection for an RES.

Understanding and explaining the belowground mechanisms and trade-offs
that drive variation in root traits, resource acquisition, and plant performance across
species, thus requires a fundamentally different approach than applied aboveground.
We therefore call for studies that can functionally incorporate the root traits involved
in resource uptake, the complex soil environment, and the various soil resource
uptake mechanisms - particularly the mycorrhizal pathway - in a multidimensional

root trait framework.

Key words

Functional traits, mycorrhizal symbiosis, resource acquisition, root economics

spectrum, trait syndromes
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Introduction

One of the basic principles of trait-based plant ecology is the trade-off between plant
growth and survival (Grime 1977; Kobe et al. 1995; Craine 2009). This trade-off implies
that plants invest in trait attributes that allow either fast resource acquisition and
therefore fast growth, or defence and conservation of acquired resources such as
carbon (C), nitrogen (N) and phosphorus (P) which allows survival under adverse
conditions. The growth-survival trade-off has been demonstrated clearly in leaf traits
that span a continuum from acquisitive to conservative leaves (Reich et al. 1992;
Wright et al. 2004). On the one hand, the former are characterised by a high specific
leaf area (leaf area per leaf mass, SLA), high assimilation and respiration rates, and
high nutrient concentrations, which enhance both light interception and C fixation
(Figure 3.1). These acquisitive traits come at the expense of large resource losses due to
high metabolic rates, increased susceptibility to herbivory, and short lifespan. On the
other hand, conservative leaves are equipped for long-term resource retention by
having high tissue densities and low respiration rates. These traits enhance their
lifespan, but decrease their light interception efficiency and photosynthetic rates
(Reich et al. 1992; Reich et al. 1999; Wright et al. 2004). This so-called leaf economics
spectrum (LES, Wright et al., 2004) has been successfully linked to plant performance
(Reich et al. 1998; Poorter and Bongers 2006), species distribution and interactions
(Sterck et al. 2006), and ecosystem processes (Reich et al. 1997; Diaz et al. 2004; Diaz et
al. 2007; Grigulis et al. 2013).

Currently, research efforts are directed to test whether the fine-root traits of trees
can be positioned within a similar framework, that is, the root economics spectrum
(RES) (e.g. Comas & Eissenstat, 2004, 2009; Withington et al., 2006; McCormack et al.,
2012; Chen et al., 2013; Kong et al., 2014; Liu et al., 2015; Valverde-Barrantes et al., 2015).
Based on assumed trait coordination between above- and belowground organs, it has
been hypothesised that root functional traits can also be grouped in trait syndromes
associated with fast resource acquisition or enhanced resource conservation. This
search for an RES similar to the LES builds on the premise that acquisitive leaves with
high evaporative demand and photosynthetic rates require acquisitive roots to ensure
sufficient water and nutrient supply to maintain these processes, and ultimately to
achieve fast plant growth (Eissenstat 2002; Reich 2014). Conversely, plants that have

conservative leaves with lower water and nutrient requirements, but also lower
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photosynthetic rates, should retain resources longer. They may thus require long-lived
roots with lower respiration and uptake rates, resulting in slow plant growth. It is
therefore hypothesised that leaf traits are matched by parallel root traits along the
acquisitive-conservative resource spectrum (Grime et al. 1997; Reich et al. 2008; Liu et
al. 2010; Freschet et al. 2010; Reich 2014; Valverde-Barrantes et al. 2015).

As already demonstrated for leaves in the LES, an RES could offer a relevant
framework to provide further insights into plant, vegetation and ecosystem processes
and responses to the soil environment and global change. For example, the grouping of
species along an RES could help to understand their performance (growth and
survival) or distribution across soil resource gradients. However, the existence of an
RES analogous to the LES is currently debated, because of contradictory results within
and among studies (e.g. Withington et al., 2006; Mommer & Weemstra, 2012;
McCormack et al., 2012; Chen et al., 2013; Kong et al., 2014).

This study aims to clarify the uncertainty concerning the existence of an RES by
reviewing the available evidence for the RES hypothesis within individual studies, and
by performing a meta-level analysis (Smith et al. 2015) to test the RES hypothesis
across those studies. In addition to root trait relationships, we also reviewed the
literature on correlations between the leaf and root traits of the LES and of the RES.
This study focuses on the fine-root traits of trees. This is important as recent papers
show that for herbaceous species, root trait correlations provide a better match with
the RES than for woody species (Roumet et al. 2016). This suggests that root trait
correlations may be fundamentally different for woody species. Our literature review is
based on 18 studies that compared the root traits expected to play a role in an RES
across more than two tree species (Appendix 3.2). Our meta-level analysis was carried
out on a subset of 14 studies (Appendix 3.2), because not all studies provided root trait
data at the individual species level, and one study already comprised a meta-analysis.
This meta-level analysis was based on raw data and did not include calculating effect
sizes, and therefore does not comply with the standards of a meta-analysis (Vetter et

al. 2013; Koricheva and Gurevitch 2014).

The root economics spectrum

The root traits expected to feature in the RES are based on a parallel with the key leaf

traits in the LES: SLA, leaf N content, maximum photosynthetic rate, respiration rate
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and leaf lifespan (Figure 3.1). These traits are related to three leaf processes involved in
plant growth and survival. First, SLA relates to leaf resource interception at a given
biomass investment. Second, leaf N content, photosynthetic rate and respiration rate
are related to leaf carbon gain. Third, leaf lifespan refers to the conservation of
biomass. Assuming functional similarity between leaves and fine roots, the critical
fine-root traits in the RES are therefore expected to be: specific root length (root length
per root mass, SRL), root N content, root water and nutrient uptake rate, root
respiration rate and root lifespan (Figure 3.1). Similar to leaf traits in the LES, it is
expected that SRL reflects the root uptake area at a given biomass cost; root N content,
uptake rate and respiration rate are expected to be associated with net soil resource
acquisition rate; and root lifespan reflects the degree of biomass conservation. In both
the LES and RES it is expected that most traits (SLA/SRL, N content,
photosynthetic/resource uptake rates and respiration rates) will decrease from an
acquisitive to a conservative strategy, whereas lifespan will increase (Figure 3.1).

Several studies have assessed the support for the RES hypothesis across tree
species. In addition to the five key traits, most of these studies measured root diameter
and root C : N ratios, and calculated tissue density (from root length, diameter and
mass), although their aboveground parallels (leaf thickness, C : N ratio and tissue
density) are less explicitly incorporated in the LES. These additional root traits are
expected to increase from the acquisitive to the conservative side of the RES (Figure
3.1), because they have been found to contribute to root lifespan and thus to resource
conservation (Wahl and Ryser 2000; Gu et al. 2011): thick roots are sometimes assumed
to be long-lived due to their relatively large stele cross-sectional area that protects
them from mechanical, herbivore and drought stress, and to have low N content and
therefore slow metabolism due to their relatively small cortex area (Eissenstat and
Achor 1999; Wahl and Ryser 2000; Guo et al. 2008b). However, the exact mechanisms
underlying these correlations between these root traits and root lifespan are not fully
clear yet: for example, Kong et al. (2014) demonstrate that thicker roots have a
relatively large cortex area, and other anatomical features such as a well-developed
exodermis may also drive the longer lifespan of thicker roots (Withington et al. 2006).
In turn, other traits in the RES (e.g. nutrient and water uptake rates, respiration rates,
and root lifespan) are measured far less frequently than their aboveground

counterparts (i.e. photosynthetic and respiration rates and leaf lifespan).
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Figure 3.1 Resource economics strategies: the current hypothesis. Leaf and hypothesised root trait
attributes associated with an acquisitive or conservative resource strategy in a leaf economics spectrum

(LES) and in a root economics spectrum (RES).

In order to maintain the functional parallel with leaves, RES studies have
examined absorptive rather than transporting roots. These functional groups were
initially separated on the basis of their diameter (e.g. all roots < 1 or 2 mm diameter
were considered absorptive), but although both traits may be partially correlated, root

order rather than diameter has since proved to be a better proxy for root functioning
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(Pregitzer et al. 2002; McCormack et al. 2015). We therefore focus mainly on studies
that compared all or some of these RES traits (Appendix 3.2) on first- to third-order
roots (first-order roots being the most distal). Because data on root uptake and
respiration rate across species are scarce, especially in relation to other root traits, our
analysis was restricted to three RES traits: SRL, root N content and root lifespan. As
only one study measured both root N content and root lifespan (Valverde-Barrantes et
al. 2007), we related root lifespan to root C : N ratios - for which more data were
available - instead. We also tested for relationships between these RES traits and root

diameter, root tissue density and root C : N ratios.

Correlations between root traits are inconsistent

In terms of correlations between root lifespan and other root traits, the RES is little
supported by data. As expected from the RES hypothesis, within the individual studies
reviewed, the trait most consistently and positively correlated with root lifespan across
species is root diameter (Gu et al. 2011; McCormack et al. 2012; Adams et al. 2013;
Hansson et al. 2013), although not in the study by Withington et al. (2006) (Table 3.1).
Withington et al. (2006) attributed their failure to find significant correlations to the
limited variation in root diameter across their study species (in their study it ranged
between 0.36-0.62 mm across 11 tree species, but in e.g. the study by McCormack et al.
(2012), it ranged between 0.22-0.64 mm across 12 tree species). Our meta-level analysis
also demonstrated that root diameter was the trait most strongly correlated to root
lifespan (Appendices 3.1d, 3.3).

In line with the RES hypothesis, the correlation between SRL and root lifespan
was negative in the study of McCormack et al. (2012) (Table 3.1), as well as in our
analysis comprising data from four studies (Figure 3.2a, Appendices 3.1a, 3.3). Similar to
the relationship between root diameter and root lifespan, SRL and root lifespan were
not significantly correlated in Withington et al. (2006) (Table 3.1), because SRL is
largely determined by root diameter. In fact, with constant root tissue density, SRL
scales inversely with root diameter squared, which has been widely observed across
temperate (Withington et al. 2006; Comas and Eissenstat 2009; Holdaway et al. 2011;
McCormack et al. 2012; Eissenstat et al. 2015), subtropical (Chen et al. 2013; Kong et al.
2014; Liu et al. 2015) and boreal tree species (Ostonen et al. 2007a), and in our meta-

level analysis (Appendix 3.3). As the negative correlations between SRL and diameter
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largely result from autocorrelation, they may not provide meaningful biological insight

into actual RES trade-offs.

Table 3.1 Expected and observed correlations between fine-root lifespan and other fine-root traits.

Root trait Expected Observed  Reference

\ \ McCormack et al. (2012)

______ Withington et al. (2006)

Specific root length

Nitrogen content \ ...... Valverde-Barrantes et al. (2007)
Resource uptake rate \ NA
Respiration rate \ ______ McCormack et al. (2012)
Gu et al. (20n), McCormack et al. (2012),
/ / Adams et al. (2013), Hansson et al. (2013)

Diameter

______ Withington et al. (2006)

‘ / \ Withington et al. (2006)

______ McCormack et al. (2012)

Tissue density

) Withington et al. (2006), McCormack et al.
C : Nratio / /

(2012)

Observed correlations were derived from individual studies that tested the root economics spectrum
(RES) hypothesis on more than two tree species. Dashed, horizontal lines represent nonsignificant
correlations. NA, no data available across more than two tree species. For only three traits, observed
correlations agree with the hypothesis, but in two of those cases, other studies found nonsignificant

results as well. Appendix 3.2 presents the number of species and the climate zone studied per study.
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Figure 3.2 Root economics spectrum (RES) trait correlations on tree root data across the literature
reviewed. Insets (bottom-left) indicate the expected relationship according to the RES hypothesis. (a)
Root lifespan was significantly related to specific root length (SRL; r = -0.4, n = 30, P = 0.03) across data
from four references (Withington et al., 2006; McCormack et al., 2012; Adams et al., 2013; Hansson et al.,
2013). (b) Root lifespan was not significantly correlated to root carbon : nitrogen (C :N) ratio (r = 0.22,n =
32, P = 0.22), across the four studies included (Withington et al., 2006; Valverde-Barrantes et al., 2007;
McCormack et al., 2012; Adams et al., 2013). (c¢) The correlation between SRL and root N content was not
significant (r = 0.1, n = 178, P = 0.37) across the data from five references (Pregitzer et al., 2002; Comas &
Eissenstat, 2009; Holdaway et al., 2o11; Kong et al., 2014; Liu et al., 2015). Note that data are presented on a

logarithmic scale.

We did not find a single study corroborating the positive relationship expected
from the RES between the tissue density and lifespan of roots across tree species (Table
3.1). McCormack et al. (2012) found no correlation between root tissue density and root
lifespan across species, and Withington et al. (2006) even reported a negative
relationship. Our meta-level analysis also revealed a significant negative correlation
between root tissue density and lifespan, but included these two studies only
(Appendices 3.1e, 3.3).

Two studies related root lifespan to root C : N ratio instead of root N content, and
found a significant positive relationship, supporting the RES hypothesis (Table 3.1;
Withington et al. 2006, McCormack et al. 2012). Our analysis including data from four
studies however, revealed no significant relationship between root C : N ratio and
lifespan (Figure 3.2b, Appendices 3.1b, 3.3), and in a study by Valverde-Barrantes et al.
(2007) root N content was unrelated to root lifespan. Only one of the studies reviewed,
correlated root respiration rates and root lifespan across tree species, but found no

relationship between the two (McCormack et al. 2012) (Table 3.1). Root uptake rates or
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uptake capacity are hardly - if ever - measured in the context of an RES across several
tree species, so few data are available to confirm or refute the position of this trait in
the RES. Wells & Eissenstat (2003) concluded from a study on two species that the
roots with high maximal uptake rates had a shorter lifespan, which agrees with the
predicted RES.

Some of the expected correlations between other RES traits were confirmed by
data. The positive relationship between root N content and respiration rates — which
has a clear physiological basis - has been supported by some studies (Pregitzer et al.
1998; Reich et al. 2008), but not by others (McCormack et al. 2012; Adams et al. 2013).
Also in line with the RES, a study on 13 tropical tree species found that root respiration
decreased with increasing root diameter (and thus increased with increasing SRL) and
with increasing root tissue density (Makita et al. 2012). Our analyses also showed that
root N content was significantly negatively correlated with root tissue density, as
expected from the RES (Appendices 3.1f, 3.3).

Other hypothesised trait correlations of the RES were, however, not supported.
For example, when compared with thin roots, thick roots of low SRL did not always
have higher tissue densities (Withington et al. 2006; Ostonen et al. 2007a; Comas and
Eissenstat 2009; McCormack et al. 2012; Chen et al. 2013; Kong et al. 2014; Eissenstat et
al. 2015; Liu et al. 2015). In contrast to the RES hypothesis, our analysis shows that root
tissue density is in fact negatively correlated with root diameter, and not significantly
correlated with SRL (Appendix 3.3). In addition, neither SRL nor root diameter were
related to root N content, both within studies (Withington et al. 2006; Comas and
Eissenstat 2009; Holdaway et al. 2011; McCormack et al. 2012; Chen et al. 2013; Kong et
al. 2014; Liu et al. 2015; Valverde-Barrantes et al. 2015), and across the studies in our
compiled data set (Figure 3.2¢c, Appendices 3.1¢c,g, 3.3). Furthermore, neither root
diameter nor SRL were correlated to respiration rates per unit root mass in a study by
McCormack et al. (2012).

Comas and Eissenstat (2004) measured P uptake capacity across 10 tree species,
but they correlated this trait to species’ growth rates rather than to other root traits.
They reported no difference between fast- and slow-growing species, having assumed
that fast-growing species have an acquisitive strategy whereas slow-growing species
have a conservative strategy (Comas and Eissenstat 2004). Our further analysis of their

data (from table 1 in Comas & FEissenstat 2004) revealed no significant correlations
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between P uptake capacity and root N content (Pearson correlation, r = -0.37, N = 10, P
= 0.29) or root respiration (Pearson correlation, r = -0.45, N = 10, P = 0.19).

Finally, although not an explicit trait in the RES, it is generally expected that a
high root growth rate indicates an acquisitive resource strategy. The few data
available on root growth rate do not confirm this hypothesis. Withington et al.
(2006) found that high root growth rates were positively correlated with root C : N
ratios and tended to be related to high root lifespan (both presumed conservative
trait attributes), and Valverde-Barrantes et al. (2007) demonstrated that root growth
correlated negatively with root N content. In sum, the reported correlations between
root morphological, chemical, physiological traits and root lifespan and growth do

not support the RES hypothesis.

Root traits do not necessarily correlate with leaf traits

The hypothesised RES is based on the idea that above- and belowground resource
strategies are coordinated (Liu et al. 2010; Reich 2014). If this is so, parallel leaf and root
traits should be positively correlated, but here too the available evidence is mixed at
best. Specific leaf area and SRL were positively related across species in some studies
(Withington et al. 2006; Holdaway et al. 2011) but not in others (Chen et al. 2013;
Valverde-Barrantes et al. 2015). The same holds for the correlation between leaf and
root N and P content: it was found to be positive in some studies (Kerkhoff et al. 2006;
Holdaway et al. 2011; Valverde-Barrantes et al. 2015), but not in Withington et al.
(2006) and Chen et al. (2013). Respiration rates were positively correlated between
leaves and roots in tree seedlings in a greenhouse (Reich et al. 1998). Leaf and root
lifespan were found to be uncorrelated by Withington et al. (2006) and McCormack et
al. (2012), but there are few published data on this correlation. To our knowledge, the
correlation between root uptake rates and leaf photosynthetic rates has not yet been
tested across tree species.

When explicitly testing above- and belowground trait spectra across species,
Withington et al. (2006) demonstrated that they are not necessarily correlated. For
example, Larix decidua - a deciduous conifer - had acquisitive leaf traits (i.e. high SLA,
high leaf N content and short leaf lifespan), and in this respect was similar to the other
deciduous (but broadleaved) species in the dataset, but it had conservative root traits

(i.e. thick roots and long root lifespan) similar to the other (evergreen) conifers
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(Withington et al. 2006). A similar outcome was observed in the frankincense tree
(Boswellia papyrifera). Compared to Acacia species, Boswellia trees had conservative
root traits to retain water, and acquisitive leaf traits that enhanced photosynthesis
(Birhane et al. 2015). It can be concluded that leaf resource strategies do not necessarily
reflect belowground resource strategies, and that parallel leaf and root traits are not

consistently correlated across tree species.

Why the one-dimensional resource economics spectrum

does not work for tree roots

Neither the empirical studies reviewed, nor our meta-level analysis provide clear
evidence for an RES: tree root traits are neither consistently correlated to each other,
nor to parallel leaf traits. In contrast to this study on tree roots, the roots of non-woody
plants may follow the patterns expected from the RES. Several studies have
demonstrated that across grass and herbaceous species, an acquisitive trait syndrome
might exist including roots with a high SRL, N content and respiration rates, versus a
conservative trait syndrome that includes thick, long-lived roots with high tissue
density and high C : N ratios (Craine et al. 2005; Tjoelker et al. 2005; Roumet et al.
2016). Although these studies acknowledge that tree root trait patterns may differ from
the trait correlations observed on herbaceous species (Tjoelker et al. 2005; Roumet et
al. 2016), it so far remains unclear why these trait patterns diverge and which are the
main differences between tree and herbaceous root traits, and their functioning.

For tree roots, potential causes for this lack of support for an RES are a lack of
data or differences in methodology across studies. For instance, compared to
aboveground traits, far fewer tree root data are available, and certain traits, such as
nutrient uptake rate, have rarely been measured in trees under field conditions
(Lucash et al. 2007). To illustrate this difference: the plant trait TRY database includes
almost 10,000 observations of leaf photosynthetic rates, covering 1,666 plant species,
whereas the same database includes only 24 observations of root N uptake rates of 11
different species (Kattge et al., 2012).

In addition, definitions of fine roots differ between studies: they may be based on
diameter, order or functioning, which might lead to a bias towards certain categories

(e.g. absorptive versus transport fine roots) (Pregitzer et al. 2002; Guo et al. 2008b; Gu
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et al. 2o11; McCormack et al. 2015). Our root trait analysis also covered studies that
defined fine roots as roots smaller than 2 mm diameter (Hansson et al. 2013), or
included first- to fourth-order fine roots (Holdaway et al. 2011), as well as studies
including first-order roots only (e.g. Pregitzer et al., 2002; Adams et al., 2013; Kong et
al., 2014; Liu et al., 2015).

Likewise, studies have used different methods to measure root traits: for
example, root lifespan has been measured using sequential coring, root ingrowth
cores, minirhizotrons, and carbon isotopes, which may lead to different estimates of
root lifespan (Majdi 1996; Gaudinski et al. 2001; Guo et al. 2008a; Strand et al. 2008;
Gaul et al. 2009; Brunner et al. 2012). Nonetheless, such methodological issues cannot
explain why individual studies using large numbers of species (e.g. 65 (Chen et al.
2013) or 96 (Kong et al. 2014) tree species) have also failed to find support for an RES.
We will now discuss three fundamental differences between leaf and root traits that
explain why the fundamental trade-off between resource acquisition and resource
conservation, as implied by the LES, is not suitable for a root trait framework. We
argue that we need to work towards a multidimensional framework for a

classification of root functional traits.

