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Abstract

Studies have demonstrated the existence of a positive relationship between species
richness and productivity in forests around the world. This positive relationship is thought to be
explained by two mechanisms: complementarity effects and selection effects. Both
mechanisms rely on species’ traits, whereby the diversity of traits (under complementarity
effects) or the presence of specific trait values (under selection effects) can increase
productivity. However, while it has been clearly established that species richness increases
productivity, few studies have tested the implicit assumption that traits underpin the
established species richness-productivity relationship. To address this gap, this study examined
which traits are responsible for the species-productivity relationship in temperate tree
communities during the early stages of stand development, and whether they act via
complementarity effects or selection effects. In addition, this study aims to determine how the
observed relationship and its underlying traits change in environments with different water
availabilities by assessing which traits are associated with productivity in each environment.

These questions were answered using an experimental plantation of temperate tree
communities in the early stages of stand development, in which water exclusion treatments
were implemented. Six temperate tree species were planted in this experiment, either in a
monoculture or in a three-species mixed community. To separate the effects of species and
trait diversity, the mixed tree communities had a fixed species richness but varied in trait
diversity. The species compositions of the mixes were selected to create a trait diversity
gradient. Leaf area, leaf mass per area, stomatal density, chlorophyll concentration, specific

root length, root tissue density, and root diameter were measured in each community.



Community productivity was measured both as aboveground biomass and as belowground
biomass.

The most consistent pattern of selection in the press treatment was for leaf area, as it
was under selection in combination with leaf mass per area and with stomatal density. Pairs of
traits including specific root length were also under selection in the pulse and the control
treatments. Selection for these traits resulted in three to fivefold increases in aboveground
biomass. These results demonstrate that selection effects are the driving force of community
productivity during stand establishment. Here, selection acted upon traits related to tree
architecture, thermoregulation, photosynthetic rate, and water use, which illustrate the
mechanisms by which selection effects drive increases in the productivity of early-

establishment communities across varying soil water conditions.
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1. General Introduction

The ecological field of biodiversity-ecosystem function has been based on investigating
the effects of biodiversity on ecosystem functioning (van der Plas, 2019). Early biodiversity-
ecosystem function research has often quantified biodiversity at the species level, under the
assumption that species richness is correlated to the functional diversity of the species present
(Naeem & Wright, 2003; Balvanera et al., 2006). As a result, more studies into the direct effects
of traits, are needed to directly quantify the functional diversity of a community (Diaz & Cabido,
2001).

This study is conducted in an experimental plantation of early-establishment temperate
tree communities. Seven traits were studied in six temperate tree species to investigate how
trait diversity and composition influences community productivity under varying water

availability conditions.

1.1 History of Biodiversity-Ecosystem Function Studies

Biodiversity-ecosystem function studies became prevalent in the context anthropogenic
environmental change, where concerns for ecosystem functions arose in the face major
changes in the structure and composition of ecosystems (Hooper et al., 2005). Biodiversity-
ecosystem function studies have since aimed to investigate whether biodiversity can drive
ecosystem functions (e.g., productivity, carbon storage, hydrology, nutrient cycling), as well as
how environmental factors affect the biodiversity-ecosystem function relationship (Hooper et

al., 2005; van der Plas, 2019).



The link between biodiversity and ecosystem function has been of interest to
researchers for the last three decades (van der Plas, 2019). Initially, the field was dominated by
grassland experiments, such as works led by Tilman, Loreau, and Hector, where the effects of
simulated species loss on ecosystem functioning was observed (Tilman et al., 1996; Hector et
al., 1999, Loreau & Hector, 2001). Within the first decade of biodiversity-ecosystem function
research, 48% (44 of 91) of studies had an experimental component and 48% (40 of 91) of
studies were conducted in a grassland system (Naeem & Wright, 2003). Conceptual, review,
and model studies were also prominent at this time, making up another 43% of the literature
(Naeem & Wright, 2003). In contrast, less than 10% of studies at this time were observational
and less than 10% were conducted in a forest system (Naeem & Wright, 2003).

In recent years, observational studies have become more prevalent. Temperate
grasslands have remained a focus of biodiversity-ecosystem function research (16%; 42 of 258
studies), but research in forest systems has largely increased (van der Plas, 2019). Temperate
and boreal forests make up 18% (47 of 258 studies) of biodiversity-ecosystem function studies
conducted in natural systems, and tropical or subtropical forests make up another 16% (40 of
258 studies) (van der Plas, 2019).

Although studies in natural forest systems are well represented, experimental studies
on forests remain rare (Nadrowski et al., 2010). This issue is tackled by the International
Diversity Experiment Network with Trees (IDENT), a network of tree-based experiments. First
established in 2009, the IDENT network provides an ideal system for the study of the

biodiversity-ecosystem function relationship in early tree communities (Tobner et al., 2014).



1.2 Traits and Biodiversity-Ecosystem Function

Most early biodiversity-ecosystem function work has quantified biodiversity as species
diversity, by manipulating the identity and the number of species included in experimental
assemblages (Naeem & Wright, 2003; Balvanera et al., 2006). The prevalence of these practices
is highlighted in a meta-analysis by Balvanera et al., which found that 88% (393 of 446) of
biodiversity-ecosystem function studies measured biodiversity as species richness (2006). In
these studies, species richness is often assumed to be correlated to the functional diversity, i.e.,
the diversity of traits of the species present (Diaz & Cabido, 2001; Naeem & Wright, 2003).
However, studies based on species richness cannot directly test the mechanisms of biodiversity
effects because they do not link species to the roles they fill (Diaz & Cabido, 2001).

The development of diversity metrics has allowed for the use of trait values to directly
quantify the functional diversity of a community (Villéger et al., 2008; Laliberté & Légendre,
2010). By using these metrics of functional diversity, studies can gain new insights into the
mechanisms underlying the relationships between biodiversity and ecosystem functions. For
the relationship between species richness and productivity, two underlying mechanisms have
been proposed: complementarity effects and selection effects. Complementarity effects arise
from positive interactions among species, such as niche complementarity and facilitation,
whereby the diversity of traits across species allows each species to perform better, thus
collectively increasing the productivity of the community (Grime, 1974; Grime 1998a; Loreau,
2000; Diaz & Cabido, 2001; Loreau & Hector, 2001). Complementarity effects, which are driven
by trait diversity, can be measured using the functional dispersion (FDis) index. FDis highlights

the complementarity effects in a community, as it represents the mean distance in



multidimensional trait space of individual species to the abundance-weighted central trait value
of all species (Loreau, 2000; Laliberté & Légendre, 2010). In contrast, selection effects occur
when species with specific traits outperform others in a given environment, driving the
productivity of a community (Loreau, 2000). Here, greater richness increases productivity
because highly productive species are more likely to be present in a community with a high
initial richness (Loreau, 2000). Selection effects, which are driven by trait identity, are often
measured using the community weighted means (CWM) of single traits (Loreau, 2000;
Casanoves et al., 2011). The CWM of a trait is used to measure selection effects because it
weighs the trait values of the species present based on their relative abundance. This method is
based on the biomass ratio hypothesis proposed by Grime, which proposes that ecosystem
function should be driven by the trait values of the major contributors to plant biomass

(Garnier et al., 2004; Grime, 1998a).

1.3 Trait Choices

Four leaf traits and three root traits that affect the resource acquisition, growth, and

architectural strategies of trees were measured for this study.

1.3.1 Leaf Area

Leaf area is an architectural trait, which varies along a spectrum of leaf size, branch size,
and branching distance (Olson et al., 2009). This spectrum, known as Corner’s Rules, reflects
two patterns observed in the shape and structure of trees: individuals with large leaves require

thicker branches, and individuals with thicker branches ramify less frequently (Corner, 1949;



White, 1983; Olson et al., 2009). In contrast, individuals with small leaves have many thin
branches (White, 1983; Olson et al., 2009). The observed patterns in branching frequency likely
arose to reduce self-shading, whereas those observed in branching size likely resulted to meet
the greater conductive and mechanical demands of larger leaves (White, 1983; Olson et al.,
2009).