Roots are subjected to multiple constraints

With regard to resource uptake, leaves are adapted for maximising light capture
while reducing resource loss by herbivores (Figure 3.3), whereas differentiation for
CO, uptake is limited, as this resource is predictably available throughout the
canopy. Roots face a more complex optimisation puzzle, in the first place because
they need to acquire water and about 15 essential minerals from the soil, and the
distribution of these resources can be highly variable within the soil matrix.
Depending on their mobility, different nutrients require different traits if their
uptake is to be maximised. For example, the acquisition of a mobile nutrient such as
nitrate can be optimised by an enhanced SRL or the capacity to proliferate in
resource-rich patches, whereas immobile nutrients such as P may require high root
hair density, prolific root branching, or mycorrhizal symbiosis (Comas et al. 2012).
This implies that traits considered acquisitive for the uptake of one particular
resource are not necessarily acquisitive for the uptake of another. Therefore, root

trait attributes cannot a priori be defined as acquisitive or conservative, because the
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simultaneous uptake of different resources may be optimised by different traits,
depending on the most limiting resource.

In addition to the multiple resources belowground, other environmental
components, such as soil texture and chemistry, may present additional limits to root
traits that are not present aboveground (Figure 3.3). For example, roots with a small
diameter and high SRL are predicted to be efficient at acquiring resources, but may not
develop when unfavourable soil structure impedes the formation of thin roots, since
thin roots cannot easily penetrate dense soils (Clark et al. 2003). Physical forces may
thus constrain resource acquisition traits, a limitation not encountered by leaves.
Indeed, soil compaction resulted in larger root diameter and reduced the SRL of tree
seedlings (but did not affect root tissue density) (Bejarano et al. 2010; Alameda and
Villar 2012). In addition, e.g. free aluminium (AP") in the soil solution leads to larger
root diameter in tree seedlings (Hirano and Hijii 1998). Such diameter increases are
caused by reduced apical growth and associated changes in cell differentiation and
growth (Schier 1985; McQuattie and Schier 1990). These additional constraints to root
traits do not directly operate in an LES, and imply that root traits result from a variety

of trade-offs not present in an RES (Figure 3.3).

Leaf and root traits are not functional analogues

The RES comprises root traits that are considered analogues of the key leaf traits in the
LES (see Figure 3.1). However, in contrast to leaves, in roots the links between these
traits and resource uptake are not well established. For example, SLA plays an
important role in the LES because it directly links photosynthetic rates (by mesophyll
packing), to Rubisco content and therefore to leaf N content (Niinemets and Sack
2006). Analogously, SRL should have a similar key position in the RES, but our review
and data analysis provide little evidence for relationships between SRL and root N

content or nutrient uptake rates.
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Figure 3.3 Towards a multidimensional root trait framework. Leaf traits are coordinated along a one-
dimensional axis, driven by resource availability (light and CO,) and herbivory. By contrast, root traits
are determined by more environmental constraints, including availability of different resources (water
and different nutrients represented by blue circles), soil chemistry and structure (brown circles),
mycorrhizal fungi (red circles; top-left, arbuscular mycorrhiza; bottom-right, ectomycorrhiza), and

herbivory (green circles).
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Furthermore, in contrast to photosynthetic rates, root uptake rates are hardly
ever measured in trees in forests. As a consequence, we simply do not know whether
this trait is as relevant to soil resource acquisition as are photosynthetic rates to light
acquisition and carbon fixation. In fact, there are indications that root uptake rates are
not as strongly related to root N content as is the case for leaves: the fraction of N
represented by the enzymes involved in ion uptake is small compared to the
photosynthetic N involved in leaf carbon assimilation. In addition, uptake rates of
(immobile) nutrients may not be limited by the number of nutrient uptake
transporters, but by the availability of nutrients in the soil matrix. Thus, the
relationships between key traits and resource uptake will therefore be different for
roots compared to leaves (Chen et al. 2013), and cannot be directly deduced from the
tight links between leaf traits and light acquisition as demonstrated in the LES.

At the same time, root traits that are currently not included in the RES may turn
out to be key for explaining differences in resource uptake and performance across
species. Aboveground, light acquisition is clearly associated with one trait syndrome,
whereas belowground there are multiple resource uptake strategies, reflected by root
traits that do not always have aboveground equivalents (Comas and Eissenstat 2009;
Comas et al. 2012; Chen et al. 2013; Kong et al. 2014; Eissenstat et al. 2015; Liu et al.
2015). For example, plants have developed several adaptations to low P availability,
including an increased number of superficial adventitious roots, enhanced SRL, greater
root biomass and/or root length density, longer and/or denser root hairs, increased
exudation of carboxylic acids, and the formation of cluster roots (Lambers et al. 2006;
Lynch and Brown 2008). Recent studies (Eissenstat et al. 2015; Liu et al. 2015) also
identified the mycorrhizal pathway as a complementary strategy to forage for soil
resources, particularly for species with relatively thick absorptive roots (further
discussed in the next section). So, plant resource acquisition belowground depends on
root traits and associated mycorrhizal fungi that are largely not included in the RES.

Furthermore, phylogenetic conservatism may be stronger for roots than for leaves
(Comas and Eissenstat 2009; Chen et al. 2013). Recently, Valverde-Barrantes et al.
(2015) found little support for an RES, and demonstrated that variation in root traits
across 34 tree species was more strongly driven by common ancestry. In contrast, leaf
trait variation was not phylogenetically structured, and did match the LES (Valverde-
Barrantes et al. 2015). Kong et al. (2014) also observed strong phylogenetic

conservatism of root traits, particularly those related to root diameter and mycorrhizal

54



Fine-root trait variation across tree species

symbiosis (e.g. root diameter, cortex area and mycorrhizal colonisation rate). They
suggest that species with thicker first-order roots compensate for their relatively low
absorptive area by hosting more (arbuscular) mycorrhizal fungi to enhance the soil
volume available (Kong et al. 2014).

Such strong phylogenetic signals acting on root traits may explain why the RES is
more strongly supported by data collected from more closely related than distant
species (e.g. Comas & Eissenstat, 2009; McCormack et al., 2012). The study by
Withington et al. (2006) for example, included largely distant species (i.e. conifers and
hardwood species) and the authors did not correct for phylogenetic background in
their root trait correlations. Controlling for phylogenetic structure may thus be
important to identify the drivers of root trait distributions, but it should also be noted
that two studies that explicitly took phylogenetic structure into account found only

little support for the RES (Chen et al., 2013; Valverde-Barrantes et al., 2015).

Mycorrhizal interactions offset selection for an RES

Belowground resource uptake is not solely determined by root traits, because almost
all tree species rely heavily on the mycorrhizal pathway. The mycorrhizal uptake
mechanism has no parallel aboveground, and is not incorporated in the RES
hypothesis. Reich (2014) proposed that a larger dependency on (or responsiveness to)
mycorrhizal symbiosis represents a conservative strategy, because it correlates with
conservative root traits (e.g. large diameter, long lifespan and low SRL). Furthermore,
within the mycorrhizal plants, ectomycorrhizal plant species are considered more
conservative than arbuscular mycorrhizal plant species, because they predominantly
occur in nutrient-poor ecosystems that select for conservative strategies (Read 1991;
Cornelissen et al. 2001). However, Koele et al. (2012) observed that ectomycorrhizal and
arbuscular mycorrhizal plant species had similar leaf nutrient concentrations (a key
trait in the LES), when comparing sister clades with arbuscular mycorrhiza and
ectomycorrhiza. Furthermore, Comas et al. (2014) reported smaller root diameters for
ectomycorrhizal trees than for arbuscular mycorrhizal trees, whereas Kubisch et al.
(2015) observed no differences in root morphological traits between arbuscular
mycorrhizal and ectomycorrhizal tree species. These studies thus contradict the
assumption that mycorrhizal or ectomycorrhizal dependency represents a conservative

uptake strategy.
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Despite the potential confounding effects of mycorrhizal type, the evidence for
an RES within mycorrhizal types is also unclear. For example, species with thicker
absorptive roots have been suggested to be more dependent on and responsive to
arbuscular mycorrhizal symbiosis than species with thinner roots, because these roots
are less efficient in nutrient uptake (Brundrett 2002; Smith and Read 2008; Kong et al.
2014; Eissenstat et al. 2015; Liu et al. 2015; Valverde-Barrantes et al. 2016b). However, a
recent meta-analysis by Maherali (2014) showed that in terms of growth, plants with
relatively thin roots benefited as much from mycorrhizal colonisation as plants with
thick roots. These findings suggest that, even across species within a mycorrhizal type,
root traits and their mycorrhizal dependency may not be consistently coordinated
along an RES.

Mycorrhizal interactions partly explain why parallel trait syndromes are not
coordinated between plant organs. As illustrated above by Larix and Boswellia trees,
plants can have an acquisitive strategy aboveground and what is generally considered a
conservative strategy belowground (Withington et al. 2006; Birhane et al. 2015). The
latter trait syndrome (i.e. thick and long-lived roots) may stimulate mycorrhizal
symbiosis by supporting more mycorrhizal fungal colonisation per unit root length
(Comas et al. 2002), and by sustaining these fungi for longer (Bauhus and Messier
1999). Consequently, these root traits may also be associated with high soil resource
acquisition via mycorrhizal extraradical hyphae that can efficiently exploit the soil
(Smith and Read 2008), in order to maintain high photosynthetic rates. Therefore,
mycorrhizal root trait attributes cannot necessarily be categorised as an acquisitive or
conservative resource strategy, nor be deduced from aboveground traits.

Finally, it should be noted that the potentially large impacts of mycorrhizal fungi
on root traits (e.g. increasing root lifespan (King et al., 2002)), may further confound
root trait data and correlations. Moreover, these effects differ between ectomycorrhizal
and arbuscular mycorrhizal roots, and between fungal species. For example, Ouimette
et al. (2013) reported that 36-54 % of the total root N content of ectomycorrhizal Larix
trees was in fact attributable to fungal tissue, compared to only 5-10% of arbuscular
mycorrhizal Fraxinus trees. Also, different mycorrhizal fungal species were observed to
have different effects on root length and diameter in both ectomycorrhizal and
arbuscular mycorrhizal trees (Berta et al. 1995; Van der Heijden and Kuyper 2003;
Ostonen et al. 2009). This implies that root trait data cannot be interpreted without

considering their mycorrhizal associations, possibly even at the fungal species level. To
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conclude, the mycorrhizal symbiosis cannot be accurately incorporated in the RES,
but rather calls for a different and multidimensional framework that allows the
diversity of belowground uptake mechanisms to be recognised (Eissenstat et al. 2015;

Liu et al. 2015).

Outlook

Based on our analysis of the literature and their data, we argue that an RES likely does
not exist parallel to an LES: a single acquisition—conservation axis cannot capture the
variety of belowground mechanisms and trade-offs that drive differences in resource
acquisition and plant performance across species (Figure 3.3). Alternatively, a
multidimensional root trait framework may better accommodate and explain the
variation in root traits observed across species (see also McCormack et al., 2012; Kong
et al., 2014; Eissenstat et al, 2015; Liu et al., 2015). Below, we will discuss three
objectives that can contribute to establishing such a framework: 1) capturing the
complexity of the soil environment, 2) linking root form and function, and 3)
incorporating the diversity and trade-offs in belowground resource uptake strategies,
including the mycorrhizal pathway. Finally, compiling large root trait data sets are
important in developing a multidimensional root trait spectrum covering a wide range
of species and biomes.

Firstly, the complexity of the soil environment, which presents a variety of
constraints to root trait variation, is a clear argument to move towards a new
multidimensional root trait framework. This complexity largely results from the
multiple critical soil resources (i.e. water, macro- and micronutrients) that affect plant
performance. There are fundamental differences between the availability and uptake of
water and of nutrients, and also between nutrients of different mobility. Therefore,
root traits cannot be positioned along one single axis of resource availability, calling for
a multidimensional framework instead. In addition, structural (e.g. soil compaction)
and chemical (e.g. soil pH) soil properties further confound root trait variation, and
may further explain why root traits are not always optimally adjusted to soil resource
acquisition alone, and therefore deviate from the RES hypothesis. We argue that in
order to understand divergent uptake strategies across species and environments, root
trait variation should be studied along multiple soil resource axes and in relation to

soil structural and chemical characteristics.
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Secondly, an alternative root trait framework should be established from a
mechanistic perspective to identify functional root traits in relation to plant resource
uptake. We stress that studying the anatomy of fine roots can strongly contribute to
establishing such a mechanistic link between root form and function. For example,
determining whether roots consist of a relatively large cortex or stele area may reveal
the metabolic functioning and structural composition of such roots (Guo et al. 2008a),
and can help explaining why traits such as SRL and root N content are not correlated
as expected from the RES hypothesis (Kong et al. 2014). Moreover, root anatomical
properties have been found to relate to root lifespan (e.g. a thick exodermis associated
with long-lived roots; Withington et al, 2006), and to (arbuscular) mycorrhizal
colonisation (e.g. a high stele : root diameter ratio indicating low fungal colonisation;
Valverde-Barrantes et al., 2016). Finally, root anatomical features have proven
indicative of the functioning of a fine root (i.e. absorptive or transporting) and can be
used to ensure that functionally similar roots are compared across species
(McCormack et al. 2015).

Furthermore, although challenging, more data are required to test the
functionality of individual root traits and their relationships with other root traits. We
realise that particularly root uptake rates, respiration and lifespan are difficult to
measure, especially on large trees in forests. Using relatively easy-to-measure proxies
could be useful in linking root traits to each other, and ultimately to plant performance
and ecosystem processes. Indeed, both the individual studies reviewed and our analysis
suggest that root diameter may be a relatively reliable proxy of root lifespan (Table 3.1;
Appendices 3.d, 3.3), although it should also be considered that traits can be better
explained by a combination of root traits, than by a single one (McCormack et al. 2012).
For root respiration and uptake capacity however, it is too early to agree on using a
general proxy such as root N content, because data are few and inconsistent.
Consequently, more mechanistic studies are needed to clarify the functionality and
relevance of specific root traits in resource uptake, and to determine whether reliable
proxies can be used instead.

Thirdly, to incorporate the various belowground uptake strategies adopted by
different species, the current RES traits set is incomplete. For example, root architectural
traits commonly associated with resource uptake, such as root length density, root hair
length and density (e.g. Holdaway et al., 2011) and branching (e.g. Chen et al., 2013;

Comas et al., 2014; Kong et al, 2014; Liu et al, 2015) are lacking. The importance of
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including them is illustrated by Kong et al. (2014), who demonstrated that root
branching traits (e.g. branching ratio, the number of first-order roots relative to the
number of second-order roots) represent an additional dimension of root trait variation,
independent from the acquisition-conservation spectrum. Species can enhance root
resource uptake not only by producing thinner roots of high SRL as predicted by the
RES, but also by enhancing root length or root branching to rapidly exploit resource-rich
patches (Kong et al. 2014). Therefore, it is important to include these additional traits
simultaneously in order to explain root trait variation across species.

In particular, mycorrhizal interactions present an additional and complex but
crucial uptake strategy for most plant species (Comas et al. 2014; Eissenstat et al. 2015;
Liu et al. 2015). Mycorrhizal fungi affect the availability of soil resources and interfere
with root traits, and may contribute to differential resource uptake and performance
across species. Identifying the mycorrhizal type is an important first step, but this
classification does not necessarily reflect a particular resource strategy, nor does it
consistently explain root trait attributes. Determining fungal exploration types based
on their morphology (e.g. extraradical hyphae and rhizomorphs; Agerer, 2001), and
quantifying mycelium abundance (Wallander et al. 2001; Wallander et al. 2013; Ekblad
et al. 2013) may further reveal the role of mycorrhizal fungi in soil exploration and
exploitation capacities of different tree species. Recent studies have extended the
functional trait approach to mycorrhizal fungi (Koide et al. 2013; Aguilar-Trigueros et
al. 2015; Fernandez and Kennedy 2015), for example by measuring the fungal enzyme
spectrum - related to plant resource availability - and linking this to resource
acquisition (Aguilar-Trigueros et al. 2015). Such steps have the potential to identify the
relevant traits that reflect how mycorrhizal fungi interact with tree roots and resource
uptake for different species, and across multiple soil resource gradients.

Large, worldwide root trait data sets are needed to detect generic root trait
patterns across a variety of species and genera, and biomes (e.g. Chen et al., 2013;
Roumet et al., 2016), as they have proved for leaves (e.g. the TRY database, Kattge et al.
2012). Compiled data sets from different studies should however preferably maintain
the same definition of fine roots, apply consistent and comparative methods of
sampling and analyses, quantify their soil environment and measure functionally
relevant root traits. Such large-scale root trait data sets allow us to simultaneously test
phylogenetic effects and apply phylogenetic corrections, and (soil) environmental and

climate effects on root traits, which may explain a large part of their variation.
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Consequently, their establishment offers a crucial step in examining and establishing
the different axes that together comprise a multidimensional root trait spectrum, and

potentially link these axes to plant performance and ecosystem functioning.
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Appendices

Appendix 3.1 Correlations between key root traits. Root economics spectrum (RES) traits (root nitrogen
content, specific root length, root lifespan) and additional root traits (diameter, tissue density, C : N
ratio) were correlated across studies reviewed. Insets (bottom-left) indicate the expected relationship
according to the RES hypothesis. Black lines represent a significant correlation between the two traits (P
< 0.05). Colours refer to different references from which data were retrieved. Note that data are

presented on a logarithmic scale. Correlation statistics are presented in Appendix 3.3.
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Appendix 3.2 Reviewed references and the number of species, climate zone, and the fine-root traits studied.

Reference No. of species  Climate RES traits measured
zone
Adams et al. (2013)* 4 Temperate SRL, respiration, RL, diameter, C :
N ratio
Chen et al. (2013) 65 Subtropical, SRL, N content, diameter, RTD
temperate
Comas & Eissenstat (2009)* 25 Temperate SRL, N content, diameter, RTD
Comas et al. (2014)* 33 Temperate SRL, diameter, RTD
Eissenstat et al. (2015)* 6 Temperate SRL, diameter, RTD
Gu et al. (2011) (meta-analysis) 18 Boreal, RL, diameter
temperate,
subtropical
Hansson et al. (2013)* 3 Temperate SRL, RL
Holdaway et al. (zom)* 34 woody spp. Temperate SRL, N content, diameter, RTD
(out of 50 spp.)
Kong et al. (2014)* 96 Subtropical SRL, N content, diameter, RTD, C
content
Liu et al. (2015)* 14 Subtropical SRL, N content, diameter, RTD, C
content
Makita et al. (2012) 13 Tropical SRL, respiration, diameter, RTD
McCormack et al. (2012)* 12 Temperate SRL, respiration, RL, diameter,
RTD, C : N ratio
Ostonen et al. (2007)* Boreal SRL, diameter, RTD
Pregitzer et al. (2002)* Temperate SRL, N content, diameter, C
content, C : N ratio
Valverde-Barrantes et al. 6 Tropical N content, RL, C content
(2007)*
Valverde-Barrantes et al. (2013)* 14 Temperate SRL, diameter, RTD
Valverde-Barrantes et al. (2015) 34 Temperate SRL, N content, diameter, RTD, C
content
Withington et al. (2006)* 1 Temperate SRL, RL, diameter, RTD, C : N

ratio

SRL, specific root length; RL, root lifespan; N content, root nitrogen content; RTD, root tissue density; C

content, root carbon content; C : N ratio, root C : N ratio. Some studies have measured additional traits,

e.g. branching intensity, which we do not refer to here. References with an asterisk were included in the

meta-level analysis.
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Appendix 3.3 Pearson correlation statistics between root traits, the number of studies and the number

of data points included in the analysis.

Correlated root traits No. of studies N Pearson r P

SRL N content 5 178 0.07 0.37
Root lifespan 4 30 -0.4 0.03
Diameter 12 268 -0.75 < 0.001
RTD 10 255 0.07 0.23

Root lifespan C : N ratio 4 32 0.22 0.22
Diameter 3 27 0.62 < 0.001
RTD 2 23 -0.58 <o0.01

N content Diameter 178 0.09 0.24
RTD 4 169 -0.23 <o0.01

Diameter RTD 10 255 -0.56 < 0.001

SRL, specific root length; N content, root nitrogen content; RTD, root tissue density. Bold P-values

represent significant correlations (P < 0.05).
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Abstract

Tree roots show plastic responses to their resource environment. Several, contrasting
hypotheses exist on this plasticity, but empirical evidence for these hypotheses is
scattered. This study aims to enhance our understanding of tree root plasticity by
examining intra-specific variation in fine-root mass and morphology, fine-root growth
and decomposition, and associated mycorrhizal interactions in beech (Fagus sylvatica
L.) and spruce (Picea abies (L.) Karst.) forests on soils that differ in resource availability.

We measured the mass and morphological traits of fine roots (i.e. < 2 mm
diameter) sampled to 50 ¢cm depth. Fine-root growth was measured with ingrowth
cores, and fine-root decomposition with litter bags. Mycorrhizal fungal biomass was
determined using ingrowth mesh bags.

Both tree species showed more than three times more fine-root mass, and a ten-
fold higher fine-root growth rate on sand than on clay, but no or marginal differences
in overall fine-root morphology. Within the fine-root category however, beech stands
had relatively more root length of their finest roots on clay than on sand. In the spruce
stands, ectomycorrhizal mycelium biomass was larger on sand than on clay.

In temperate beech and spruce forests, fine-root mass and mycorrhizal fungal
biomass, rather than fine-root morphology, are changed to ensure uptake under
different soil resource conditions. Yet enhancing our mechanistic understanding of
root trait plasticity and how it affects tree growth requires more attention to fine-root
dynamics, the functional diversity within the fine roots, and mycorrhizal symbiosis as

an important belowground uptake strategy.

Key words

Fagus sylvatica, ectomycorrhizal fungi, Picea abies, plasticity, root functional traits
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Introduction

The expression of plant functional traits can be adjusted to the environment, allowing
plants of the same species to grow and survive under various environmental conditions
(Bradshaw 1965; Valladares et al. 2007). Such intraspecific plastic responses to resource
availability have been widely observed on leaves (e.g. Ryser & Eek, 2000; Poorter et al.,
2012; Sterck et al, 2013), but are far less studied on roots (Bardgett et al. 2014),
especially of mature trees growing in forest environments (but see e.g., Ostonen et al.,
1999; Leuschner et al., 2004; Valverde-Barrantes et al., 2007; Hertel et al., 2013). Plastic
responses of roots can be grouped into different root trait categories, being
architectural, morphological, chemical and biotic traits (sensu Bardgett et al. 2014).
Here, we focus on root architectural traits that describe the spatial arrangement of the
root system as a whole (e.g. fine-root mass and length over depth); root morphological
traits that represent properties at the individual fine-root level (e.g. fine-root diameter,
specific root length (SRL), and root tissue density (RTD)); and their relation with biotic
traits (e.g. mycorrhizal abundance).

Fine-root architectural traits are hypothesised to change with the availability of
soil resources (water and nutrients), following the functional equilibrium hypothesis
(Brouwer 1963). This hypothesis predicts that fine-root mass increases relative to
total plant biomass when soil resources are more limiting than light. However, some
studies have confirmed this hypothesis (Yuan and Chen 2010; Hertel et al. 2013),
while others have not (Leuschner and Hertel 2003; Finér et al. 2007; Meier and
Leuschner 2008). Different drivers may underlie such architectural responses; a high
fine-root biomass can be achieved by rapid fine-root growth, but also by low turnover
rates, or both. These underlying drivers of tree root biomass are however difficult to
quantify in forest environments (but see e.g. Withington et al. 2006, Gaul et al. 2008,
McCormack et al. 2012).

Root morphological traits also respond to soil resource availability. On the one
hand, following the resource economics hypothesis (Grime 1977; Craine 2009), poor
soils select for species with thick fine roots that live long, so that valuable plant
resources are conserved (Eissenstat and Yanai 1997; Aerts and Chapin 2000; Wahl and
Ryser 2000; Pérez-Ramos et al. 2012; Reich 2014); such relationships between fine-root
traits and the soil environment might also exist within species. A contrasting

hypothesis, however, predicts thinner fine roots on poor soils, because these roots
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grow fast and can more efficiently exploit the soil for resources (Eissenstat 1992; Ryser
and Lambers 1995; Eissenstat and Yanai 1997; Ostonen et al. 2007b; Holdaway et al.
2011; Prieto et al. 2015). Both hypotheses have been corroborated and refuted with
empirical data (e.g. Fahey & Hughes, 1994; Leuschner et al., 2004; Ostonen et al.,
2007a,b; Hertel et al., 2013).

The extent to which these different root trait categories are plastic in relation to
each other, is currently subject of debate. On the one hand, it has been suggested that
fine-root morphological traits are more plastic than architectural traits (Poorter et al.
2012), but other studies have demonstrated the opposite (Ostonen et al. 2007a; Hertel
et al. 2013; Freschet et al. 2015). Furthermore, both fine-root architectural and
morphological traits may vary as a consequence of interactions with soil biota, such as
ectomycorrhizal fungi, which may confound plastic root responses to resource
availability (Freschet et al. 2015). On poor soils for example, ectomycorrhizal mycelium
biomass increases (Nilsson et al. 2005; Kjoller et al. 2012; Bahr et al. 2013), which
enlarges the soil volume available to the plant (Smith and Read 2008), and therefore
possibly reduces the need for tree root architectural or morphological adjustments.

Because of these complex interactions between various fine-root traits and soil
biota, understanding fine-root trait plasticity requires studying fine-root dynamics
(e.g. root growth), as well as mycorrhizal interactions. Therefore, we studied the
plasticity of several fine-root (i.e. < 2 mm diameter) architectural and morphological
traits, fine-root growth and decomposition, and mycorrhizal fungal biomass in forests
on soils of different resource availability. We hypothesised that - within a species —
forests on resource-poor soils are characterised by 1) greater (relative) fine-root mass
and length, 2) faster fine-root growth and/or slower decomposition to achieve such a
high fine-root mass, 3) higher SRL and lower RTD and fine-root diameter, and 4) larger
ectomycorrhizal fungal biomass, compared to forests on resource-rich soils. We tested
these hypotheses by comparing fine-root traits of two temperate ectomycorrhizal tree
species (European beech (Fagus sylvatica L.) and Norway spruce (Picea abies (L.)
Karst.)) growing in forests on contrasting soils, i.e. a resource-poor, sandy soil, and a

resource-rich clay soil, in the Netherlands.
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Methods

Study sites and design

To assess fine-root plastic responses to soil conditions, we selected forest stands on a
clay and on a sandy soil located in the centre of the Netherlands. These forests are
subjected to similar climate conditions, i.e. a temperate maritime climate with mild
winters and summers, and an annual precipitation of approximately 8oo mm (KNMI,
2009). The clay and sandy soils largely differ in resource availability (Table 4.1;
Appendices 4.1, 4.2). The sandy soils had lower pH, lower CEC, higher C : N ratios of
soil organic matter, and a lower ratio of nitrate over ammonium. Furthermore, plant
available water was lower, and groundwater levels were generally deeper at the sandy
soils (Table 4.1; see Appendix 4.1 for a description of the soil sampling and analyses).
For these reasons, we refer to the sandy soil as resource-poor, and the clay soil as
resource-rich (Hogberg et al. 2003).

On these contrasting soils, we compared fine-root traits of two common,
temperate tree species: European beech and Norway spruce. At each of the two soil
types, we selected three monospecific stands per species. We aimed to minimise age
effects by selecting even-aged stands, but could not avoid some age differences (Table
4.1), although all stands had a closed canopy. Fine-root architectural and
morphological data were collected on roots sampled randomly throughout each stand.
Data on fine-root growth and decomposition, and on mycorrhizal fungal biomass were
gathered by conducting experiments at six selected individual and dominant trees
randomly distributed within each stand in order to maintain a fixed distance between

our experiments and the base of a tree stem.

Root architectural and morphological traits

We collected eight soil samples randomly distributed throughout each stand in August
2013, using a 42 mm root auger. We sampled up to 50 cm depth and separated six
layers: o - 5, 5 — 10, 10 - 20, 20 - 30, 30 — 40, 40 - 50 cm below the soil surface. Roots
were extracted from the soil cores by washing away the soil with a fine-meshed (1 mm)
sieve and by picking the roots from the remaining organic matter and soil particles.
Microscopic inspection of a subset of roots indicated the common occurrence of dark

brown to blackish ectomycorrhizal root tips, colonised by Cenococcum geophilum.
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Discriminating live and dead roots colonised by Cenococcum is not easy, the more so
as turnover rates of these roots are much lower than that of other roots (Fernandez et
al. 2013). In some samples, black rhizomorphs of Armillaria species were common; they
could usually be distinguished from roots by observing frequent anastomoses, i.e.
fusing of different rhizomorphs (Lamour et al. 2007), but smaller fragments could not
always be separated visually from dead roots. Samples where these rhizomorphs were
frequent were not further studied, so that sample sizes for fine-root length density,

SRL, RTD and fine- root diameter varied between four and eight per stand.

Table 4.1 Mean stand and soil variables per species and soil type (+ 1 standard deviation).

Species Beech Spruce

Soil type Clay Sand Clay Sand
Stand properties

Year of establishment 1970s 1938 - 1949 1970s 1974 — 1981
Stand density (trees ha™) 1071 (92.0) 224 (36.6) 917 (438.6) 1553 (446.8)
Basal area (m* ha™) 37.1(4.3) 21.8 (4.1) 43.3 (11.4) 28.2 (3.6)
Mean DBH (cm) 19.6 (1.6) 34.6 (6.3) 24.6 (3.5) 14.5 (1.1)
Mean dominant height (m) 25.0 (1.4) 25.8 (1.5) 22.5(1.2) 17.5 (1.7)
Top soil fine-root mass (g m™) 55.5 (39) 322.1 (113) 158.6 (62) 684.0 (181)

Soil properties

Soil pH (-) 6.8 (2.0) 3.4 (0.9) 6.6 (2.1) 3.4 (0.9)
Soil C : N ratio (-) 1.5 (3.6) 14.5 (6.3) 1.3 (2.7) 14.9 (6.2)
Soil organic matter content (%) 6.6 (1.8) 9.7 (11.4) 83 (4.2) 10.4 (14.1)
Soil N-NO, (mg kg™) 9.0 (5.4) 1o (1.7) 10.1 (5.4) 1.7 (3.6)
Soil N-NH, " (mg kg™) 5.8 (6.9) 12.7 (12.6) 4.6 (2.9) 17.6 (13.3)
Soil P-P,O, (mg kg™) 0.5 (0.3) 1.2 (2.2) 0.5(0.4) 0.6 (1.2)
Plant available water (mm) 239.8 (33.0) 126.0 (23.6) 1411 (42.1) 122.6 (9.4)
Groundwater level* 14 - 32

0.7-1.9 16 - 22 0.7-1.9

(m below soil surface, range) (0.3-2.4)

* Groundwater data represent the range observed across plots, and were less deep at one of the spruce
plots than at the other spruce plots on the sandy soils (between parentheses). Top soil fine-root mass
represents the fine-root mass in the top 10 cm of the soil. Soil variables are represented by the weighted
mean over three soil layers: o - 5, 10 - 20, 30 - 40 cm soil depth (their data collection methods and depth
distribution are presented in Appendices 4.1 and 4.2). DBH, diameter at breast height; dominant height

mean height of six dominant trees per plot; C, carbon; N, nitrogen.
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Fine-root samples were scanned and the scans analysed using WinRhizo (Regent
Instruments, Canada), which measures the total root length and volume per diameter
class and average diameter per soil layer. Fine (< 2 mm diameter) and coarse (> 2 mm
diameter) roots were separated, oven-dried (48h at 70°C) and weighed to determine
root mass, and functional traits were only determined for the fine roots. Fine-root
architectural traits (i.e. fine-root mass and length) were ultimately expressed on a soil
area (i.e. fine-root mass, g m>) and volume (i.e. fine-root length density, cm ¢cm™) basis
to allow comparison with other studies.

Regarding fine-root morphological traits, we calculated SRL (fine-root length /
fine-root dry mass) and RTD (fine-root dry mass / fine-root volume) per soil layer.
Because the WinRhizo software measures the mean diameter of all roots present in
one sample (that is, including the roots > 2 mm diameter), we could not use the
software output on mean root diameter directly for fine roots. Therefore, we calculated
the length-weighted mean diameter of only the fine roots separately; we calculated the
mean root diameter for each diameter class from their mean root volume and length
measured by WinRhizo, and averaged this for all diameter classes < 2 mm diameter
based on the proportion of the total fine-root length covered by each diameter class.
Within this fine-root category, we also calculated the mean root length for different

diameter classes, relative to the total fine-root length.

Root growth

Fine-root growth rates were measured using ingrowth cores. In April 2013, two root
ingrowth cores were installed at each of six study trees per stand (see study sites and
design section). At 1.2 m (spruce) or 1.5 m (beech) from the stem base, we replaced a
block of forest soil covered mainly with litter (20 x 20 x 20 cm) by root-free sand. After
18 months, roots were collected using a 12 cm diameter cylinder from the top 10 cm at
the centre of the ingrowth core. We separated fine and coarse roots and oven-dried
and weighed them as described previously. Fine-root mass data were averaged per
stand as an estimate of fine-root growth rate over the incubation period. Ingrowth data
were expressed per soil area, per growing season (i.e. we divided the root mass after

two growing seasons by two to compare our data with other studies).
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Fine-root decomposition

Fine-root decomposition rates were measured using root litter bags. In March 2014,
roots were sampled from one stand per species from both soil types, and fine roots
were selected and air-dried. Polyester mesh bags (10 x 10 cm, 1 mm mesh size) were
filled with o.5 g of these fine roots. We buried litter bags in proximity to three of the
six study trees in each of the twelve stands at 10 - 15 cm depth, and at 1.2 m (spruce) or
1.5 m (beech) from their stem base, each bag containing the native roots only (i.e. the
roots collected at the respective soil type). Litter bags were collected after seven
months. Four out of the 36 litter bags buried could not be retrieved. The remaining
roots were carefully rinsed, dried and weighed to determine mass loss (% of initial fine-

root mass) as an estimate of fine-root decomposition rate over the incubation period.

Mycorrhizal fungal biomass

Mycelium biomass was determined as a measure of mycorrhizal abundance because
mycelia are the main fungal structure enhancing or even substituting the root absorptive
area (Smith and Read 2008). We used polyester mycorrhizal mesh bags (10 x 6 x 2 cm, 38
pm mesh size) that allow the ingrowth of EM mycelia but not of roots (Wallander et al.
2001; Wallander et al. 2013), which were filled with 145 g of quartz sand. Due to the low
nutritional value of this substrate, mycorrhizal mesh bags are assumed to predominantly
contain mycorrhizal fungi (Wallander et al. 2001). In April 2013, four mesh bags were
buried at each of the six study trees per stand between the organic and mineral soil at a
fixed distance to the stem base (1.1 m for spruce and 1.4 m for beech). Most but not all
mesh bags were retrieved in November 2013: for almost all 72 trees, 3 - 4 mesh bags were
retrieved; for one tree, only one bag was found. The contents of the mesh bags were
pooled per tree. From this pooled sample, two subsamples of 5 g sand each were
analysed as ecological replicates for their ergosterol content following the protocol
described by Bahr et al. (2013). Ergosterol mass per tree was then averaged per stand, and

served as a measure of mycorrhizal fungal biomass (Nylund and Wallander 1992).
Data analyses

Data analyses were carried out within the species (see Appendix 4.3 for full model

statistics including both species). Data were log- or square-root transformed to
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improve homogeneity of variance. Statistical analyses were carried out in R (R Core
Team 2014, packages lme4 and nlme). Fine-root architectural (i.e. root mass and
length) and morphological traits (i.e. SRL, RTD and mean fine-root diameter) and their
distribution throughout the soil profile were compared between soil types using mixed
models that corrected for our nested design and potential dependencies between root
traits from the same stand or soil core (Zuur et al. 2009). Soil type (clay vs. sand), soil
depth and their interaction were included as fixed factors. Stand (nested within the
soil types) and soil core sample (nested within the stand) were added as random
factors. Because fine-root growth and decomposition. and mycelium biomass were
measured at one soil depth only, they were analysed in a mixed model with soil type as
the fixed factor, and stand as random factor. We compared the difference in relative
root length per fine-root diameter class between the two soil types with a similar

mixed-effects model, as these data were analysed for the top soil only.

Results

Intraspecific differences in fine-root architectural traits

In the stands of both species, fine-root architectural traits significantly differed
between soil types. Fine-root mass and length were more than three times higher on
the sandy soil than on the clay soil over the 50 cm soil depth sampled (Figure 4.1a,b,
Appendix 4.4). For both species, basal area was larger, reflecting greater aboveground
biomass at the stand level, on clay than on sand (Table 4.1). Accounting for these
differences in aboveground biomass shows that in the beech forests, fine-root mass per
basal area was 5.8 times higher (N = 12, F,, = 63.33, P = 0.001), and in spruce forests 5.1
times higher on sand than on clay (N = 12, F,, = 78.59, P < 0.001). Soil depth had a
significant effect on fine-root mass and length, and the significant interaction between
soil type and soil depth indicates that the distribution of fine-root mass throughout the
soil profile differed between sandy and clay soils (Figure 4.2, Appendix 4.4). On the
sandy soils, fine-root mass decreased with greater soil depth. On the clay soils, this
vertical decrease in fine-root mass was less strong for spruce, and for beech, fine-root

mass was even slightly higher at 10 - 30 cm soil depth.
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Figure 4.1 Fine-root traits and ergosterol mass for beech and spruce forest stands on clay and sandy soils
(means + 1 standard deviation). Asterisks mark significant differences between soil types within species,
with * P < 0.05, ** P < 0.01, *** P < 0.001. Fine-root mass and length were summed over 50 cm soil depth,

and then averaged per site and species. Fine-root SRL, RTD and mean fine-root diameter were averaged
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over the soil depth per site and species. Ergosterol mass and fine-root decomposition rate were
determined over one growing season. Fine-root ingrowth was measured over two growing seasons but
divided by two to present an annual fine-root growth rate (see Methods section). Ergosterol mass, fine-
root decomposition and fine-root growth rate were measured at one soil depth. Graphs represent raw

data, whereas mixed model outputs are based on log- or square-root transformed data (Appendix 4.4).

Differences in fine-root growth and decomposition

Fine-root growth rates in the ingrowth cores were more than 10 times higher on the
sandy soils than on the clay soils for both species (Figure 4.1c, Appendix 4.4). This
difference may have been caused by the higher initial root mass density at the sandy
soils. However, after one growing season, fine-root mass in the ingrowth cores relative
to the fine-root mass in the bulk soil was also higher at the sandy soils than at the clay
soils. For beech, on the clay soils, the fine-root mass in the ingrowth cores was on
average 17% of the fine-root mass in the bulk soil summed over the top 10 cm (similar
to the soil depth covered by the ingrowth cores; Table 4.1), whereas on the sandy soils,
this percentage was 37%. Spruce fine-root mass in the ingrowth cores was 19% of the
mass in the top 10 cm of bulk soil on the clay soils, and 49% on the sandy soils.
Fine-root decomposition in the beech stands did not differ between soil types,
and after seven months, approximately 20% of the initial fine-root mass in the litter
bags was lost (Figure 4.d, Appendix 4.4). In the spruce stands, fine-root
decomposition rates were significantly lower at the sandy soils than at the clay soils,
with approximately 20% on the sandy soils and 50% on the clay soils of the initial fine-

root mass lost after seven months.
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log- or square-root transformed data (Appendix 4.4).

Intraspecific differences in fine-root morphological traits

Fine-root morphological traits differed little between soil types. Specific root length
and fine-root diameter did not differ between the clay and sandy soils for either species
(Figure 4.1e,g, Appendix 4.4). Fine-root tissue density was significantly higher at the
clay soil than at the sandy soil for beech, but did not differ between soil types for
spruce (Figure 4.f, Appendix 4.4). Within the fine-root category (i.e. the roots < 2 mm
diameter), shifts occurred in the root length - diameter distribution between the two
soil types for beech (Figure 4.3). At the clay soil, the relative root length of the smallest
roots (0.1 — 0.3 mm diameter) was higher than on the sandy soil. At the sandy soil, we
observed relatively more root length of the thicker beech roots (0.4 - 1 mm diameter).
For spruce, fine-root length distribution per diameter class did not differ between the
sandy and clay soils (Figure 4.3).

Soil depth did not affect the morphology of beech roots, as SRL, RTD and mean
fine-root diameter did not change significantly with soil depth (Appendices 4.4, 4.5).
For spruce, fine-root morphology did differ across the soil layers (Appendix 4.4).

However, the variation in SRL showed no clear vertical pattern throughout the soil
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profile, whereas RTD slightly decreased, and mean fine-root diameter slightly
increased with greater depth (Appendix 4.5).

Differences in mycorrhizal mycelium biomass

In the beech stands, mycelium biomass (represented by ergosterol mass) was on
average almost two times higher in the ingrowth bags at the sandy soil than at the clay
soil, but this difference was not significant (Figure 4.1h, Appendix 4.4). In the spruce
stands, mycelium biomass did differ significantly between soil types, and was four

times higher at the sandy soil than at the clay soils.
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Figure 4.3 Proportion of the fine-root length per diameter class relative to the total fine-root length (i.e.
roots < 2 mm diameter) for the top soil (o - 5 cm depth) of beech and spruce trees on clay and sandy
soils (means + 1 standard deviation). Asterisks mark significant differences between soil types within a

diameter class: * P < 0.05, ** P < 0.01. Diameter classes of roots larger than 0.5 mm diameter vary in size.

Discussion
Our work demonstrates strong fine-root architectural and biotic but not

morphological plasticity in beech and spruce forests on contrasting soils. Regarding

architectural plasticity (first hypothesis), fine-root mass and length were higher on the
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sandy soils than on the clay soils in both beech and spruce forests. This finding may be
related to the higher fine-root growth rate on the sandy soils compared to clay soils
(second hypothesis). Fine-root morphological traits (i.e. SRL, RTD and diameter) did
not or only marginally differ between the two soil types for either species, refuting our
third hypothesis. More important than plasticity in fine-root morphology, may be the
mycorrhizal response to the different soil types. Indeed, mycorrhizal biomass was
higher on the sandy soils than on the clay soils, but these differences were only
significant for spruce (fourth hypothesis). Trees on poor soils may thus rely more on
changes in fine-root mass and mycorrhizal abundance than in fine-root morphology to

acquire soil resources, although this dependence may differ between species.