In addition to its relation to total light capture, leaf area is related to other functions
such as water loss and thermoregulation. The boundary layer of a leaf, which affects how much
heat and gas can be diffused from the leaf to the air, varies in size depending on leaf width
(Givnish 1979; Lambers et al. 2008). As the thickness of the boundary layer increases,
convective and evaporative cooling become more difficult (Givnish & Vermeij, 1976). Small
leaves are therefore less prone to overheating due to their thinner air boundary layers
(Parkhurst & Loucks 1972; Givnish 1979). The thickness of the boundary layer also affects the
rate of transpiration, with larger leaves losing more water through transpiration than smaller

leaves due to their higher temperatures (Givnish 1979; Lambers et al. 2008).

1.3.2 Leaf Mass per Area

Leaf mass per area can be used to describe leaf growth strategies, as it reflects the cost
of light interception at the leaf level (Westoby et al., 2002; Wright et al., 2004; Poorter et al.,
2009). Leaf mass per area correlates to the leaf economic spectrum, which describes the trade-
off between maximum leaf photosynthetic rate, and leaf lifespan, the period of photosynthetic
return on investment (Westoby et al., 2002; Wright et al., 2004). This trade-off is based on the

principle that longer leaf lifespans require stronger leaf structures, such as thicker laminas and



denser tissues (Westoby et al., 2002). Species with high leaf mass per area also tend to have
lower photosynthetic rates, resulting in a slower growth rate (Lambers et al., 1998; Westoby et

al., 2002; Wright et al., 2004).

1.3.3 Chlorophyll Concentration

Chlorophyll concentration is correlated with photosynthetic capacity (Lambers et al.,
2008). Chlorophyll pigments in the leaves capture light during photosynthesis and transfer its
excitation energy to electrons (Lambers et al., 2008). Through linear or cyclic transport, these
electrons produce NADPH and energy in the form of ATP which are used for photosynthesis
during the Calvin-Benson cycle (Lambers et al., 2008). Light capture increases with chlorophyll
concentration, thus increasing the potential for photosynthetic capacity in leaves with higher

chlorophyll concentrations (Evans, 1996).

1.3.4 Stomatal Density

Stomatal density relates to the transpiration and photosynthetic rates of plants, as
stomata control the diffusion of CO; into the leaf for photosynthesis, and the resulting diffusion
of water out of the leaf (Evans & Loreto, 2000; Lambers et al., 2008). During photosynthesis,
CO; diffuses from the air into the mesophyll cells due to the partial pressure gradient created
by the use of CO; during photosynthesis (Evans & Loreto, 2000). Simultaneously, water diffuses
out of the leaves (Evans & Loreto, 2000). This loss of water from transpiration results in
decreases in leaf temperature and water potential (Farquhar & Sharkey, 1982; Lambers et al.,

2008). Transpiration rate decreased by half in plants where stomatal density was genetically



reduced by 35%, thus demonstrating the effect of stomatal density on transpiration rate
(Hepworth et al., 2015).

Furthermore, at high irradiance levels, photosynthetic rate is positively related to
stomatal conductance, which is determined by stomatal size and density (Lambers et al., 2008;
Haworth et al., 2018). Photosynthetic rate is related to stomatal conductance because CO,
which is assimilated into the leaf through the stomata, is required for the completion of the
Calvin-Benson cycle during photosynthesis (Evans & Loreto, 2000; Lambers et al., 2008). Low
qguantities of CO2 in the leaf limit the rate of functioning of Rubisco, the main enzyme of the
Calvin-Benson cycle (Lambers et al., 2008). Although both stomatal size and density can affect
stomatal conductance, the isolated effects of stomatal density on photosynthetic rate are
highlighted in a study by Tanaka et al., where genetically increasing stomatal density increased

photosynthetic rate by 30% in plants grown under constant light conditions (2013).

1.3.5 Specific Root Length

Specific root length, the investment in root length per unit of root dry mass in
absorptive roots, represents the belowground resource acquisition strategies of trees
(Eissenstat, 1991; Comas & Eissenstat, 2004). Variation in specific root length can result from
variation in either root diameter or root tissue density, but in trees, most of the variation in
specific root length results from variation in root diameter (Comas et al., 2002; Freschet et al.,
2021a).