Fine-root mass is larger on sandy soils

In line with our first hypothesis, fine-root mass and length were more than three times
greater on our poor, sandy soils than on the rich, clay soils for both species, as also
observed in other studies (Espeleta and Donovan 2002; Yuan and Chen 2010; Hertel et
al. 2013). It should be noted that we cannot exclude the possibility that fine-root trait
differences also partly resulted from genetic differences (e.g. planting different beech
clones on sand and clay). Furthermore, this result needs to be interpreted cautiously as
differences in aboveground stand variables may confound differences in fine-root mass
between soil types (Finér et al. 2011). Stand basal area (i.e. the total cross-sectional area
of the stems) takes both the mean stem diameter (DBH) as well as the stem density
(i.e. number of trees per hectare) into account, and therefore serves as a proxy of
aboveground biomass at the stand level. Correcting for the smaller aboveground
biomass on sand than on clay resulted in five to six times larger fine-root mass on sand
than on clay, indicating that fine-root mass even more strongly increased relative to
the total plant biomass.

Particularly on the sandy soils, fine-root mass and length decreased with greater
soil depth, measured to 50 cm soil depth. This vertical root distribution follows the
distribution of nitrogen, phosphorus, and soil organic matter throughout the soil
profile (Appendix 4.2). At the clay soils, fine-root mass and length differed across the
soil layers as well, but did not show the strong exponential decrease that was observed
on the sandy soils. At these soils, nutrients and soil organic matter were also more

equally distributed between soil layers than on the sandy soils (Appendix 4.2). For both
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species, approximately 75% of the fine-root mass was located in the top 30 cm on the
clay soils, versus 82% on the sandy soils. These values are higher than those reported in
a meta-analysis by Jackson et al. (1996), i.e. 52% for temperate coniferous forests, and
65% for temperate deciduous forests, possibly partly because of the greater soil depth
covered by Jackson et al. (1996, i.e. more than 2 m soil depth in some of the studies
included in the analysis).

When we compare our fine-root mass data to previous work in beech forests, the
patterns are as expected from our soil properties. In a European-wide root-mass
review, an average of 389 g fine-root biomass m™ was observed for beech (Finér et al.
2007); in our study, beech fine-root mass on the clay soils was lower (i.e. 56% of their
average) and on our sandy soils almost two times higher than the average reported by
Finér et al. (2007). More surprisingly, in our spruce stands, mean fine-root mass was 1.4
times higher on our clay soils, and 4.5 times higher on our sandy soils, than the average
for spruce documented by Finér et al. (2007), i.e. 281 g m~, and we are unaware of the
cause of this discrepancy. Our results thus support our hypothesis that (relative) fine-
root mass increases under limiting soil resource conditions, but without additional
information on the underlying root dynamics, data may be difficult to interpret and to

compare across studies.

Differences in fine-root dynamics driving fine-root biomass

Consistent with our second hypothesis, fine-root mass in the ingrowth cores was
higher in the sandy soils than in the clay soils for both species. This ten-fold
difference cannot merely be attributed to the differences in initial fine-root mass on
the different soil types. On the clay soils, fine-root mass in the ingrowth cores was 15
- 20 % of the fine-root mass in the top 10 cm of the bulk soils, versus 35 - 50 % on the
sandy soils, suggesting faster fine-root growth on the sandy soils for both species.
The large fine-root mass found on the sandy soils may thus be at least partly driven
by faster fine-root growth.

The fine-root growth rates we observed differed from those documented in other
studies. Fine-root growth rates in our beech stands on the clay soils were only 10 % of
the mean annual fine-root production rate reported in a meta-analysis by Brunner et
al. (2012): 15 g m™y", and were comparable on our sandy soils. In our spruce forests,

fine-root ingrowth on the clay soils was approximately half of the mean fine-root
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production rate reported by Brunner et al. (2012): 73 g m™y", whereas on the sandy
soils it was almost five times higher. Root productivity estimates may be difficult to
compare across studies due to methodological differences involved (e.g. in ingrowth
core substrate, incubation time). Nevertheless, the differences between fine-root
growth rates in our work and in other studies are roughly in line with the discrepancies
in fine-root mass between our and other European studies, as here too, fine-root
growth was much faster than predicted from earlier studies, especially for spruce.

The decomposition pattern was partly in line with our second hypothesis, where
we predicted a slower fine-root decomposition on our sandy soils than on our clay
soils. Beech root decomposition rates did not differ between the two sites, whereas
spruce fine-root decomposition was faster on the clay soils than on the sandy soil, as
expected. Higher soil moisture content and soil pH have been found to stimulate
microbial activity and litter decomposition, whereas higher soil C : N ratios generally
have negative effects (Solly et al. 2014). The faster decomposition of spruce roots on the
clay soils can thus be (partly) explained from the differences between our clay and
sandy soils (Table 4.1), but the similar decomposition rates between soil types of beech
roots cannot. Only few studies examined the decomposition rates of beech and spruce
fine roots. We observed approximately 20% mass loss over one growing season, with
the exception of spruce roots on our clay soil (approximately 50% mass loss). Hobbie et
al. (2010) observed 30% mass loss for spruce and 40% for beech fine roots after two
years of soil incubation.

Finally, it should be noted that fine-root growth and decomposition rates were
measured in an experimental setting (ingrowth cores and litter bags, respectively), and
will likely not represent actual root dynamics in the bulk soil. For example, the low
fine-root mass at the clay bulk soil may also (partly) result from slow fine-root growth
due to e.g. soil compaction, that may not occur in our ingrowth cores (Kozlowski
1999). Furthermore, fine-root turnover during the 18-month incubation may also partly
explain differences in fine-root growth between sand and clay. As spruce
decomposition in our litter bags was for example faster on clay than on sand, the
actual difference in fine-root growth rate between the two soil types may be smaller
than reported. However, because both fine-root growth and decomposition were
measured in different experiments, they cannot be directly related to each other.
Nonetheless, as relative measures comparing the two soil types, these experimental

data suggest that the differences in fine-root mass at the two soil types were to a large
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extent driven by differences in growth rate, and not (beech), or to a lesser degree

(spruce), by differences in decomposition rates.

Fine-root morphological traits do no differ between soil types

We further hypothesised that on poor soils, SRL is higher and RTD and fine-root
diameter are lower than on resource-rich soils, in order to increase resource uptake at
relatively low biomass investments (Eissenstat 1992; Ryser and Lambers 1995;
Eissenstat and Yanai 1997; Ostonen et al. 2007b). An opposite hypothesis follows from
resource economics theory that predicts that poor soils select for species with thick
roots of low SRL in order to retain the scarce resources acquired (i.e. a conservative
strategy), whereas rich soils select for species with thin roots of high SRL to efficiently
and rapidly acquire soil resources (i.e. an acquisitive strategy) (Eissenstat and Yanai
1997; Aerts and Chapin 2000; Reich 2014). This trade-off between fine-root traits aimed
at resource conservation and fine-root traits equipped for resource acquisition might
also act within species.

We found no support for either hypothesis. Specific root length, RTD and
diameter did not or only marginally differ between the sandy and clay soils. In the
beech stands, the constant SRL, RTD and mean fine-root diameter throughout the soil
profile also suggest that fine-root morphological traits are little affected by soil
resource availability. For spruce, SRL, RTD and mean diameter differed across the soil
layers sampled, but did not gradually change with increasing soil depth as could be
expected based on decreasing resource availability with greater depth. These results
indicate that fine-root morphology at our sites is not or hardly determined by soil
resource availability. This contrasts with the large number of studies that have
reported consistent increases in specific leaf area (SLA) when light availability
diminishes (e.g. Evans & Poorter, 2001; Poorter et al., 2012; Freschet et al., 2015).
Belowground, other variables such as the anchorage and transport functions of roots
(Poorter and Ryser 2015), or mycorrhizal interactions (Ostonen et al. 2011; Freschet et
al. 2015) may constrain the plastic response of fine-root morphology to soil resource
availability only. These constraints may also explain why our overall results do not
match the resource economics theory that has been generally observed across species

on leaf functional traits, but not on fine-root traits (Weemstra et al. 2016).
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Similar to our results, several studies did not find plasticity in tree fine-root
morphological traits (George et al. 1997; Espeleta and Donovan 2002; Leuschner et al.
2004; Meier and Leuschner 2008; Hertel et al. 2013), whereas others did. For example,
Fahey and Hughes (1994) and Ostonen et al. (2007a) found lower SRL on resource-
poor compared to resource-rich soils, whereas Ostonen et al. (2007b) observed the
opposite response. These results may be partly caused by the different definitions of
fine roots applied across studies. For example, Fahey & Hughes (1994) focused on fine
roots < 1 mm diameter, Ostonen et al. (2007a) studied short, mycorrhizal roots, and
Ostonen et al. (2007b) reported a stronger plastic response in the < 0.5 mm diameter
roots than in the thicker fine roots, whereas we included all roots < 2 mm diameter.
These different fine-root classifications may confound the degree of plasticity generally
observed for root morphology.

Indeed, recent studies suggest that differences in root morphological plasticity
may occur within the fine roots (< 2 mm diameter) (Poorter and Ryser 2015), because
even within this category, root functions may vary (Pregitzer et al. 2002; Gu et al. 201;
McCormack et al. 2015). Our results agree with these observations. In contrast to our
hypothesis but in line with resource economics theory, beech may exhibit a more
acquisitive resource strategy on rich soils, by producing relatively more length of its
finest roots (0.1 - 0.3 mm diameter) that are responsible for resource acquisition. On
poor soils, the species may adopt a more conservative strategy by producing bigger
(fine) roots (0.4 - 1 mm diameter) to enhance fine-root lifespan and retain resources
(Bardgett et al. 2014; Reich 2014). Possibly, fine-root morphological plasticity is most
relevant for the finest roots, which are assumingly most active in nutrient uptake
(McCormack et al. 2015). However, these morphological adjustments may be species-
specific, as for spruce, the fine-root length distribution per diameter class was
strikingly similar between sandy and clay soils. To conclude, overall fine-root
morphology did not differ between our two contrasting soil types; it did change,
however, within the beech fine-root category and these shifts were in line with

resource economics theory.

Ectomycorrhizal fungal biomass is higher on sandy soils

As expected, mycelium biomass was higher on the sandy soils than on the clay soils,

although this was statistically only significant for spruce. Compared to other studies on
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spruce, ergosterol mass on our clay soils was low, but on the sandy soils within the
range of values reported in previous studies. Hansson et al. (2013) for example found a
mean ergosterol mass of 0.3 pg g sand in their 55 - 65 year old spruce stand in
southwest Sweden, and Bahr et al. (2013) found highly variable values between 0.03 -
0.2 pg ergosterol g7 sand across 50 - 109 year old spruce stands in south Sweden. Other
studies, however, reported much higher values, e.g. 0.25 - 0.5 pg ergosterol g” sand
(Wallander et al. 2001), up to 1 pg g" sand found by Wallander et al. (2011) in southern
Sweden. These high values could be attributed to nitrogen deposition that is more
than three times higher in the Netherlands than in south Sweden (Waldner et al. 2014)
and which has a negative effect on mycelium productivity (Bahr et al. 2013). We did
not find comparable studies that measured mycelium biomass based on ergosterol
content in mycorrhizal mesh bags in beech forests.

In addition to our mesh bag results, we also observed more mycorrhizal
morphotypes that produce mycelia on the root tips collected at our sandy soils than on
our clay soil. On the clay soils, we only encountered root tips colonised by mycorrhizal
types that do not produce extraradical mycelia (Appendix 4.6). Together, our results
thus imply that at the sandy soils, particularly in the spruce forests, more carbon was
invested in mycorrhizal fungi that produce extraradical mycelia and are therefore
better equipped for soil exploration and resource uptake than at the clay soils (Bahr et
al. 2013). This strategy also agrees with the thicker fine roots observed on spruce,
compared to beech (Appendix 4.3), which may be beneficial to sustain more
mycorrhizal symbioses (Comas et al. 2002), and over a longer term (Bauhus and

Messier 1999).

Concluding remarks

In temperate beech and spruce forests, fine-root architecture and interactions with
mycorrhizal fungi, rather than fine-root morphology, are plastic in response to soil
resource availability. The lack of a morphological plasticity suggests that SRL is more
constrained by interacting plant and soil properties than assumed. Possibly,
unexplored trade-offs with other root traits (e.g. the trade-off between SRL and fine-
root lifespan; Weemstra et al. 2016), root functions (e.g. resource transport that may
also occur within the < 2-mm diameter class; Guo et al. 2008b) or alternative

belowground uptake mechanisms (e.g. the impact of ectomycorrhizal fungi on fine-
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root diameter; Van der Heijden and Kuyper 2003) control the degree of morphological
plasticity. Furthermore, fine-root plasticity may be species-specific as suggested by the
morphological shifts within the fine roots observed for beech only, and the stronger
mycorrhizal response observed for spruce on the two contrasting soils.

Understanding why certain fine-root traits are (not) adjusted to the soil
environment requires more attention to the underlying drivers of root mass and
morphology, and to other mechanisms that are involved in soil resource uptake. As
plasticity in fine-root mass may be more important than in morphology, further study
on its underlying drivers (e.g. root growth and turnover) is needed to explain these
patterns and test how general they are. Second, mycorrhizal interactions cannot be
ignored in root plasticity studies as they serve as an important alternative uptake
strategy, especially on poor soils, and may compensate for, and interact with, fine-root
morphological responses to resource-limitations. Third, plastic responses may occur
within the fine-root category, thus calling for greater insights in the functional
diversity of this root class. Including these insights in root research is important to
enhance our understanding of tree root trait plasticity, and ultimately to determine its

impacts on tree performance under different soil conditions.
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Appendix

Appendix 4.1. Full mixed model statistics on soil differences between soil types (i.e. clay vs. sand),
species, soil layers, and their interactions. Bold P-values are significant (P < 0.05); df,u,, numerator

degrees of freedom, dfy.,, denominator degrees of freedom.

df um dfen F P
Soil pH
Soil type 1 8 3445.82 < 0.001
Species 1 8 1.52 0.25
Soil depth 1 106 30.37 <0.001
Species x soil type 1 8 0.61 0.46
Soil type x soil depth 1 106 4.63 0.03
Species x soil depth 1 106 1.21 0.27
Species x soil type x soil depth 1 106 13.09 <0.001
Soil C : N ratio
Soil type 1 8 21.72 0.002
Species 1 8 0.00 0.95
Soil depth 1 16 7-75 0.006
Species x soil type 1 8 0.05 0.83
Soil type x soil depth 1 u6 2.46 0.12
Species x soil depth 1 u6 1.42 0.24
Species x soil type x soil depth 1 u6 10.13 0.002
Soil organic matter content
Soil type 1 7 1.66 0.24
Species 1 7 0.45 0.53
Soil depth 1 88 244.57 <0.001
Species x soil type 1 7 0.04 0.84
Soil type x soil depth 1 88 29.50 <0.001
Species x soil depth 1 88 0.05 0.83
Species x soil type x soil depth 1 88 131 0.26
Available NOy’
Soil type 1 8 52.38 <0.001
Species 1 8 0.05 0.84
Soil depth 1 110 145.28 <0.001
Species x soil type 1 8 0.01 0.93
Soil type x soil depth 1 10 1.02 0.31
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Species x soil depth 1 10 o.11 0.72
Species x soil type x soil depth 1 10 2.51 0.12
Available NH,"

Soil type 1 8 19.64 <0.001
Species 1 8 0.44 0.53
Soil depth 1 110 77.51 <0.001
Species x soil type 1 8 1.74 0.22
Soil type x soil depth 1 110 84.57 <0.001
Species x soil depth 1 10 0.08 0.77
Species x soil type x soil depth 1 10 7.1 0.009

Available P-P,Oq

Soil type 1 8 1.09 0.33
Species 1 8 2.66 0.15
Soil depth 1 110 162.33 <0.001
Species x soil type 1 8 136 0.28
Soil type x soil depth 1 110 19.72 <0.001
Species x soil depth 1 110 5.67 0.02
Species x soil type x soil depth 1 110 5.37 0.02
Plant available water* df F P
Soil type 1 9.82 0.01
Species 1 5.65 0.04
Species x soil type 1 4.99 0.06

* Plant available water is an integrated variable based on the effective rooting zone (estimated at 120 cm
below the soil surface) and covers the entire soil profile sampled (o - 40 cm) separated over three layers
as described below. Because this variable was already averaged per stand, it was analysed in a linear

model including the soil type, species and their interaction.
Soil data methods and analyses

Soil data were collected at the plot-level and analysed at three different depths: o - 5, 10 - 20 and 30 -
40 cm depth below the soil surface. Between late August and early September 2013, we collected five soil
samples per plot, which were analysed for available pH, C : N ratios, organic matter content, nitrate,
ammonium, and phosphorus. Plant available water was measured from water retention curves, based
on two soil samples per plot at the same three soil depths. We measured the soil volumetric water
content at different soil water potentials, and deduced the soil water content at field capacity (VWCgc,
soil water potential = -0.01 MPa) and at wilting point (VWCygp, soil water potential = -1.5 MPa). The
differences between VWCgc and VWCyyp per plot and soil layer were used as a measure of plant available

water, and integrated throughout the soil profile assuming an effective rooting depth of 120 cm.

86



Fine-root trait variation within tree species

Differences in soil variables between the two soil types (clay vs. sandy soils) were tested using a
mixed model similar to the model used to compare fine-root traits between soil types (see also the
Methods section). Soil data were log- or square-root transformed to improve homogeneity of variance,
and statistical analyses were carried out in R (R Core Team 2014, packages Ime4 and nlme). All soil
variables except for plant water availability were compared between soil types using mixed models that
can correct for our nested design and potential dependencies between soil data from the same plot or
soil core (Zuur et al. 2009). Soil type (clay vs. sand), species (beech vs. spruce) soil depth and their
interaction were included as fixed factors. Plot (nested within the soil types) and soil core sample

(nested within the plot) were added as random factors.
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Appendix 4.2 Soil characteristics throughout the soil profile in beech and spruce stand on clay and

sandy soils (means + 1 standard deviation). Appendix 4.1 describes the data collection and analyses).
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Appendix 4.3 Full mixed model statistics on fine-root trait differences between species, soil types (i.e.

clay vs. sand), soil layers and their interactions. Bold P-values are significant (P < 0.05); dfuum,

numerator degrees of freedom, dfy.,, denominator degrees of freedom (see model description in the

Methods section).

N Frm dfar T P
Fine-root mass 459
Species 1 8 28.253 <0.001
Soil type 1 8 122.992 <0.001
Soil depth 5 362 38.692 <0.001
Species x soil type 1 8 2.176 0.178
Species x soil depth 5 362 8.073 <0.001
Soil type x soil depth 5 362 19.795 <0.001
Species x soil type x soil depth 5 362 0.598 0.702
Fine-root length density 430
Species 1 8 0.098 0.762
Soil type 1 8 59.797 <0.001
Soil depth 5 334 84.447 <0.001
Species x soil type 1 8 0.362 0.564
Species x soil depth 5 334 6.360 <0.001
Soil type x soil depth 5 334 3.102 0.009
Species x soil type x soil depth 5 334 0.631 0.676
Fine-root ingrowth 72
Species 1 1.678 0.009
Soil type 1 8 55.760 <0.001
Species x soil type 1 8 0.000 0.993
Fine-root decomposition 32
Species 1 4.811 0.060
Soil type 1 10.647 0.012
Species x soil type 1 8 9.151 0.016
Specific root length 429
Species 1 8 54.339 <0.001
Soil type 1 8 2.238 0.173
Soil depth 5 333 0.767 0.574
Species x soil type 1 8 0.940 0.361
Species x soil depth 5 333 2.552 0.028
Soil type x soil depth 5 333 1.605 0.158
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Species x soil type x soil depth 5 333 1.637 0.150
Fine-root tissue density 429

Species 1 8 5.578 0.046
Soil type 1 8 3.904 0.084
Soil depth 5 333 5.287 < 0.001
Species x soil type 1 8 8.896 0.018
Species x soil depth 5 333 0.601 0.670
Soil type x soil depth 5 333 1.917 0.091
Species x soil type x soil depth 5 333 0.652 0.660
Mean fine-root diameter 428

Species 1 8 95.309 <0.001
Soil type 1 8 3.014 0.12
Soil depth 5 332 7.556 <0.001
Species x soil type 1 8 0.545 0.482
Species x soil depth 5 332 6.138 <0.001
Soil type x soil depth 5 332 8.301 <0.001
Species x soil type x soil depth 5 332 2.042 0.072
Mycelium mass 72

Species 1 8 14.400 0.005
Soil type 1 8 33.080 <0.001
Species x soil type 1 8 11.137 0.010

Fine-root trait differences between species

Overall, spruce forests had significantly (c. 1.8 times) more fine-root mass than beech forests, although
fine-root length density did not differ between the two species (Figure 4.1a,b). Furthermore, fine-root
growth in the ingrowth cores was significantly and almost three times higher for spruce than for beech,
but fine-root decomposition rates did not differ between the species (Figure 4.1c,d). Moreover, spruce
also had thicker fine roots (i.e. a greater mean fine-root diameter and lower SRL) and higher RTD
(Figure 4.1e-g). Mycelium biomass was also significantly (c. 2 times) greater in the spruce than in the
beech plots (Figure 4.1h). Interaction effects of species and soil type on fine-root traits measured were

not significant with the exception of RTD and fine-root decomposition.
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Appendix 4.4 Mixed model statistics on fine-root trait differences within species between soil types (i.e.
clay vs. sand), soil layers, and their interactions. Bold P-values are significant (P < 0.05); dfpum,
numerator degrees of freedom, dfg.,, denominator degrees of freedom. Because the use of degrees of
freedom and P-values in mixed effects models is debated, we also selected the best model based on
Akaike information criterion (AIC). The P-values of the models reported here agreed with model

selection based on AIC and are therefore considered robust.

Species Beech Spruce

N dfun dfan F P N dum dfan P
Fine-root mass 221 238
Soil type 1 4 62.0 0.001 1 4 50.2 0.002
Soil depth 5 174 13.5  <0.001 5 188 22.8 <0.001
Soil type x depth 5 174 10.3  <0.001 5 188 2.3 0.049
Fine-root length 210 220
density
Soil type 1 4 46.3  0.002 1 4 13.9 0.020
Soil depth 5 163 241 <0.001 5 171 73.6 <0.001
Soil type x depth 5 163 2.0 0.077 5 171 1.6 0.164
Fine-root ingrowth 36 36
Soil type 1 4 20.5  0.011 1 4 43.6 0.003
Fine-root 17 15
decomposition
Soil type 1 4 0.4 0.543 1 4 23.4 0.008
Specific root length 210 219
Soil type 1 4 0.1 0.767 1 4 6.5 0.063
Soil depth 5 163 0.5 0.766 5 170 41 0.002
Soil type x depth 5 163 2.2 0.057 5 170 0.4 0.862
Fine-root tissue 210 219
density
Soil type 1 4 8.6 0.043 1 4 0.6 0.476
Soil depth 5 163 2.2 0.060 5 170 4.3 0.001
Soil type x depth 5 163 0.9 0.455 5 170 1.9 0.097
Fine-root diameter 209 219
Soil type 1 4 2.4 0.196 1 4 0.66 0.463
Soil depth 5 162 0.2 0.940 5 170 22.5 <0.001
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Soil type x depth 5 162 5.1 <0.001 5 170 4.4 <0.001
Mycelium biomass 36 36
Soil type 1 4 2.3 0.206 1 4 68.0 0.001
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Appendix 4.5 Fine-root morphological trait distribution over the soil profile for beech and spruce
stands on clay and sandy soils (means + 1 standard deviation). Soil depth effects on fine-root traits are

described in Appendix 4.3 (between species) and Appendix 4.4 (within-species).
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Appendix 4.6 Ectomycorrhizal exploration types.

In addition to our mesh bag analyses, we categorised mycorrhizal root tips into different exploration
types (Agerer 2001). Therefore, we sampled fine roots from six soil cores per plot and from three
different soil layers (o - 5, 10 - 20 and 30 - 40 cm depth) in March (spruce) and May (beech) 2014. After
carefully washing out and rinsing the fine roots, they were microscopically classified into three
exploration types based on fungal morphological properties. Using the identification criteria of Agerer
(2001), contact exploration types were characterised by a smooth hyphal mantle with few or no
extraradical mycelium or rhizomorphs; short-distance exploration types were identified based on having
many emanating hyphae but no rhizomorphs; medium- and long-distance exploration types were
characterised by long emanating hyphae and, in some cases, by the presence of rhizomorphs. We
estimated the number of root tips that were colonised by these exploration types, the uncolonised root
tips and the dead root tips, and calculated their relative abundance on the roots sampled.

For both tree species, we observed only contact exploration types on the roots collected at the
clay soil. Due to their smooth hyphal mantle with few extraradical mycelium, they present relatively low
carbon costs, but they are also less efficient in terms of nutrient foraging and transfer to the host tree
(Agerer 2001). In contrast, on the sandy soils, we also observed short- and medium distance exploration
types. With their extraradical mycelia and/or rhizomorphs, they efficiently acquire soil resources, but at
higher carbon costs to the host tree (Hobbie and Agerer 2009). Consistent with our mesh bag results
and other studies, at more fertile soils the abundance of contact exploration types increased, whereas
medium- and long-distance exploration type abundance decreased (Kjoller et al. 2012), and mycelium

productivity was reduced (Nilsson and Wallander 2003; Bahr et al. 2013).
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Abstract

Tree fitness is optimised by a functional balance in above- and belowground resource
uptake. To this end, trees can adjust their leaf and fine-root traits and regulate
resource acquisition. For leaves, such adjustments and their impacts on fitness are
consistent across species and environments, but for roots these are still largely
uncertain. This study explores the impacts of variation in fine-root mass and specific
root length (SRL, fine-root length per fine-root mass) on nutrient acquisition and tree
fitness in different nutrient environments.

We used a whole-tree model that simulates tree fitness for different fine-root
trait combinations and at different nutrient levels. Through above- and belowground
interactions, the model simulates photosynthetic carbon gain, and carbon losses via
tissue respiration and turnover at the whole-tree level. The resulting net carbon gain
is used as a proxy for fitness. We first varied fine-root mass and SRL at a constant
fine-root lifespan and tested their combined effects on tree fitness. Next, we included
a trade-off between fine-root lifespan and SRL in the model to examine its
consequences for tree fitness. This trade-off implies that high-SRL roots have high
turnover, which present carbon replacement costs to the tree. Finally, we lowered the
soil nutrient concentrations to study how fine-root traits influenced fitness in a
different resource environment.

According to the model, tree fitness increased with fine-root mass. This increase
was particularly strong when SRL increased with constant fine-root lifespan.
Incorporating the trade-off between SRL and fine-root lifespan showed that a high
fine-root mass in combination with low SRL also provides a viable uptake strategy,
resulting in similar fitness for different fine-root trait combinations. On nutrient-poor
soils, the optimal fitness could be achieved by both an increase in fine-root mass and
in SRL. Yet the SRL values required to optimise fitness according to the model, are
high compared to previous empirical work. This suggests that the forest soil presents
important constraints to, and opportunities for, tree resource uptake, that were absent
in the model. This study is a first exploration of how whole-tree models can yield
qualitative insights in above- and belowground interactions, but quantitative

parameterization and validation of such models require more data.
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Introduction

Tree fitness depends on the availability and uptake of light, CO,, water and nutrients.
To optimise fitness, i.e. growth, survival and reproduction, trees maintain a functional
balance in the uptake of these different resources, i.e. carbon, water and nutrient
acquisition need to be matched in such a way that neither of these resources limits
growth (Cannell and Dewar 1994). This implies that trees change their leaf and fine-
root traits in order to acquire the resource that is most limiting. Consequently, when
light availability decreases, trees generally increase their aboveground uptake area by
an increase in total leaf area, or in specific leaf area (SLA, leaf area per leaf mass) to
enhance their carbon gain and hence, fitness (Poorter and Nagel 2000; Janse-Ten
Klooster et al. 2007; Poorter et al. 2012). Similarly, when soil resources are limiting,
trees may increase their fine-root mass and/or specific root length (SRL, fine-root
length per fine-root mass) to enhance water and nutrient uptake (Ostonen et al. 2011
Hertel et al. 2013). However, if and how these fine-root traits are adjusted and how this
affects fitness is still largely unclear.

The relationships between soil resource availability, fine-root traits and tree
fitness have been studied within and across species. Within species, these
relationships have often been studied in terms of plasticity, i.e. individuals of the
same species adjusting their phenotype to enhance fitness in different environments
(Bradshaw 1965; Sultan 2000; Valladares et al. 2007). On poor soils, the expected
increase in fine-root mass (Brouwer 1963) and/or SRL (Eissenstat and Yanai 1997)
relative to conspecific on rich soils has not been unambiguously confirmed by data
(Chapter 4; Fahey and Hughes 1994; Leuschner and Hertel 2003; Finér et al. 2007;
Meier and Leuschner 2008; Yuan and Chen 2010; Hertel et al. 2013; Brunner et al.
2015). Across species, the resource economics hypothesis predicts that species with a
high SRL acquire resources more rapidly, and therefore grow faster, than species with
a low SRL (Reich 2014), but this hypothesis is also not consistently supported
(Chapter 3). Neither the plasticity, nor the resource economics approach have thus
yielded general insights regarding the role of fine-root traits in tree fitness in
different resource environments.

Several issues may contribute to these inconsistent relationships between
resource availability, fine-root traits and fitness. First, fine-root traits are not always

optimised for resource acquisition alone, because they are also influenced by soil
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properties not directly related to resource availability, such as mycorrhizal fungi or soil
compaction (Chapters 3 and 4). Therefore, variation in e.g. SRL may not directly reflect
a plastic response to the soil environment or species’ fitness, but a mere response to
e.g. soil density. Second, various uptake strategies exist belowground (Chapters 3 and
4). Therefore, fast-growing species do not necessarily require a high SRL to ensure
resource supply to the crown. They may also increase their fine-root mass, a trait rarely
considered in the context of resource economics (Chapter 3). Third, the impacts of
changing fine-root mass or SRL on tree fitness do not only depend on their uptake
benefits, but also on their carbon costs which may come at the expense of tree fitness.
An increase in fine-root mass requires carbon for the production and respiration of
fine roots, and an increase in SRL may shorten fine-root lifespan (Chapter 3;
McCormack et al. 2012) so that carbon is more rapidly needed to replace shed roots.

This study aims to unravel the impacts of fine-root traits on nutrient acquisition,
aboveground functioning and tree fitness in different nutrient environments. More
specifically, we test which combination of fine-root mass and SRL leads to optimal
fitness under different soil nutrient conditions. We address our research objective with
a mechanistic growth model that integrates below- and aboveground traits and
resource uptake, and simulates tree fitness based on their interactions. This model
permits us to test fine-root trait effects on fitness at different nutrient levels, while
keeping other soil parameters constant, premises difficult to realise in the forest.
Furthermore, the model allows us to not only include how these fine-root traits
together contribute to uptake, but also to quantify the carbon costs involved in
changing these two traits, and determine under which conditions one strategy may be
more advantageous to fitness than another.

We therefore coupled roots and nutrient uptake mechanisms to an existing
aboveground growth model (Sterck and Schieving 2011; Sterck et al. 2014; Sterck et al.
2016). The model now integrates above- and belowground traits to simulate the net
carbon gain, which equals the carbon fixed by photosynthesis minus the carbon that is
lost by whole-tree respiration and tissue turnover (i.e. via shedding plant biomass;
Figure 5.1). In our simulations, these carbon processes are controlled by fine-root mass,
SRL and indirectly fine-root lifespan, and leaf area index (LAI). Fine-root mass and SRL
determine water and nutrient uptake, and LAI determines crown photosynthetic
carbon gain. These below- and aboveground traits are connected as water and nutrient

uptake by fine roots limit LAI and crown photosynthesis, whereas LAI drives the water
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uptake by the roots by evaporative demand. At the same time, changes in fine-root
mass, SRL and LAI incur carbon losses at the whole-tree level. A high fine-root mass
and high LAI lead to carbon losses by tissue respiration and turnover; a high SRL may
incur carbon losses due to the short lifespan of high-SRL roots.

Here, we explore how trees optimise their fine-root and crown traits such that
they achieve maximum net carbon gain, which is considered a proxy for plant fitness.
With this model, we test three hypotheses to explore the role of fine-root mass and
SRL in tree fitness. First, we expect that the net carbon gain increases with fine-root
mass and SRL, as the availability of more water and nutrients will allow higher crown
photosynthetic rates. We also expect that this positive effect is stronger for SRL than
fine-root mass, because the latter involves greater carbon costs for a given
belowground uptake area (due to higher fine-root respiration and turnover costs) as
illustrated by Figure 5.1. This first hypothesis assumes a fixed fine-root lifespan, i.e.
independent from SRL. This assumption is however challenged in the second
hypothesis, where fine-root lifespan varies with SRL. We expect that the trade-off
between fine-root lifespan and SRL reduces the net carbon gain for high-SRL roots,
because such roots need to be replaced more rapidly and therefore imply additional
carbon costs. Third, we hypothesise that trees on nutrient-poor soils will invest in a

larger absorptive area by increasing their fine-root mass, SRL, or both.

Model

Our model is based on an existing tree-growth model that calculates daily carbon gain
based on aboveground (crown and stem) structure and physiology (Sterck and
Schieving 2011; Sterck et al. 2014; Sterck et al. 2016). In this model, crown
photosynthesis is calculated from a biochemical photosynthesis model (Farquhar et al.
1980), a stomatal conductance model and water transport model (Tuzet et al. 2003),
and scaling procedures from leaf to the whole-tree level (Sterck and Schieving 20m).
This model has been previously applied to examine plant aboveground traits, structure
and mechanisms along environmental and climatic gradients (Sterck and Schieving
2011; Sterck et al. 2014; Sterck et al. 2016). Here, we focus on incorporating a
belowground component into the model that is linked to aboveground functioning,

and which together determine tree fitness.
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Figure 5.1 Conceptual whole-tree growth model. The whole-tree net carbon gain is calculated based on
underlying whole-tree carbon dynamics (i.e. tissue turnover, photosynthesis and respiration; grey boxes)
that are in turn determined by interacting crown (i.e. LAI; green box) and fine-root (i.e. mass, SRL,
lifespan; light-brown boxes) traits and uptake rates. Uptake of water and nutrients (blue boxes) is
determined by the root-absorptive area (reflected by fine-root mass and SRL), and drives the LAI a tree

can maintain. Leaf area index determines the amount of carbon gained via photosynthesis. Carbon
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losses are driven by fine-root mass, LAI and sapwood mass in stem and coarse roots (via tissue turnover
and respiration), and indirectly by SRL when it is negatively correlated to fine-root lifespan (via tissue
turnover). Scenario I serves as a base line simulation and builds on the model as a whole, but excludes
the negative correlation between SRL and fine-root lifespan; this trade-off is added to the model in
scenario II (grey circle); in scenario III, the soil nutrient level in the bulk soil was halved (grey circle).
Water availability did not differ in this modelling study. Solid lines indicate positive relationships;
dashed arrows represent negative relationships; orange arrows emphasise the above-belowground
interactions that are key to the model. The inset shows how fine-root nutrient uptake is modelled
(explained in Methods section) as a function of the bulk soil nutrient concentration (soil nutrients,
brown box), among others. Note that in the model, the actual shapes of the crown and root system are

considered to be cylinders in which leaves and fine roots, respectively, are uniformly distributed.

Whole-tree structure and resource fluxes

Aboveground, the model describes a simplified, three-dimensional tree structure,
which consists of a cylindrical crown of given dimensions with leaves distributed
homogeneously, and a stem of a given length and sapwood area connected with the
leaves. Within the crown, leaves are equally distributed, and their photosynthetic
capacities are characterised by an average leaf nitrogen content and SLA. Leaf nitrogen
is optimally distributed along the vertical light intensity gradient within the crown,
following a big-leaf model approach (Sellers et al. 1992). This simulation model,
including the aboveground traits and mechanisms and their effect on the whole-tree
carbon balance, has been described in greater detail by Sterck and Schieving (2011), and
Sterck et al. (2014, 2016).

Belowground, the fine-root system is considered a cylindrical shape of given
dimensions parallel to the crown. In addition, a coarse-root system of given length and
sapwood area is connected with the stem base and the fine roots. Analogous to the
leaves in the crown, the fine roots are evenly distributed within this root system
cylinder. This uniform fine-root distribution is not conform reality where fine roots are
heterogeneously distributed over the soil (Jackson et al. 1996), but our simplified
system allows an explicit study of the impacts of fine-root traits on resource uptake,
the carbon balance, and fitness. Three crucial components have been added to the
existent model: 1) resource supply from the bulk soil to the fine roots, 2) resource
uptake by the fine roots, and 3) transport of resources from the fine roots to the stem
base and ultimately to the leaves.

At the fine-root level, we simulated the supply and uptake of nutrients by

separating the soil into two components: the bulk soil and the rhizosphere. Soil

104



Fine-root trait effects on tree growth

nutrient supply is represented by solutes moving from the bulk soil to the rhizosphere,
and root nutrient uptake is represented by nutrients moving from the rhizosphere into
the fine root (Figure 5.1). The rhizosphere is here represented by a depletion zone set
at 1-mm length surrounding the fine-root surface area. In this model, we assume a
steady-state in the nutrient concentration in the rhizosphere, so that the nutrient
supply rates from the bulk soil equals the nutrient uptake rates by the fine root. We
used nitrogen as the model nutrient that is a key component in tree functional
processes, e.g. photosynthetic capacity in the leaves and nutrient acquisition capacity
in the fine roots, that were both fixed in the simulations.

First, the nutrient flux from the bulk soil to the rhizosphere (that is, soil supply)
is determined by diffusion and water mass flow. Diffusion is determined by the area of
the rhizosphere (area,), a diffusion coefficient (Dy), the difference between the solute
concentration in the bulk soil (Sp) and the rhizosphere (S,,), and the length of the
diffusional pathway (L). Mass flow is determined by the water influx (v) and the solute
concentration in the bulk soil. Both processes thus drive the nutrient influx rate into

the rhizosphere, which was calculated with the following equation:

(Sp=Srn)

Soil supply = area,, * Dy — -

+v xS, (eq. 5.1)
where the first term describes nutrient influx by diffusion, and the second term
describes nutrient influx by mass flow.

Second, the solute flux from the rhizosphere to the fine root (that is, uptake), is
described by an adjusted Michaelis-Menten equation. As such, uptake is determined
by the root area (area,), the root uptake capacity (Vmax), the solute concentration in
the rhizosphere, and the Michaelis constant (K., i.e. the substrate concentration
required to achieve 50% of Viay). The root area in this equation is described by fine-
root mass and SRL that characterise the root absorptive area, and hence, regulate

nutrient uptake. Root uptake was calculated with the following equation:

Vinax* Srn

Uptake = area, *
Srnt Km

(eq. 5.2)
Third, nutrients and water are transferred from the fine roots through the coarse roots

and stem to the crown where they drive photosynthetic carbon gain. The above- and

belowground plant parts are thus connected via the fluxes of resources. As explained
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above, the uptake of water and nutrients partly depends on the belowground uptake
area of the tree, which is determined by fine-root mass and SRL. These acquired soil
resources constrain the LAI and hence, photosynthetic carbon gain, but up to a
predefined maximum LAI of 5 (Bréda 2003); greater values were assumed ecologically
unviable as too little additional light is intercepted with a greater LAI due to self-
shading within the crown (Horn 1971). In turn, the carbon acquired in the crown allows
for paying the respiration and turnover costs of different plant parts, and the greater

the surplus of acquired carbon, the greater the expected fitness of the tree.

Whole-tree carbon balance

Together, fine-root traits and LAI drive the different components of the whole-tree
carbon budget, i.e. photosynthesis, respiration and tissue turnover, in different but
interrelated ways (Figure 5.1). First, photosynthesis is directly constrained by LAI: a
larger LAI allows greater photosynthetic carbon gain as more light is intercepted in the
crown. In turn, the LAI may be limited by nutrient uptake, as leaves require relatively
high nutrient levels to maintain photosynthetic capacity. Second, whole-tree
respiration is driven by the respiration costs of leaves, sapwood (in the stem and coarse
roots) and fine roots. The sapwood respiration was kept constant, and is based on a
constant mass-based respiration rate. Fine-root and leaf respiration rate are driven by
their respective nutrient contents, which are supposed parts of active proteins involved
in nutrient uptake and photosynthesis, respectively. Third, whole-tree tissue turnover
represents the total carbon loss per day via shedding of leaves, sapwood of the coarse
roots and stem, and fine roots. It is directly determined by tissue mass and tissue
lifespan (as explicitly illustrated for fine roots in Figure 5.1). From these integrated
carbon-processes based on crown and fine-root properties, the net carbon gain is

calculated as photosynthesis - respiration - turnover (kg carbon day™).

Model parameterization

The key aboveground parameters describing our model tree are presented in Table 5.1.
For other aboveground trait values, the model was parameterised as described in
Sterck et al. (2016). The belowground structure is defined by the root system radius
that is set equal to that of the crown, that is, at 5 m, and a rooting depth fixed at 2 m

(Canadell et al. 1996). Within this fine-root system cylinder, we modelled a range of
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fine-root mass (i.e. o - 1 kg fine-root mass m> soil) and SRL (i.e. 0 - 200 m g") values.
These values are based on previous work (Chapters 3 and 4), and extended to better
demonstrate and understand the underlying mechanisms of the whole-tree carbon
balance. The belowground processes that directly contribute to this carbon balance are
fine-root respiration and turnover (Figure 5.). Their respiration and turnover
parameters (and those of other plant organs) were obtained from the literature
(Appendix 5.3), and summed for all plant organs as whole-tree measures of respiration
and turnover. Fine-root respiration rates were based on Reich et al. (2008), but were
lower in our model simulations and used to balance the carbon budget and arrive at
more realistic carbon balance predictions. Soil resource supply and fine-root uptake
parameters are obtained from the literature, but were not completely available for tree

species specifically (Table 5.1).