Along the collaborative gradient of root trait trade-offs, resource uptake strategies

range from increasing self-acquisition by producing cheap roots for rapid soil exploration to



increasing investments into mycorrhizal symbionts (Bergmann et al., 2020). In species with
ectomycorrhizal symbionts, specific root length tends to be higher, in part because the
symbiosis with ectomycorrhizal fungi is less dependent on cortex area (Bergmann et al., 2020).
Fast-growing species generally have a higher specific root length, as this improves self-resource
acquisition by increasing the amount of soil that can be explored for resources per unit cost

(Eissenstat, 1991; Comas & Eissenstat, 2004; Holdaway et al., 2011; Freschet et al., 2021b).

1.3.6 Root Tissue Density

Root tissue density, measured as root dry weight per root volume, can be used to
describe aspects of root anatomy such as cell size, cell wall thickness, and the proportion of
vascular tissue to parenchyma (Ryser, 1996; Freschet et al., 2021a). Root tissue density
increases with cell wall stabilization, which in turn results in a lower root nitrogen content
(Bergmann et al., 2020).

Root tissue density is also associated to root growth strategies (Ryser, 1996; Freschet et
al., 2021a). The root tissue density of fine roots tends to be higher in slow-growing species,
reflecting the slow expansion and long lifespan of their roots, and a slow resource return on
investment from longer lived and well protected roots (Kramer-Walter et al., 2016; Freschet et

al., 2021a; Freschet et al., 2021b; Bergmann et al., 2020).

1.3.7 Root Diameter
Root diameter is also correlated with plant growth, with fine roots of fast-growing

species having smaller diameters (Comas et al., 2002; Comas & Eissenstat, 2004). Root diameter



also reflects resource acquisition strategies along the collaboration axis of trait root trade-offs
(Bergmann et al., 2020). Along the collaboration axis, species which offset nutrient acquisition
to their mycorrhizal symbionts have larger root diameters (Bergmann et al., 2020). These thick
roots also have a higher mycorrhizal colonization percentage than thin roots (Bergmann et al.,
2020). In contrast, smaller root diameters allow trees to explore more soil per investment into
biomass, thus improving self-resource acquisition (Comas & Eissenstat, 2004; Bergmann et al.,
2020). Root hydraulic conductivity is also higher in thinner roots, possibly due to the shorter

path length for water moving into the xylem (Eissenstat, 1992).

1.3.8 Trait Summary
The traits measured for this project are summarized below (Table 1).

Table 1. Summary of measured leaf and root traits.

Trait Definition Units
Leaf area Size of photosynthetic area of individual leaves cm?
Leaf mass per area Carbon cost of light interception at the leaf level g/cm?
Chlorophyll Quantity of chlorophyll pigment present in leaf mg/m?
concentration tissues
Stomatal density Number of stomata per unit of leaf area stomata/mm?
Specific root length Root length investment per unit of root dry mass m/g
Root tissue density root dry weight per fresh root volume g/cm?
Root diameter root dry weight per root volume mm




1.4 Responses to Drought

1.4.1 Plant Responses to Drought

Reduced water availability can be lethal to trees due to its impacts on root interactions
with the soil and leaf interactions with the atmosphere (Bréda et al., 2006). Plants respond to
drought through structural or physiological changes, which either increase water availability or
reduce water loss (Bréda et al., 2006). Plants can respond to a reduction in water availability by
increasing their higher root:shoot ratio or by producing a deeper rooting system, thereby
increasing water supply (Marron et al., 2002; Bréda et al., 2006; Aubin et al., 2016). Water loss
can also be reduced through multiple mechanisms including, but not limited to, stomatal
closure, osmotic adjustment, and increases in leaf mass per area (Abrams et al., 1994; Marron
et al., 2002; Bréda et al., 2006; Poorter et al., 2009; Aubin et al., 2016).