Table 5.1 Key model parameters of above- and belowground traits and soil nutrient availability.

Value Unit Source

Aboveground traits

Specific leaf area 200 m* kg Lambers et al. (1998)

Leaf nitrogen content 2 % Lambers et al. (1998)

Wood density 500 kg m? Niklas (1992); van Gelder et al. (2006)
Fine-root traits

Diameter 0.5 mm Chapter 4, this thesis

Tissue density 03 gcm? Chapter 4, this thesis

Fine-root uptake parameters

Michealis-Menten 0.2 mol nutrient  Siddiqi et al. (1990)
constant (K,,) m” soil water
Fine-root uptake 10%10°° mol nutrient Itoh and Barber (1983)
capacity (Viax) m™> fine-root

areas”

Soil nutrient parameters

© m’s” Nielsen (2006)

Diffusion coefficient (Dy) 10*10™
Soil nutrient content (S;) 0.5(I,II) mol nutrient  Leeters and Vries (2001)

0.25 (IlI)  m?soil

Latin numbers refer to scenarios when parameters differed between scenarios.
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Model simulations

We decided to simulate trees with a steady state in their water and nutrient uptake
and loss. This implies that the simulated trees maintain their initial structure. Trees
with a negative carbon balance are expected to die, and those with a positive carbon
balance are expected to use their carbon for storage, growth or reproduction, which
are associated with fitness.

Consequently, transpiration rates in the crown equal the water flow through the
stem and the uptake rate of water by the fine roots. In this model, water uptake is
regulated by the LAI that represents the evaporative pull, and by the leaf water
potential, as stomata are being closed when insufficient water is available to maintain
transpiration rates. At the same time, fine-root mass and SRL determine water uptake
as a large root-absorptive area allows more rapid water uptake. Earlier work studies the
tree water relations with this model (e.g. Sterck et al. 2016), whereas this study focuses
explicitly on nutrient uptake and how it constrains plant structure and functioning.

Furthermore, nutrient uptake rates by the fine roots are assumed equal to the
nutrient losses via whole-tree tissue turnover. This steady-state in whole-tree nutrients
indicates that nutrient uptake by fine roots constrains the LAI, as leaves require
nutrients and need to be replaced. We chose to relate root nutrient uptake to the LAI
of a tree, representing its crown photosynthesis, and not to its photosynthetic capacity

at the leaf (mass or area) level.

Hypothesis-testing

First, a sensitivity analysis of our model demonstrates to what extent the whole-tree
net carbon gain and its three underlying components (photosynthesis, respiration,
turnover) respond to variation in root traits (SRL, fine-root mass, fine-root lifespan,
total root system radius, and fine-root tissue density). Next, we determine the (carbon)
costs and (uptake) benefits of adjusting SRL and fine-root mass to the soil
environment, and explore their impacts on the whole-tree net carbon gain by running
three model scenarios corresponding to our three hypotheses: I) fixed fine-root
turnover, II) the trade-off between SRL and fine-root turnover, and III) changes in
nutrient availability. In scenario I, we examine the combined effects of fine-root mass
and SRL on resource uptake and LAI, and ultimately on the net carbon gain and its

underlying carbon processes (photosynthesis, respiration and turnover). In this
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scenario, fine-root lifespan is fixed at 200 days, based on field observations on tree
roots reported in the literature (Chapter 3). This scenario enables us to test our first
hypothesis that both an increase in fine-root mass and in SRL lead to a higher net
carbon gain, but that the impact of increasing SRL would be larger than that of fine-
root mass because its carbon costs per absorptive area are lower.

The second scenario tests the effects of the assumed trade-off between SRL and
fine-root lifespan on tree fitness by running the model with a variable fine-root
lifespan as a function of SRL based on Chapter 3 (Figure 5.1). Comparing the
outcomes of scenario I (fixed fine-root lifespan) and II (variable fine-root lifespan)
thus demonstrates its impacts on whole-tree performance. Scenario II allows us to
test our second hypothesis, where we expect that - compared to the first scenario -
the net carbon gain is suppressed by a high SRL due to larger carbon costs via faster
fine-root turnover.

In the third scenario, we run the same model as in the second scenario, but
reduce the nutrient concentration in the bulk soil with 50% (Table 5.1). Similar to
scenario II, fine-root lifespan still varies with SRL. We then compare the outcomes of
scenario III (nutrient-poor soil) to those of scenario II (fertile soil) to determine
whether fine-root trait effects on fitness change in a different nutrient environment.
We test the hypothesis that on a nutrient-poor soil the optimal net carbon gain is

achieved by an increase in fine-root mass, SRL, or both.

Results

Sensitivity analysis

The whole-tree net carbon gain was most sensitive to the root system radius (i.e. the
radius of the cylinder describing the size of the root system; Table s5.2). Next, it
responded strongly to SRL and fine-root mass. These three root traits all positively
affected the net carbon gain, whereas fine-root turnover - and to a lesser extent fine-root
tissue density - had a negative impact. Whole-tree photosynthesis, respiration and
turnover responded similarly (Table 5.2). They showed strongest and positive effects of
root system radius, SRL and fine-root mass, and small and negative effects of fine-root
tissue density. None of these underlying components responded to fine-root turnover

(except for whole-tree turnover rates) because these components were not related in our
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model structure (Figure 5.1). Overall, this analysis suggests that the fine-root traits

considered in our study can influence the whole-tree carbon balance substantially.

Table 5.2 Fine-root trait effects on the whole-tree net carbon carbon balance. Sensitivity values (%)
reflect the relative change in the response of the carbon balance components when the explanatory

variable (i.e. root trait) changes with 10% and other variables remain constant.

Root traits (units)

Sensitivities (%) Specificroot  Fine-root Root Root tissue Root system
length mass turnover density radius
(mg") (kg root m> da (kg root m> (m)
soil) root)
Net carbon gain 3.69 3.08 -2.13 -0.78 6.39
Photosynthesis 0.70 0.99 o -0.15 2.10
Respiration 0.45 0.64 o -0.09 1.35
Turnover 0.10 0.74 0.60 -0.02 1.52

Fine-root trait effects on the whole-tree carbon budget

Scenario 1 simulated whole-tree carbon processes (i.e. turnover, respiration,
photosynthesis and net carbon gain) from the defined range of fine-root mass and SRL
values and a constant fine-root lifespan fixed at 200 days. The whole-tree net carbon
gain ranged between -0.4 and 0.4 kg carbon d™ (Figure 5.2a). According to our model,
it was optimised at relatively high SRL (i.e. more than 100 m g”) and low fine-root mass
(i.e. less than 0.3 kg m?). Furthermore, the o-isocline indicated a negative carbon
balance for high fine-root mass values (i.e. more than ~0.6 kg m), almost regardless of
variation in SRL. Whole-tree photosynthesis and respiration increased with fine-root
mass and SRL (Figure 5.2d,g), whereas whole-tree turnover increased predominantly
with fine-root mass (Figure 5.2j). These impacts of fine-root mass and SRL on the
carbon balance were explained by the patterns in LAI (Appendix 5.1a). Increasing SRL
and fine-root mass led to higher LAI due to increased soil resource uptake up to a
predefined maximum LAI of 5 (see Model section), so that a higher SRL and/or fine-

root mass also hardly influenced photosynthesis and respiration beyond this value.
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Scenario

Net carbon gain

0.6
0.4

0.2

Photosynthesis
1.0

Carbon gain
(kg d)

Respiration

0.8

0.6

Fine root mass (kg m)

0.4 0.5
0.2

Turnover
1.0

0.0
0.8

Specific root length (m g*)

Figure 5.2 Simulated whole-tree responses to fine-root trait variation. Net carbon gain (a - ¢) and
underlying components (d - f, photosynthesis, g - i, respiration, and j - 1, turnover) under given ranges
of SRL (x-axes) and fine-root mass density (y-axes) for three model scenarios (columns: I, fixed fine-root
lifespan of 200 days; II, fine-root lifespan as a function of SRL; III, reduced soil nutrient concentrations).

Bold lines (a - ¢) mark the o-isoclines where whole-tree carbon gain = carbon loss.

Scenario II equalled scenario I, except that fine-root lifespan was not fixed but
depended on SRL. Here, the modelled net carbon gain ranged between -0.6 and 0.4 kg
carbon d” (Figure 5.2b). Similar to the first scenario, the optimal net carbon balance

was still achieved at high SRL and low fine-root mass. Compared to scenario I (Figure
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5.2a), the optimum moved slightly to the left (i.e. towards lower SRL values, Figure
5.2b) due to the higher turnover rates and associated carbon costs of high SRL-roots.
Furthermore, the o-isocline indicated an additional uptake strategy where trees with a
fine-root mass of more than 0.6 kg m™ and a SRL below 70 m g" also had a positive
carbon balance, as opposed to scenario I, where the same root-trait combination
resulted in a negative carbon balance. This viable fine-root trait combination resulted
from the changes in whole-tree turnover, where trees with low-SRL roots had lower
turnover carbon costs (compare Figure 5.2j and k). The trade-off between SRL and
fine-root lifespan did not influence whole-tree photosynthesis and respiration
(compare Figure 5.2d and e, and 5.2g and h, respectively).

In scenario III, we tested the impacts of soil nutrient availability on the tree carbon
balance. We reduced the nutrient concentration in the bulk soil by 50%, and ran the
same model as in scenario II. On this nutrient-poor soil, the net carbon balance ranged
between -o0.5 and 0.2 kg carbon d”, and was lower than on the more fertile soil of
scenario II for given fine-root trait combinations (compare Figure 5.2b and c). The o-
isocline further showed that on the nutrient-poor soil, a SRL lower than 50 m g resulted
in a negative carbon balance (Figure 5.2c), where the more fertile soil still allowed a
positive carbon balance (Figure 5.2b). Furthermore, the optimal net carbon gain shifted
further to the right and upwards, indicating that a higher SRL and larger fine-root mass
were required to maximise the whole-tree net carbon balance on poorer soils. These
patterns resulted from the lower whole-tree photosynthesis and respiration rates owing
to a lower LAI that could be supported by the same combination of fine-root mass and
SRL on the nutrient-poor compared to the more fertile soil (compare Figure 5.2e and f,
and 5.2h and i). Lowering the bulk soil nutrient concentration had a marginal impact on

whole-tree turnover (compare Figure 5.2k and 1).

Discussion

This study explores the consequences of variation in fine-root mass and SRL for
nutrient acquisition, crown structure and the net carbon gain of trees at different
nutrient availabilities. The simulated tree fitness could be qualitatively explained by
above- and belowground trait interactions and resource loss and uptake within our
model. Furthermore, our model simulations demonstrate how the trade-off between

SRL and fine-root lifespan gives rise to alternative uptake strategies; trees that invest in
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fine-root mass have a similar fitness as trees that increase their SRL to enhance
nutrient uptake. On nutrient-poor soils, tree fitness benefited from an increase in SRL
and in fine-root mass, but for the same root-trait combinations, tree fitness was lower
than on the more fertile soils. Here, we discuss our model outcomes and compare with
empirical data from Chapters 3 and 4 in order to interpret them in the context of tree
fitness. These empirical results represent data on interspecific root-trait variation,
resource acquisition and tree growth from a literature review (Chapter 3), as well as
data from our field study on intraspecific differences in fine-root traits from a

resource-poor sandy soil and a resource-rich clay soil (Chapter 4).

Fine-root trait effects on tree fitness

We first hypothesised that the net carbon gain would increase with both fine-root
mass and especially SRL when fine-root lifespan was fixed at 200 days (scenario I). In
line with this expectation, the highest net carbon gain was realised at relatively high
SRL (higher than 100 m g") and low fine-root mass (less than 0.3 kg m?). High-SRL
roots greatly increased the belowground uptake area and therefore led to higher
carbon gain in the crown, which is also predicted by the root economics spectrum
hypothesis (Reich 2014). At the same time, the carbon costs of high-SRL roots were
relatively low and indirectly occurred through a high LAI, which coincided with high
leaf respiratory and turnover costs. An increase in fine-root mass also enlarged the
belowground uptake area but at a substantial carbon cost to the tree due to higher
whole-tree respiration and especially due to higher turnover rates: fine-root turnover
accounted for 60% of the whole-tree turnover (Table 5.2). In our model, increasing
fine-root mass beyond 0.6 kg m™ was no viable strategy to enhance fitness. From this
point onward, the higher photosynthetic carbon gain did not compensate for the
increased carbon costs involved in producing and maintaining more fine roots.
Compared to empirical data, the SRL-values leading to maximum fitness we
found, are high. In fact, only eight out of 94 temperate tree species included in our
literature review (Chapter 3) had a SRL larger than 100 m g". Across all these species,
the mean SRL was 45 m g”. In Chapter 4, we found SRL-values below 50 m g for Fagus
sylvatica (L.) and Picea abies ((L.) Karst.) (see Figure 5.3a) and so did several other
studies for temperate tree species (Bauhus and Messier 1999; Makita et al. 2010; Hertel

et al. 2013). In contrast, the fine-root mass values we observed for our two study species
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(Chapter 4) did approximately agree with the range of fine-root mass values that would
lead to a positive carbon balance in the model (Figure 5.3a). In the field, especially the
SRL of temperate tree species may thus be limiting tree fitness as expected from this

first model scenario.

Figure 5.3 Fagus sylvatica and Picea abies trees in our modelled fitness landscape for three model
scenarios. Model scenarios: I, fixed fine-root lifespan of 200 days; II, fine-root lifespan as a function of
SRL; 111, reduced soil nutrient concentrations). Bold lines mark the o-isoclines where whole-tree carbon
gain = carbon loss. Species’ positions are based on empirical fine-root mass and SRL data measured on a
resource-rich clay soil and a resource-poor sandy soil in the Netherlands (Chapter 4). Triangles
represent P. abies trees, circles represent F. sylvatica trees, open symbols refer to the sandy soils, black

symbols refer to the clay soils.

In fact, the model suggests that especially our study species P. abies (Chapter 4)
had a negative or neutral carbon balance based on its fine-root mass and SRL on both
study sites (Figure 5.3a). In the field though, these studies trees grow and survive. This
discrepancy between empirical and model outcomes could point at the importance of
mycorrhizal symbiosis for tree nutrition (Smith and Read 2008), as almost all tree
species are mycorrhizal. Through their thin hyphae, mycorrhizal fungi strongly
enhance the belowground uptake area and therefore nutrient uptake of the tree in
exchange for carbon. By comparison, specific hyphal length (i.e. hyphal length per unit
hyphal mass, the fungal equivalent of SRL) may range between 20,000 and 40,000 m g”
for ectomycorrhizal fungi associated with temperate tree species (Bakker et al. 2009;
Bakker et al. 2015). Investing in mycorrhizal symbiosis may thus reduce the necessity to
produce thin, high-SRL roots, and efficiently increase nutrient acquisition, and explain

how forest trees grow and survive with thick, less efficient fine roots than expected.
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Furthermore, high-SRL roots are in the forest likely constrained by other
variables that are absent in the model. Soil properties, such as soil compaction (Clark
et al. 2003; Bejarano et al. 2010; Alameda and Villar 2012), drought and herbivory
(Pages 20m) also limit SRL. These factors may thus prevent trees from increasing their
SRL, but instead stimulate trees to increase their fine-root mass to enhance resource
uptake, despite the higher carbon costs involved. The low SRL that we observed
empirically compared to the model, may imply that soil (a)biotic conditions present
considerable limits, as well as alternative uptake mechanisms (i.e. mycorrhiza), to SRL

and therefore affect nutrient acquisition and tree fitness.

Implications of the trade-off between SRL and fine-root lifespan for

tree fitness

Fine-root lifespan has been identified as one of the constraints to SRL. Evidence
suggests that carbon costs are involved in producing high-SRL roots because of their
shorter lifespan (Chapter 3; McCormack et al. 2012). This trade-off is based on resource
optimization which predicts that thick, low-SRL fine roots need to be long-lived in
order to balance their uptake benefits and carbon costs (Eissenstat and Yanai 1997).
Such low-SRL roots are generally better protected against drought and mechanical
pressure and consequently live long (Wahl and Ryser 2000; Clark et al. 2003). In the
second scenario, we thus incorporated this trade-off such that fine-root turnover
increased with SRL, to test its impacts on the whole-tree carbon balance (Figure 5.1).
We expected that the net carbon gain observed in scenario I would be restricted by
SRL due to the faster turnover rates of high-SRL roots implemented in scenario II.
Indeed, the trade-off between SRL and fine-root lifespan shifted the net carbon
optimum to the left but this shift was only minor. So, even when high-SRL roots had
shorter lifespans than low-SRL roots, they were still beneficial in terms of uptake
capacities per biomass investment and led to the highest net carbon gain. Because fine-
root lifespan thus seemed to pose only a minor constraint to SRL, the optimal SRL in
terms of plant fitness (i.e. > 80 m g") was still high compared to the empirical data
presented earlier; only 18 out of the 94 temperate tree species had a mean SRL higher
than 8o m g” (Chapter 3). This implies that the other (soil) environmental constraints
as well as the mycorrhizal alternative to resource acquisition discussed earlier may

present stronger limits to SRL than fine-root lifespan does.
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The trade-off between SRL and fine-root lifespan revealed an additional root trait
niche where different combinations of fine-root mass and SRL resulted in similar
fitness (i.e. at the top left of Figure 5.2b). In contrast to scenario I, scenario II shows
that trees with a fine-root mass of more than 0.6 kg m> can also achieve a positive
carbon balance when their fine roots are relatively thick (i.e. SRL less than 70 m g7).
These trees have a net carbon gain comparable to trees with higher SRL (i.e. more than
70 m g") and lower fine-root mass (i.e. approximately between 0.3 and 0.4 kg m>). To
illustrate, on our clay soils, SRL of F. sylvatica was twice as high (40 versus 20 m g")
and fine-root mass was only 50% (0.1 versus 0.2 kg m>) compared to P. abies (Chapter
4), but in our model, they had a similar net carbon gain of 0.09 kg carbon d™ (Figure
5.3b). These outcomes evidently result from the indirect effect of SRL on whole-tree
turnover: as low-SRL roots are long-lived, the replacement costs of the fine-roots are
lower, which constitutes a considerable reduction in whole-tree turnover. In line with
previous work (Marks and Lechowicz 2006), our study demonstrates that under the
same soil nutrient conditions, species with inherently different fine-root traits (e.g.

SRL) may perform equally well.

Soil nutrient effects on fine-root traits and tree fitness

Plasticity in above- and belowground functional traits allows plants of the same species
to grow, survive and reproduce in different resource environments (Bradshaw 196s5;
Valladares et al. 2007). Through such plasticity, the most limiting resource can be
more rapidly acquired, so that functional balances are restored and plant fitness
enhanced. For leaves, common plastic responses have been widely observed (Ryser and
Eek 2000; Poorter et al. 2012). Fine-root trait plasticity however is far less consistent,
and its impacts on plant fitness in different environments are still uncertain (Sultan
2000; Nicotra et al. 2010). In the third scenario, we simulated a lower soil nutrient
concentration compared to the second scenario to test if trees increased their fine-root
mass and/or modified their SRL to maintain their fitness on nutrient-poor soils.

Our model suggests that both a high SRL and a high fine-root mass increased
fitness on a nutrient-poor soil. In the first place, fitness was optimised by doubling
SRL, but at a similar fine-root mass on the poor (scenario III) compared to the more
fertile soil (scenario II). So, the minimum SRL needed to optimise fitness increased

from 80 to 175 m g”, corresponding to a fine-root mass of 0.24 and 0.28 kg m> on the
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nutrient-poor versus the more fertile soil. As a second strategy, optimal fitness could
be realised by doubling fine-root mass at a constant SRL; on the poor soil, a minimum
fine-root mass of 0.24 kg m> was required for an optimal fitness compared to 0.13 kg
m> on the fertile soil. On both soils, however, this required a SRL of 200 m g which is
very high compared to empirical observations on forest trees. Qualitatively, our model
thus identified two alternative strategies that led to equal fitness under nutrient
limitations: via an increase in SRL or in fine-root mass. Quantitatively however,
especially the limits to SRL under field conditions may need further study to better
understand how SRL drives tree uptake and fitness.

The importance of a high SRL on poor soils for plant fitness is in line with our
hypothesis and previous work (Ostonen et al. 2007b). However, other studies
demonstrated a negative or no response of SRL to the soil resource environment (e.g.
Fahey and Hughes 1994; George et al. 1997; Espeleta and Donovan 2002; Leuschner et
al. 2004; Ostonen et al. 2007a; Meier and Leuschner 2008). In our empirical plasticity
study, SRL also did not differ between F. sylvatica and P. abies (Chapter 4). Instead,
both species strongly increased their (relative) fine-root mass on the poor, sandy soil
compared to the rich clay soil (Chapter 4), which corresponds to the second strategy
derived from our model.