Plants can be broadly categorized based on their responses to drought, either as
drought avoidant species or drought tolerant species (Augé et al., 1998). During periods of
reduced water availability, drought avoidant species can avoid tissue water deficits by reducing
evaporative water losses from the stomata and increasing water uptake from the roots (Augé et
al., 1998; Marron et al., 2001; Bréda et al., 2006). In doing so, drought avoidant species can
maintain photosynthesis and continue to grow, however at a slower rate (Monclus et al., 2005).
Drought avoidant species are also characterized by plant tissues that are sensitive to drought
(Augé et al., 1998). In contrast, the plant tissues of drought tolerant species can resist periods
of dehydration (Augé et al., 1998). While drought tolerant species are able to survive and
recover from periods of water stress, their ability to avoid dehydration is limited (Augé et al.,

1998; Bréda et al., 2006).
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1.4.2 Stand Responses to Drought

While much is known on the impacts of drought on individual trees, much less is known
on the effects of drought on forest stands (Clark et al., 2016). The effects of drought on forest
stands are difficult to predict as multiple interacting factors, which change over time, modulate
the responses of forests to drought (Skubel et al., 2015; Clark et al., 2016; Xu et al., 2018). Such
factors include stand age, stand density, tree size, and tree resource allocation, which affect
water uptake and water use (Klos et al., 2009; Clark et al., 2016; Xu et al., 2018).

Large trees have been found to be more vulnerable to drought stress in forests
worldwide, primarily due to an increase in vulnerability with tree height (Bennett et al., 2015).
Given that taller trees must transport water from the roots to the leaves along a longer
transportation path, they face greater hydraulic challenges than smaller trees (Phillips et al.,
2003; Bennett et al., 2015). In addition, the greater evaporative demands in the upper canopy
of large trees further contribute to their vulnerability to drought (McDowell et al., 2011;
Bennett et al., 2015). During periods of drought, large trees may not be able to access enough
water to maintain growth, hydraulic safety, and regulate leaf temperature (Bennett et al.,
2015). In mature forests, where more large trees are found, the effects of drought on tree
growth and mortality are greater (Klos et al., 2009; Xu et al., 2018).

Tree mortality due to drought also appears to be more likely for seedlings and smaller
trees (Condit et al., 1995; Lloret et al., 2004; Rice et al., 2004; Guarin & Taylor, 2005; Mueller et
al., 2005). In these smaller trees, smaller and shallower root systems likely contribute to an
increase in water stress (Rice et al., 2004; Padilla & Pugnaire, 2007). However, in contrast to a

mature forest stand, juvenile plantations can maintain a more conservative water balance, a
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more stable soil moisture content, and wetter soils during drought due to the lower water

uptake requirements of young trees (Rabbai et al., 2020).

1.5 Life History of Studied Species

1.5.1 Quercus rubra

Quercus rubra (red oak) is a native semi-determinate broadleaf species, which
undergoes multiple cycles of growth within a single year (Burns & Honkala, 1990; Heuret et al,
2003). These bouts of growth coincide with favourable light, water, and temperature conditions
(Burns & Honkala, 1990). Each leaf flush is followed by a period of rest, during which Q. rubra
extends its roots (Burns & Honkala, 1990; Heuret et al, 2003). The root network of Q. rubra is
characterized by a deep taproot, providing escape from water stress (Abrams, 1990; Sander,
1990). Q. rubra can resprout from its root network and can therefore have stems 10-15 years
younger than its root system (Burns & Honkala, 1990).

Q. rubra is classified as moderately drought and shade tolerant (Burns & Honkala, 1990;
Ninemets & Valladares, 2006; Gustafson & Sturtevant, 2013; Peters et al., 2015). During
drought, Quercus rubra exhibits smaller decreases in photosynthetic rate, a later onset of
stomatal closure, and a higher water use efficiency than co-occurring tree species (Abrams,
1990; Barry et al., 2024). The water use efficiency of Q. rubra is likely enhanced by its thick
leaves and small stomata guard cells (Abrams, 1990). The deep roots, high stomatal density,
and ring-porous xylem anatomy of Q. rubra further contribute to its success in dry, open sites

(Abrams, 1990).
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1.5.2 Acer saccharum

Acer saccharum (sugar maple) is a native broadleaf species (Burns & Honkala, 1990). The
growth of Acer saccharum is classified as determinate, because its shoot elongation ends once
its leaves are fully developed (Gaucher et al., 2004). A. saccharum is very shade tolerant, with
seedlings capable of surviving long periods of suppression in the understory (Burns & Honkala,
1990). In drier sites, seedling survival depends on shade as the root system needs time to
develop (Burns & Honkala, 1990). Young seedlings have shallow root systems, making them
sensitive to soil moisture conditions near the surface (Burns & Honkala, 1990).

A. saccharum is a drought sensitive species (Ninemets & Valladares, 2006; Gustafson &
Sturtevant, 2013; Peters et al., 2015). To maximize water and nutrient uptake capacity when
water availability is reduced, A. saccharum has been shown to increase its investment into root
production, maintain a larger root biomass, and prioritize the sustenance of roots with a
greater abundance of arbuscular mycorrhizal fungi (Raczka et al., 2023). Leaf shedding was also
observed in A. saccharum following a spring drought in central Ontario in May 2010 (Stangler et
al., 2016). Following this drought event, leaves from the second leaf flush were smaller, lighter,

and had a lower nutrient content than the leaves initially produced (Stangler et al., 2016).

1.5.3 Betula alleghaniensis

Betula alleghaniensis (yellow birch) is a native broadleaf that grows continuously
throughout the growing season and until leaf abscission (Burns & Honkala, 1990; Gaucher et al.,
2004). While generally being considered intermediate in shade and drought tolerance, B.

alleghaniensis requires high amounts of light, crown expansion space, soil moisture, and
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nutrients to compete with its co-occurring species (Burns & Honkala, 1990; Ninemets &
Valladares, 2006; Gustafson & Sturtevant, 2013; Peters et al., 2015). Under water limited
conditions B. alleghaniensis seedlings produce significantly less biomass, highlighting its need
for copious amounts of water for regeneration (Rasheed & Delagrange, 2016). B. alleghaniensis
seedlings also have a lower photosynthetic rate when water is limited, resulting from a

reduction in stomatal conductance and chlorophyll content (Rasheed & Delagrange, 2016).

1.5.4 Larix laricina

Larix laricina (tamarack) is a native deciduous conifer that can handle a range of
unfavourable growth conditions such as moist, acidic, and cold soils (Burns & Honkala, 1990). L.
laricina is drought intolerant and extremely shade intolerant (Burns & Honkala, 1990; Ninemets
& Valladares, 2006; Gustafson & Sturtevant, 2013; Peters et al., 2015). L. laricina seedlings
require abundant light and constant water levels for growth (Burns & Honkala, 1990). When
light is abundant, L. laricina is one of the fastest growing conifers in northern forests (Burns &
Honkala, 1990). When water availability is reduced, the stomatal conductance and the
aboveground biomass production of L. laricina has been shown to decrease (MacDonald &

Lieffers, 1990).

1.5.5 Pinus resinosa
Pinus resinosa (red pine) is a native evergreen conifer, which becomes established
following fires (Burns & Honkala, 1990). It is a species of determinate growth, considered shade

intolerant and intermediate in drought tolerance (Becker, 1987; Burns & Honkala, 1990; Jones
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et al., 1991; Ninemets & Valladares, 2006; Peters et al., 2015). Water limiting conditions
increase Pinus resinosa seedling mortality, decrease seedling growth, and decrease the rate of
needle elongation (Larson, 1962; Becker, 1987). Cyclic patterns of drought and re-watering
decrease the rate of needle elongation, with more severe reductions in needle growth and
longer periods of recovery following the second drought cycle (Larson, 1962). In addition,
extended periods of drought can reduce root production in P. resinosa seedlings (Becker et al.,

1987).

1.5.6 Picea glauca

Picea glauca (white spruce) is a native evergreen conifer (Burns & Honkala, 1990).
Seedlings of P. glauca can grow continuously when optimal growth conditions are maintained,
but shoot growth becomes determinate after a few years (Burns & Honkala, 1990). P. glauca is
considered shade tolerant, and often remains in the understory for long periods of time due to
its slower growth rate relative to co-occurring species (Burns & Honkala, 1990; Ninemets &
Valladares, 2006). P. glauca also has an intermediate tolerance to drought (Ninemets &
Valladares, 2006; Gustafson & Sturtevant, 2013; Peters et al., 2015). In drier conditions, P.

glauca produces less aboveground biomass and smaller needles (Merlin & Landh&usser, 2019).