The model also shows that the fine-root : leaf mass ratio was higher on the poor
(scenario III) than on the more fertile soil (scenario II), particularly in the net carbon
gain optimum, where it doubled from 2 to 4 (Appendix 5.2b,c). This outcome
qualitatively agrees with the functional equilibrium hypothesis (Brouwer 1963).
Quantitatively, these modelled fine-root : leaf mass ratios (mostly between o and 15)
had the same order of magnitude as reported for the total (i.e. including coarse roots)
fine-root : leaf mass ratios in temperate forests (that is, 4 - 7; Poorter and Nagel 2000;
Poorter et al. 2012). However, our predicted fine-root : leaf mass ratios widely varied
for different combinations of fine-root mass and SRL, and were considerably larger on
the poor soil at low SRL-values than empirically observed.

Nonetheless, for our study trees, this increase in fine-root mass still resulted in a
negative carbon balance according to our model (Figure 5.3c). In this third scenario
too, mycorrhizal fungi may explain the differences between model and empirical
outcomes. We experimentally measured a strong increase in mycorrhizal mycelium

abundance on the sandy soils compared to the clay soils (Chapter 4). Possibly, adding
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the thin, efficient fungal hyphae we found in the field to the model may shift our study
trees towards a positive carbon balance in our fitness landscape.

Whereas the trade-off between SRL and fine-root lifespan introduced a new root-
trait niche for optimal growth (compare scenarios I and II), this niche is less
pronounced when nutrient levels are reduced (scenario III). Trees with a high fine-root
mass and low SRL did not acquire sufficient nutrients from these poor soils to
maintain photosynthetic rates, so that the respiration and turnover costs of a large
fine-root mass exceeded carbon gain. In fact, the absolute net carbon gain as well as
the area that marks a positive carbon balance are reduced compared to scenario II. For
example, on the fertile soil (scenario II), a fine-root mass of 0.25 kg m™ and a SRL of 50
m g resulted in a net carbon gain of 0.25 kg d”. On the poor soil (scenario III), the
same root-trait combination resulted in a net carbon gain of o kg d™. Similar fine-root
trait combinations thus resulted in a lower net carbon gain on the nutrient-poor
compared to the more fertile soil, simply because nutrient uptake per root uptake-area

is lower.

Perspectives on whole-tree modelling

Our study shows how whole-tree models may yield qualitative, mechanistic insights in
tree fitness, but also highlights several focal points for future whole-tree modelling
work. In the first place, quantitative tests of these models are still largely constrained
by the availability of belowground data. In this study, model parameterization was
particularly difficult for root uptake capacity, which is notoriously little quantified,
especially for forest trees. More extensive quantification of basic fine-root uptake
parameters is paramount. Such quantitative data combined with whole-tree growth
models will offer more mechanistic insights in the drivers of belowground traits and
their effects at the whole-tree level.

Secondly, the question is which soil (a)biotic properties need to be included in a
most parsimonious whole-tree growth model. Forest soils are characterised by large
spatial and temporal variation in e.g. the availability of different nutrient elements, soil
density, pH, organic matter content, and mycorrhizal fungi. Consequently, roots are
heterogeneously distributed throughout the soil too. To specifically study root trait
effects on growth, we chose to exclude such soil properties in our model, and assumed

a homogeneous distribution of fine roots and soil resources instead. Furthermore, we
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only studied changes in nutrient availability but not water availability, which may have
differential effects on fine-root traits and tree fitness, and may interact with nutrient
availability. This way, our model system offers a simplified but more mechanistic
perspective on above- and belowground resource uptake and use, and their integrated
impact on tree growth. Nevertheless, the discrepancies between modelling and empirical
tree root trait expression may partly result from the substantial impact of different soil
characteristics on fine-root traits and their distribution throughout the soil.

This study particularly identifies mycorrhizal fungi as an important parameter in
whole-tree growth models. Brzostek et al. (2014) for instance also demonstrated how
including mycorrhizal interactions strongly improved model predictions of the carbon
costs of nitrogen uptake across forest sites. Mycorrhizal hyphae could be modelled
analogously to fine roots, i.e. with a certain mass density, specific hyphal length,
turnover rates, uptake capacity and respiration cost. It should however be considered
that the nutritional benefits and carbon costs of mycorrhizal symbiosis to the host tree
are still partly uncertain. The construction costs of hyphae have been assumed to be
approximately 10% higher than those of roots (Eissenstat 1992), but this strongly differs
between fungal species (Agerer 2001; Bidartondo et al. 2001). At the whole-tree level,
Hobbie and Hobbie (2008) demonstrated that trees may allocate around 20 % of their
net primary productivity to mycorrhizal fungi. However, to what extent these
mycorrhizal carbon investments influence the tree’s carbon balance is unclear as the
carbon-sink strength and therefore photosynthetic rates, may also increase with
mycorrhizal carbon requirements (Dosskey et al. 1990; Corréa et al. 2012).
Incorporating mycorrhizal fungi in whole/tree models thus not only requires more
data on mycorrhizal traits, but also more functional insights in how they interact with

the tree in terms of uptake and carbon costs.

Conclusions

This study explores how nutrient acquisition and tree fitness can be explained by
belowground traits using a mechanistic whole-tree model. We examined the
interactions between fine-root mass, SRL and fine-root lifespan and determined their
integrated impact on fitness. At a first glance, SRL seems a main driver of tree resource
acquisition and fitness, even when considering the short lifespan of high-SRL roots.

Empirically though, the modelled optimal SRL in terms of fitness seems too high to be
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realised for many temperate tree species, possibly due to (soil) environmental
constraints to SRL. As an alternative strategy, trees may therefore increase their fine-
root mass rather than their SRL to enhance fitness, in spite of the (assumed) higher
carbon costs involved. Moreover, our model indirectly highlights the importance of
mycorrhizal symbiosis for understanding and explaining the nutrition and fitness of
large forest trees. In order to grasp inter- and intraspecific variation in tree fitness and
environmental site preferences, it is important to recognise that these different

belowground uptake strategies can lead to similar performance.
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Appendix

Appendix 5.1 Simulated responses in LAI for given ranges of SRL and fine-root mass for three model
scenarios. Model scenarios: I, fixed fine-root lifespan of 200 days; II, fine-root lifespan as a function of

SRL; 111, reduced soil nutrient concentrations).

Scenario

Leaf area
index (-)

Fine root mass (kg m)

Specific root length (m g°*)
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Appendix 5.2 Simulated responses in fine-root : leaf mass ratio for given ranges of SRL and fine-root
mass for three model scenarios. Model scenarios: I, fixed fine-root lifespan of 200 days; II, fine-root

lifespan as a function of SRL; III, reduced soil nutrient concentrations).

Scenario

I If At
35
30
25

Fine root mass (kg m-)

100 150

Specific root length (m g*)
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Appendix 5.3 Carbon cost model parameters for different plant organs and sources.

Value Source
Turnover rate
Leaves 0.005d" Sterck and Schieving (2011)
Wood / coarse 0.0003d” Sterck and Schieving (2011)
roots
Fine roots 0.005d” Chapter 3, this thesis
Respiration rate
Leaves 1000 pmol CO, kg N"s™  Lambers et al. (1998); Sterck and Schieving (2011)
Wood / coarse 0.4 pmol CO, kg™ s™ Sterck and Schieving (2011)
roots
Fine roots 100 pmol CO, kg N s™ Reich et al. (2008)’

' Fine-root respiration rates were based on Reich et al. (2008), but were lower in our model simulations

and used to balance the carbon budget and arrive at realistic carbon balance predictions.
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Tree growth and resource acquisition

Forests offer a range of ecosystem functions that include the provision of timber and
other products, regulation of nutrient, water and carbon cycles, and climate change
mitigation by sequestering approximately 45% of globe’s terrestrial carbon pool (Bonan
2008). At the same time, climate models predict more frequent, intense and prolonged
droughts in Europe that will have negative effects on tree growth and forest productivity
(Allen et al. 2010; Lindner et al. 2010; Lindner et al. 2014). These climate effects on tree
growth will vary between species as each copes differently with, for example, drought
(Bréda et al. 2006). Predicting the climate effects on trees and selecting appropriate
species for specific environments could benefit from categorizing species based on their
resource use and their growth in different resource environments.

Tree growth results from photosynthetic carbon gain by the leaves, which is
enabled by simultaneous uptake of water and nutrients by the tree’s fine roots. To
ensure sufficient resource acquisition, trees can regulate their above- and belowground
resource uptake by adjusting their leaf and fine-root functional traits, respectively.
Functional traits are defined as plant properties that determine plant fitness through
their impacts on growth, reproduction and survival (Violle et al. 2007). For leaves,
functional traits have been successfully linked to light acquisition and tree growth across
sites and species (Reich et al. 1997; Wright et al. 2004; Onoda et al. 2011). In contrast, the
role of fine-root traits in resource acquisition and tree growth is far less clear and
consistent (Mommer and Weemstra 2012). As above- and belowground functional
processes (such as resource uptake) are interdependent and together drive tree growth,
understanding tree growth requires a whole-tree approach that links these leaf and fine-
root interactions. This thesis explores the role of fine-root functional traits in resource

uptake, aboveground functioning and, ultimately, tree growth.

Variation in growth and fine-root traits across tree species

Tree growth rates vary strongly across tree species, depending on species properties and
site conditions. Part of this variation can be explained by the plant strategies of species
(Grime 1974). According to this theory, species can be broadly categorised based on their
resource use, growth capacities and environmental site preferences. On the one hand,

acquisitive species rapidly acquire resources to maintain high growth rates when

126



General discussion

resources are readily available, but with high mortality rates when resources are scarce.
On the other hand, conservative species take up resources at a slower pace but retain
them longer within their plant tissue. This enhances their tolerance to low resource
levels but comes at the expense of their growth rate (Grime 1974; Aerts and Chapin 2000;
Reich et al. 2003; Diaz et al. 2004). This species classification along an acquisitive -
conservative axis has proved highly valuable in explaining and understanding plant
fitness (Reich et al. 1998; Poorter and Bongers 2006), species’ distribution and dynamics
(Sterck et al. 2006; Kunstler et al. 2016), and ecosystem processes (Reich et al. 1997; Diaz
et al. 2004; Diaz et al. 2007; Grigulis et al. 2013).

In Chapter 2, we first applied the plant strategy theory to explain variation in
growth rates and drought sensitivity across 10 temperate broad-leaved tree species
(listed in Figure 6.1). We expected that more acquisitive species would grow faster but
also suffer more from drought than more conservative species, due to their greater
need for water to maintain their high rates of photosynthesis. However, more
acquisitive species did not grow faster than conservative species: in fact, nine out of 10
species had remarkably similar growth rates, with only Populus trichocarpa growing
considerably faster. Moreover, they did not show a stronger growth response to
rainwater availability than conservative species. Consistent with our hypothesis,
acquisitive species were more sensitive to the depth of the groundwater table than
conservative species. When the groundwater table receded, acquisitive species such as
Betula pendula and Salix alba reduced their growth more strongly than conservative
species. In addition, some species showed differential growth responses to declines in
rainwater and groundwater availability. The growth of Fagus sylvatica, for instance,
strongly decreased during summers with low rainfall, but was not affected by receding
groundwater tables. Drought sensitivity thus differed between species, but only
sensitivity to groundwater depth was related to their plant strategy.

We speculated that belowground differences between species might explain the
different growth responses to rainwater and groundwater availability. Species exhibit
large variation in their fine-root traits, even under homogeneous soil conditions
(Withington et al. 2006), and in their rooting depth (Gale and Grigal 1987). This may
determine their water (and nutrient) uptake capacity from different soil layers and,
hence, their sensitivity to rainwater or groundwater availability. Typical root traits
associated with drought tolerance include a high specific root length (SRL, fine-root

length per unit of fine-root mass), high fine-root mass and increased rooting depth
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(Comas et al. 2014; Brunner et al. 2015). The more drought-sensitive species of our set
may have had a low fine-root mass, a low SRL or insufficient rooting depth, which

would prevent them from acquiring sufficient water during dry summers.
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Figure 6.1 Fine-root properties across tree species. Mean * 1 se (a) total fine-root mass, (b) SRL, (c)
tissue density, and (d) mean rooting depth, across 10 tree species: Tc, Tilia cordata; Fe, Fraxinus
excelsior; Pa, Prunus avium; Qr, Quercus robur; Sa, Salix alba; Bp, Betula pendula; Ag, Alnus glutinosa;
Ap, Acer pseudoplatanus; Fs, Fagus sylvatica; Pt, Populus trichocarpa. Species are ordered from least
(left) to most (right) sensitive to summer precipitation (Chapter 2). Horizontal lines represent means
across all species. Mean rooting depth was calculated as the weighted mean of fine-root biomass in all
soil layers (Ravenek et al. 2014). Output of the mixed-effects model represents differences between
species, accounting for dependencies between samples collected from the same plot (fixed factor:

species, random factor: plot; see also Chapter 4).
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To test this hypothesis, we collected, in addition to the results presented in the
individual chapters of this thesis, fine-root trait data of the same 10 tree species (see
Figure 6.1) on the same site. In short, we collected the fine roots (< 2 mm diameter)
from three soil cores sampled up to 1 m depth in each of three plots per species on the
Hollandse Hout forest site. We compared the fine-root mass, SRL, tissue density and
mean rooting depth across the 10 species (see Chapters 2 and 4, and Figure 6.1 for
methodological and statistical details). These additional results show that the 10
species differed significantly in fine-root mass, SRL, tissue density and mean rooting
depth (Figure 6.1). Across species, fine-root mass was also differently distributed
throughout the soil profile. Some species showed a constant proportional fine-root
mass over the soil depth measured, whereas others showed an increase or decrease in

their proportional fine-root mass with greater soil depth (Figure 6.2).
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Figure 6.2 Examples of three fine-root mass distribution patterns. Mean fine-root relative mass =+ 1 se,
(a) decreasing, (b) remaining constant and (c) increasing over 100 cm soil depth. Relative fine-root mass
is expressed per soil layer as the percentage of the total fine-root mass per species. Species could be
qualitatively grouped in either pattern: Q. robur for decreasing proportions of fine-root mass; F.
sylvatica, B. pendula, T. cordata and F. excelsior for similar proportions of fine-root mass; and A.
glutinosa, A. pseudoplatanus, P. avium, P. trichocarpa, S. alba for increasing proportions of fine-root

mass. Note that the depth of the soil layers may differ.

This variation in fine-root mass, SRL and mean rooting depth was, however, not
correlated to species’ growth rates (Table 6.1). In addition, species with high values of
fine-root mass tended to have a lower SRL, and vice versa (N =10, P = 0.06, r = -0.61).
Fine-root mass is often strongly determined by the soil environment (Yuan and Chen

2010) and is, therefore, difficult to compare across species. The soil on the study site at
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the Hollandse Hout is, however, relatively uniform throughout the forest (Chapter 2),
so that overriding soil effects on fine-root mass are minimal. This indicates species may
have different strategies to enhance their belowground uptake area (i.e. by either a
high fine-root mass or a high SRL), but which resulted in similar growth rates as we

observed in Chapter 2.

Table 6.1 Pearson correlations coefficients between fine-root traits and mean rooting depth, on the one
hand, and, on the other, tree growth rates, drought sensitivity and shade-tolerance index across the 10
tree species listed in Figures 6.1 and 6.2. Tree growth data are represented by observed mean tree-ring
width (Chapter 2); drought sensitivity is represented by the regression coefficients describing the
responses of tree-ring width to summer precipitation and groundwater level. More negative regression
coefficients indicated greater drought sensitivity (Chapter 2); species’ plant strategies are derived from
shade-tolerance indices (obtained from Niinemets and Valladares 2006), where light-demanding species
have acquisitive strategies and shade-tolerant species conservative ones. Higher plant strategy values

represent a more conservative plant strategy and vice versa. For all correlations, p > 0.05and N = 10.

Pearson r
Tree growth Drought sensitivity Plant strategy
rate precipitation groundwater
Fine-root mass -0.37 -0.37 0.07 0.44
Fine-root SRL 0.57 0.29 -0.47 -0.60
Fine-root tissue density -0.06 0.10 0.03 0.22
Mean rooting depth 0.26 0.11 0.06 -0.04

None of these fine-root traits were related to species’ drought sensitivity either
(Table 6.1). The species most sensitive to summers with low rainfall (F. sylvatica and P.
trichocarpa) or deep groundwater tables (S. alba and B. pendula) did not have a fine-
root mass or SRL lower than those of less-sensitive species. Furthermore, acquisitive
species that were severely affected by receding groundwater tables did not have deeper
fine roots than more conservative species, which did not respond, or only marginally
responded, to groundwater depth. Moreover, F. sylvatica (Figure 6.2b) and S. alba were
sensitive to rainwater deficits but not to groundwater depth; however, they did not
have less deep roots than other species. So, unexpectedly, differences in fine-root traits
did not explain the variation in growth sensitivity to drought across these 10 species.

These findings suggest that differences in growth rates and drought sensitivity
across tree species may not be explained by their plant strategy nor their fine-root

traits alone. Instead, they appear to result from both above- and belowground
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interactions, as trees may not only regulate water supply via their fine roots, but also
water loss in the canopy, for example via stomatal control (Bréda et al. 2006), to cope
with limited water availability. Moreover, our work shows that trees of different species
can realise similar growth rates with considerable variation in fine-root mass,
morphology and depth. The aboveground demand for soil resources may thus be met
through different uptake strategies belowground. Understanding tree growth seems,
therefore, to require a whole-tree perspective, albeit with particular attention being

paid to the various strategies available for acquiring soil resources.

A root economics spectrum to explain interspecific variation

in fine-root traits?

From a literature review and through meta-level analysis, we also explored whether
plant strategies could explain fine-root trait variation across species (Chapter 3). Based
on the plant strategy theory, previous studies have established a ‘worldwide leaf
economics spectrum’ (LES; Wright et al. 2004). Acquisitive and conservative strategies
are tightly reflected by syndromes of correlated leaf traits (Reich et al. 1992; Reich et al.
1999; Wright et al. 2004). Acquisitive species are generally characterised by leaves with a
high specific leaf area (SLA, leaf area per leaf mass), high nitrogen contents and high
photosynthetic capacities, which allow fast plant growth. Conservative species, on the
other hand, typically have long-lived, sturdy leaves of dense tissue that enhance resource
retention and survival rates (Reich et al. 1992; Reich et al. 1997; Wright et al. 2004).
Based on the LES, it is increasingly assumed that a parallel root economics
spectrum (RES) links fine-root trait variation to the LES and, ultimately, to plant
growth (Reich 2014). The RES is thus expected to consist of correlated fine-root traits
associated with either rapid resource acquisition or enhanced resource conservation.
The acquisitive syndrome is expected to comprise roots of high SRL with high nutrient
concentrations and resource uptake capacities - required to maintain acquisitive leaves
with high photosynthetic rates, and rapid tree growth (Reich 2014). Conservative
species on the other hand are expected to feature thick, long-lived roots of dense tissue
and low respiration rates — to minimise resource losses and enhance tree survival

under adverse conditions.
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Contrary to our expectations, this thesis shows that an RES probably does not
exist. In Chapter 3, we evaluated the assumed correlations among fine-root traits in
trait syndromes, and the expected correlations between seemingly parallel fine-root
and leaf traits, that have been reported in the literature. Our analysis only confirmed
that across species, fine-root lifespan consistently decreased with higher SRL. This
trade-off can be explained from a resource optimization perspective: this predicts that
fine roots of low SRL need to be long-lived to balance their uptake benefits and carbon
costs (Eissenstat and Yanai 1997). We found, however, no consistent support for any of
the other hypothesised correlations. Furthermore, for the 10 temperate tree species in
our additional data set, fine-root SRL and tissue density were neither related to
observed growth rates in the field, nor to their assumed plant strategy (Table 6.1).

We argued (Chapter 3) that a resource economics spectrum does not apply below
ground, owing to the fundamental differences between fine roots and leaves. In the
first place, fine roots are subject to several environmental drivers, resulting in a large
variety of belowground uptake strategies. For example, the uptake of a mobile nutrient
such as nitrate may be enhanced by a high SRL, while immobile nutrients such as
phosphorous may be more efficiently acquired via mycorrhizal symbiosis (Comas et al.
2012). Second, similar leaf and fine-root traits, such as nitrogen content, function
differently. For example, whereas leaf nitrogen content is directly related to
photosynthetic capacity, the assumed functional link between fine-root nitrogen
content and fine-root uptake capacity has yet to be confirmed. Third, for almost all
tree species, mycorrhizal symbiosis in particular presents a crucial strategy for
acquiring belowground resources, yet it is not included in the RES. Capturing cross-
species variation in fine-root traits and linking it to resource uptake and tree growth
thus requires a multidimensional framework that includes additional root traits related
to the various uptake mechanisms, and soil environmental drivers.

Recent studies arrived at similar conclusions regarding this multidimensionality,
and highlight the additional axes relevant to explaining root-trait variation. Kramer-
Walter et al. (2016) concluded that ‘root traits are multidimensional’. Whereas SLA
holds a key position in the LES, they demonstrate that variation in SRL is independent
of RES and more strongly determined by the soil environment, thus adding an extra
dimension to the RES (Valverde-Barrantes et al. 2016a). Incorporating this soil
dimension is particularly important for roots because it may influence their traits and

resource uptake in different ways. Whereas leaves are mainly adapted to the
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acquisition of light, roots need to acquire water and minerals from the soil, which may
require different root traits (Chapter 3). Soil environment is, thus, an additional, key
explanatory dimension in the root-trait framework we proposed in Chapter 3
(Holdaway et al. 2011; Laliberté 2016; Valverde-Barrantes and Blackwood 2016).

Our work further implies that a mere correlative approach is insufficient for
understanding above-belowground interactions. Functional balances may be
maintained by a multitude of belowground uptake strategies that may be equally
successful in terms of resource acquisition (Valverde-Barrantes and Blackwood 2016),
but which are not embedded in the RES (Chapter 3; Laliberté 2016). For instance, our
earlier analysis of the fine-roots of the 10 tree species at the Hollandse Hout suggests
that some species may satisfy a high water and/or nutrient demand in the crown by an
increase in fine-root mass rather than SRL; yet fine-root mass is not considered in the
RES. The premise that acquisitive leaves require acquisitive roots forms the basis of the
RES hypothesis (Reich 2014), and this may still hold. Yet the mechanisms through
which soil resources are acquired by fine roots and supplied to the canopy are many
and vary across species and sites. Consequently, understanding above-belowground
interactions and their impact on tree growth requires a functional, mechanistic

approach, rather than one correlating the current set of fine-root and leaf traits.

Variation in fine-root traits and growth within species

This thesis examines the impacts of the soil environment on several fine-root traits and
associated mycorrhizal fungi within tree species. Chapter 4 demonstrates that trees of
the same species (i.e. F. sylvatica and Picea abies) strongly increased their fine-root
mass, but did not change their overall fine-root morphology (i.e. SRL, tissue density
and mean diameter) when growing on a poor, sandy soil rather than a rich clay soil.
These results support the functional equilibrium theory (Brouwer 1963) that predicts a
(relative) increase in fine-root mass when soil resource availability is low.
Ectomycorrhizal symbiosis also proved an important strategy for enhancing resource
uptake, especially for P. abies. At the same time, F. sylvatica trees did show a
morphological shift, but within their fine roots: they produced relatively more root
length of their finest roots on clay rather than on sandy soils. Our work thus shows the
importance of fine-root mass and mycorrhizal fungi, but also the uncertain role of fine-

root morphology for acquiring soil resources when these are limiting.
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A higher SRL may be more efficient in terms of resource uptake per unit biomass
than an increase in carbon allocation to fine-root mass or mycorrhizal fungi. Yet, trees
may still favour strategies of the latter type over the first to enhance their belowground
uptake area (Chapter 4; Ostonen et al. 2007; Hertel et al. 2013; Freschet et al. 2015 on
herbaceous species). Possibly, changes in fine-root SRL are constrained by soil
variables not related to resource availability, such as soil compaction (Clark et al. 2003;
Bejarano et al. 2010; Alameda and Villar 2012), drought or herbivory (Pagés zom).
Furthermore, roots of high SRL may have a shorter lifespan (Chapter 3), which can
induce resource losses via root shedding. Due to such plant or soil constraints to SRL,
trees may rely more heavily on other strategies to ensure soil-resource uptake.

That the plasticity of some fine-root traits and the uptake strategies adopted on
different soils are species-specific needs to be taken into consideration. This is
demonstrated by the greater dependence on mycorrhizal fungi of spruce trees than
beech trees on poor soils (Chapter 4), and by the many belowground uptake strategies
that exist across species (Chapter 3), and has also been suggested by other studies
(George et al. 1997; Eissenstat et al. 2015; Chen et al. 2016). Beech trees adjusted their
morphology within the fine-root category, whereas spruce trees did not (Chapter 4).
Consequently, for some species, morphological plasticity may occur, but then only for
the finest roots, whereas other species invest more in mycorrhizal fungi.

To summarise, our work on root-trait variation within species (Chapter 4)
reiterates what has been discussed earlier in relation to across species (Chapter 3).
First, changing fine-root mass and mycorrhizal investment represent important
alternative strategies for altering fine-root morphology when soil resource availability
is reduced; other strategies are, however, also available and which strategy prevails
over another may be species-specific. Second, the functional role and drivers of SRL
and other fine-root morphological traits (i.e. tissue density and diameter) are largely
unknown, but may not always be related to resource acquisition and availability alone.
Third, across- and within-species variation in fine-root traits is not as generic as leaf-
trait variation. Belowground functional mechanisms underlying either the resource
economics spectrum or trait plasticity can therefore not be deduced from the

aboveground mechanisms.
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Integrating above- and belowground traits and resource

uptake into a whole-tree approach

Exploring the role of fine-root traits in tree growth thus requires a whole-tree approach
in which above- and belowground traits and resource exchange are functionally linked
and balanced. Both fine-root mass and SRL can play important roles in resource
acquisition and, therefore, growth, because they determine the belowground uptake
area. Yet changing these traits creates different carbon costs for the tree, which may
result in different net impacts on growth. This thesis explores the simultaneous effects
of these fine-root traits - weighing their carbon costs and uptake benefits - on
resource uptake in the soil and resource supply to the crown, and on tree fitness.

To this end, an aboveground tree growth model (Sterck and Schieving 201;
Sterck et al. 2014; Sterck et al. 2016) was extended with a belowground component
(Chapter s5). This extended model integrates above- and belowground traits to simulate
whole-tree carbon balance under varying combinations of fine-root mass and SRL. This
carbon balance incorporates photosynthesis, tissue respiration and turnover at the
whole-tree level. Photosynthetic carbon gain is determined by the leaf area index (LAI)
of a tree, and is constrained by water and nutrient uptake by its fine roots. Tissue
respiration and turnover result in carbon losses for the tree: a higher fine-root mass
and LAI lead to an increase in whole-tree respiration and turnover (i.e. tissue
replacement) costs; a high SRL may increase turnover costs because it decreases fine-
root lifespan (Chapter 3; McCormack et al. 2012). From these carbon processes, the
tree’s net carbon gain is calculated as the photosynthetic carbon gain minus carbon
losses due to respiration and turnover. The net carbon gain can be used as a proxy for
tree fitness: high net carbon gain allows a tree to store more carbon, grow more
rapidly, or produce more fruits, which are all considered components of fitness.

According to the model, trees or species with a relatively low fine-root mass and
a high SRL have the highest net carbon gain (Chapter 5). Under these trait
combinations, the turnover and respiration costs of fine-root mass are kept within
viable limits, whereas belowground resource uptake is increased due to a high SRL.
Consequently, soil resources can be efficiently transported to the crown, where they
support high photosynthetic rates. Qualitatively, the expected relationships between

fine-root mass, SRL and tree fitness can thus be mechanistically explained with our
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model. Quantitatively, high values of SRL that result in the greatest fitness are rarely
observed in temperate forests: for most temperate tree species, SRL is lower than 100
m g, and for many even lower than 50 m g (Chapters 3 and 4). For the trees we
studied in Chapter 4, i.e. P. abies and F. sylvatica, SRL ranged between 18 and 22 m g
and 35 and 40 m g”, respectively. The constraints to SRL previously discussed may
explain the discrepancy between the optimal SRL predicted by the model and the
SRL observed in the field.

Our model outcomes are in line with the RES hypothesis, which predicts high
growth rates for species with a high SRL (Reich 2014). Nevertheless, we found no
consistent empirical support for this relationship between SRL and growth rate across
species (Chapter 3). In the field, water and nutrient supply for photosynthetic gain may
be enhanced by an increase in fine-root mass when SRL is otherwise constrained, for
instance by fine-root lifespan. In fact, after incorporating the trade-off between SRL
and fine-root lifespan, our model revealed two strategies that led to similar fitness
under the same site conditions: (1) a high SRL (and low fine-root lifespan) combined
with a low fine-root mass; and (2) a low SRL (and a high fine-root lifespan) combined
with a high fine-root mass (Chapter 5). Based on 34 leaf, root and stem functional
traits, Marks and Lechowicz (2006) have shown that many alternative functional
designs exist among species, and that these ultimately lead to similar levels of fitness
under the same environment. In a similar vein, we suggest in this thesis that under the
same soil nutrient environment, species exhibiting different fine-root trait
combinations may perform equally well in terms of fitness.

Moreover, the root-trait strategy applied may be species-dependent, This is
suggested by the trade-off between fine-root mass and morphology we found across
the 10 tree species studied in the forest at the Hollandse Hout: some species had a high
fine-root mass and others had fine roots with high SRL values (Figure 6.1a,b), but they
grew equally fast under similar soil conditions (Chapter 2). Our findings imply that, for
example, fine-root morphology alone does not indicate an acquisitive or conservative
resource strategy, nor does it explain species’ differences in growth rates. Various
uptake strategies and corresponding root traits, such as fine-root mass, need to be
considered when linking fine-root traits to uptake and tree growth or fitness.

These alternative root-trait strategies could also be observed when soil nutrient
availability was lowered in our model. On nutrient-poor soil, fitness was optimised by

doubling SRL for similar values of fine-root mass, or by doubling fine-root mass in
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combination with constant SRL, when compared with more fertile soil (Chapter 5).
Both strategies are expected to increase soil resource uptake on poor soils (Brouwer
1963; Eissenstat 1992; Eissenstat and Yanai 1997). However, our plasticity study shows
that P. abies or F. sylvatica trees on poor soils increased their fine-root mass but did
not change their SRL relative to their SRL on a rich soil (Chapter 4). Mycorrhizal
symbiosis may explain why trees do not produce the thin roots that our model
predicts: for both species, mycorrhizal mycelia were more abundant on the poor rather
than the rich soils. Due to their great length for a given biomass (e.g. 20,000-40,000 m
g reported by Bakker et al. (2009) and Bakker et al. (2015)), mycorrhizal mycelia are
highly efficient in the uptake of soil resources. As such, they may compensate for the
relatively low SRL observed in the field (compared to our model) and supply ample
resources to trees with thick fine roots and high fine-root mass.

This thesis shows how a modelling approach for studying tree fitness can
contribute to understanding the above- and belowground interactions that underpin
fitness. We demonstrate how different fine-root trait combinations lead to similar
degrees of tree fitness and suggest that these strategies may be species-specific. Yet
this thesis also stresses the importance of plant (e.g. fine-root lifespan) and soil biotic
(e.g. mycorrhizal symbiosis) and abiotic (e.g. soil density) constraints for expressing
fine-root traits that may be optimal for resource uptake and growth but unattainable
in the field. Quantitatively, there is, however, a great need for more fine-root and
mycorrhizal data, especially their uptake capacities to further parameterise and

improve such models.

General conclusion: The role of fine-root traits in tree growth

This thesis addresses the question of how fine-root functional traits relate to tree
growth from several approaches: within and across tree species, based on empirical
field work, a literature review and a model, and at different scales: from the fine root
to the whole tree.

Through these approaches, this thesis first shows that across and within species,
SRL does not play the key role in belowground resource uptake and tree growth that
SLA does above ground. The forest soil may present such strong constraints to SRL
that trees on a resource-poor soil do not necessarily have a higher SRL than

conspecifics on a resource-rich soils. Nor do species with a high SRL necessarily
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acquire resources or grow faster than species with a low SRL. These environmental
constraints are much stronger for roots than for leaves, because fine-root traits are
optimised to function within a far more diverse environment, where they have to
acquire various resources, interact with different soil biota, and are subject to soil
physical and chemical properties (Fig 3.3). As a result, trees and species rely on various
belowground uptake strategies to ensure resource uptake and growth in different
environments. Conceptually, this implies that a given fine-root trait, such as SRL,
cannot be a priori interpreted as a proxy of either an acquisitive or conservative plant
strategy. Rather, its function may be a mere consequence of the site conditions.

Fine-root mass is a highly important trait to consider when studying the
plasticity of trees, but even more so when investigating the ecological strategies across
species, because this trait is not often considered in this context. An increase in fine-
root mass may be more carbon-expensive than an increase in SRL in terms of uptake
area. However, it can still be the most viable uptake strategy in given environments
(e.g. with compact soils where an increase in SRL may not be possible) or for certain
species, as | have shown in this synthesis across our 10 temperate tree species. In fact, |
speculate that these two strategies - i.e. mass versus morphology - may actually be
traded off, with certain species favoring the first strategy, and others the latter.
Although this hypothesis requires further testing, this species’ separation could lead to
selecting species that contribute to belowground carbon sequestration based on their
root-trait strategy. Our model further suggested that such different root-trait strategies
can result in equal fitness, which could explain the large divergence in fine-root traits
across species under similar site conditions.

Besides fine-root mass and morphology, this thesis identifies mycorrhizal fungi
as key players in the relationships between soil resources, roots and tree growth, both
within and across species. Mycorrhizal symbiosis proved to be a highly relevant
mechanism for trees having to cope with low soil-resource availability, although its
importance may differ between species and sites. It provides an explanation as to why
trees in the forest rarely produce the highly efficient, high-SRL roots through which
their resource uptake and fitness could be theoretically optimised. Besides serving as
an essential uptake mechanism for most tree species, they also directly influence fine-
root functional traits such that root traits alone cannot be classified as acquisitive or

conservative. This thesis thus stresses that mycorrhizal symbiosis should be explicitly
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included in studies that examine variation in tree roots, resource uptake and tree
growth across and within species.

Selecting species that, based on their ecological strategies, will be appropriate
for our future forests is a challenging undertaking. As this thesis shows, fine roots play
a pivotal role in determining the fitness of species under different environmental
conditions, but still in concert with aboveground traits and functioning.
Understanding the fitness of species in a changing world therefore requires a whole-
tree approach; here, I stress that this warrants a specific focus on belowground
functioning, as a whole-tree approach is particularly limited by our functional
understanding of and availability of data on fine roots. Furthermore, species have
adopted various belowground uptake strategies that may lead to equal fitness.
This prevents us from classifying them along a resource economics spectrum, and
instead, calls for a multidimensional framework for exploring the links between
belowground resource availability, traits and tree growth (Figure 3.3).

In this respect, fine-root mass and mycorrhizal symbiosis seem critical traits
for further study across species. These traits may be considered to be alternative
resource-acquisition strategies for SRL in certain species. A better understanding of
their role in resource uptake and tree growth across species would be particularly
relevant in the light of climate change, which may lead to more frequent and intense
droughts. Such alternative root-trait strategies can also contribute to characterising
species based on their belowground carbon storage potentials, which may be higher for
species that allocate carbon to fine-root or mycorrhizal biomass, than for species that
increase their SRL instead. Yet although the role of fine-root traits in tree growth is
complex and context-dependent, recent interest in the functional traits of roots offers

an encouraging prospect for the further unravelling of these relationships.
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Summary

Summary

The growth of trees depends on photosynthetic carbon gain by the leaves, which in
turn relies on water and nutrient acquisition by the fine roots. Because the availability
of carbon, water and nutrients fluctuates, trees can adjust their leaf and fine-root
functional traits to maintain their resource uptake and growth rates. These functional
traits refer to plant properties that determine plant fitness, and are associated with
plant resource uptake and use. Because such traits can be expressed differently, trees of
the same, and of different species can grow and survive in various environments.

Aboveground, the variation in leaf traits is closely related to light availability,
light uptake and tree growth. Within species, leaves show general, plastic responses to
their light environment, so that trees can still intercept light when its availability
changes. This plasticity allows trees of the same species to grow and survive under
different light conditions. Across species, leaf traits are coordinated along a leaf
economics spectrum (LES), which reflects species resource strategies. On the one end
of this spectrum, species with an acquisitive strategy have leaves that allow fast
resource uptake and therefore fast tree growth in resource-rich environments, but that
lead to low survival rates when resources are less available. On the other end, species
with a conservative strategy acquire resources more slowly, but retain them longer, so
they can tolerate low resource availability, but at the expense of their growth rate.

Belowground, the relationships between fine-root functional traits, water and
nutrient availability and acquisition, and tree growth are expected to be similar to
those aboveground. However, within species, fine-root plastic responses to the soil
environment are far less general than the plasticity of leaves. Across species, it is
assumed that fine-root traits can be coordinated along a root economics spectrum
(RES) parallel to an LES, that ranges from fine-root traits associated with high soil
resource uptake rates, to fine-root traits that allow resource conservation. Yet at
present there is only mixed evidence for this root-trait spectrum.

Consequently, both within and across species, the relationships between fine-
root traits, resource availability and tree growth are ambiguous. Understanding these
relationships is essential as tree growth results from the simultaneous uptake of both
above- and belowground resources. Therefore, in this thesis, I examine how fine-root
functional traits relate to tree growth, and specifically focus on across- and within-

species variation in tree root traits.
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To first test whether plant resource strategies can explain drought effects on tree
growth, we compared the growth-sensitivity to climate variables and the groundwater
table across 10 common tree species that ranged from acquisitive to conservative
species (Chapter 2). We analysed tree-ring widths for these 10 species growing on a
productive forest site in the Netherlands. The growth rates of all species were
significantly lower in years with dry summers. The strength of these growth responses
differed, but these differences were not related to species resource strategies. The
growth-responses to the depth of the groundwater table, however, were: acquisitive
species grew slower when groundwater levels receded, but conservative species did
not, which suggests root trait differences across these species. Even on productive
sites, tree growth may thus be seriously affected by the more frequent and intense
droughts that are predicted by climate models, but these effects may not always be
explained from an acquisitive or conservative resource strategy.

We further evaluated whether resource strategies explain variation in fine-root
functional traits across species, and tested whether fine-root traits can be coordinated
along an RES parallel to an LES based on a literature review and meta-level analysis
(Chapter 3). We show that there is no consistent evidence for an RES, due to three
fundamental differences between fine roots and leaves. First, fine-root trait expression
is not only aimed at increased resource uptake or conservation, but is also constrained
by several other (soil) environmental variables. Second, the relationships between
traits and function differ for leaves and roots, and are far less clear for roots. Therefore,
fine-root functions cannot yet be unambiguously deduced from their traits. Third, the
expected relationships between fine-root traits and resource uptake are strongly
obscured by mycorrhizal fungi that interact with both fine-root traits and functioning
(i.e. resource uptake). Revealing the links between fine-root traits, resource
acquisition, and growth across species, therefore requires a multidimensional approach
that incorporates the diversity of fine-root traits involved in resource uptake; the
complexity of the soil environment; and the various belowground uptake mechanisms
that exist across species - in particular the mycorrhizal pathway.

In Chapter 4, we assessed the plasticity of fine-root traits in different resource
environments. To this end, we examined the intraspecific variation in several fine-root
traits and mycorrhizal biomass in beech (Fagus sylvatica L.) and spruce (Picea abies
(L.) forests on a resource-poor, sandy soil and resource-rich clay soil in the

Netherlands. Both species increased their fine-root mass and fine-root growth rates on
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Summary

the sandy soils compared to the clay soils. In contrast, specific root length (SRL),
diameter and tissue density did not differ between the soil types. Especially in the P.
abies stands, ectomycorrhizal biomass was larger on sand than on clay. In the F.
sylvatica stands, significant morphological responses were observed within the fine-
root category: the relative root length of its smallest roots (0.1 - 0.3 mm diameter) was
higher than on the clay soil than on the sandy soil, and at the sandy soil, we observed
relatively more length of its thicker fine roots (0.4 — 1 mm diameter). Besides the strong
increase in fine-root mass observed for both species, species may thus also differ in
their fine-root plasticity strategies to cope with various soil environments.

To understand tree growth from below- and aboveground trait integration, we
used an integrated whole-tree growth model to explore fine-root impacts on nutrient
acquisition, aboveground functioning and tree fitness (Chapter 5). More specifically,
we tested which combination(s) of fine-root mass and SRL led to optimal fitness, based
on the uptake benefits (i.e. increasing the belowground uptake area) and carbon costs
(i.e. turnover and respiration) of these traits. Our results show that tree fitness
increased with fine-root mass but especially through an increase in SRL. Furthermore,
both a combination of high fine-root mass and low SRL, and of low fine-root mass and
high SRL, resulted in similar net carbon gain. Likewise, on a poor soil, trees could
optimise their fitness by increasing their SRL at constant fine-root mass, or vice versa.
These outcomes indicate two alternative strategies that may lead to similar fitness. It is
important to note that fine roots of most temperate tree species do not show the high
SRL values our model predicted for optimising growth, which may suggest that
mycorrhizal symbiosis (not yet implemented in our model) is needed to enhance the
belowground uptake area. Our model offers qualitative insights into the role of fine
roots in tree fitness, but also calls for more fine-root and mycorrhizal data to
parameterise whole-tree models.

To conclude, trees rely on various uptake strategies to ensure belowground
resource uptake and tree growth in different environments. Specific root length is
often expected to be tightly linked to tree growth, but this thesis shows that there is
little support for this hypothesised relationship. Consequently, the functional meaning
of SRL requires further study. Instead, fine-root mass and mycorrhizal symbiosis may
present more important alternatives to enhance water and nutrient uptake, both
across and within species. Moreover, to cope with the highly complex soil (resource)

environment, species have adopted various other uptake strategies besides fine-root
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mass, morphology and mycorrhiza. This thesis stresses that a multidimensional root-
trait framework is needed to link fine-root traits to tree growth, that can accommodate

this variety of fine-root traits and the diversity of the soil environment.
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