1.6 Research Objectives

Biodiversity-ecosystem function research has largely focused on studying the
relationships between biodiversity and biomass stocks or productivity (Balvanera, 2006; van der

Plas, 2019). This relationship between biodiversity and productivity has been found to be
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positive in forests worldwide, when biodiversity is measured as species richness (Zhang et al.,
2012). The positive relationship between biodiversity and productivity is especially common in
temperate forests, being observed in more than half of the studies conducted in natural
temperate forests (van der Plas, 2019).

Complementarity effects and selection effects, the mechanisms thought to explain the
positive species richness-productivity relationship, are based on the traits of the species
present in a community. Despite this, few studies have tested which specific traits, or
combinations of traits, underpin the established species richness-productivity relationship.

In addition, environmental conditions may affect when complementarity and selection
effects for particular traits are at play, as well as the relative importance of the two
mechanisms. The effects of environmental conditions on the species richness-productivity
relationship are not well understood, as previous studies have yielded mixed results (Paquette
& Messier, 2011; Zhang et al., 2012; Ratcliffe et al., 2017; Zheng et al., 2025).

For my thesis, | studied an experimental plantation of early-establishment temperate
tree communities to investigate how trait diversity and composition influences community
productivity under varying water availability conditions. | measured seven leaf and root traits to
test which traits are responsible for the species richness-productivity relationship in temperate
tree communities during stand development, and to test whether they act via the
complementarity or the selection effect. | then compared the trait-productivity relationships
observed in three water availability treatments to determine how the traits responsible for an

increase in productivity change under different environmental conditions.
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2. Examining the Effects of Traits on Early-Establishment Tree

Communities Under Different Soil Water Conditions

2.1 Introduction

Global anthropogenic change is affecting the richness, composition, and abundance of
co-occurring tree species in ecosystems across a range of forest types (Hooper et al., 2005;
Allen et al., 2010; Vellend et al., 2013; Dornelas et al., 2014). As these changes occur, growing
concern for their impact on forests has prompted research into the negative effects of species
loss on forest ecosystem functions (Diaz & Cabido, 2001; Balvanera et al., 2006). One such
ecosystem function, primary productivity, may be particularly impacted by the loss of species
richness, as it has been shown to increase with species richness in forests around the world
(Zhang et al., 2012).

Two mechanisms can explain the positive relationship between species richness and
productivity: complementarity effects and selection effects. Complementarity effects arise from
positive interactions among species, such as niche complementarity and facilitation, whereby
the diversity of traits across species allows for more efficient resource use (Grime, 1974; Grime
1998a; Diaz & Cabido, 2001; Loreau & Hector, 2001). By using resources more efficiently, each
species performs better, thus collectively increasing the productivity of the community (Loreau,
2000; Loreau & Hector, 2001). In contrast, selection effects occur when species with specific
traits outperform others in a given environment, leading to the dominance of these species
(Loreau, 2000). In such a case, the disproportionate dominance of highly productive species

drives the productivity of a community (Loreau, 2000). Here, greater richness increases
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productivity because the dominant species are more likely to be present in a community with a
high initial richness (Loreau, 2000). Based on measures of species abundances, both
mechanisms have been shown to occur in forests.

While both of these mechanisms relate to the species richness of a community, they are
more directly linked to the traits of the species present in the community (Diaz & Cabido, 2001).
Under complementarity effects, the diversity of traits across species increases community
productivity, whereas under selection effects, the presence of specific trait values increases
community productivity. Despite the fundamental role of traits in our understanding of these
mechanisms, to our knowledge, few studies have tested the implicit assumption that traits
underpin the established species richness-productivity relationship. Here, we address that gap
by examining which traits drive the species richness-productivity relationship in temperate tree
communities during the early stages of stand development, and whether they act via the
complementarity or the selection effect.

In addition, environmental conditions may affect when complementarity and selection
effects for particular traits are at play. First, the nature of the interactions among species within
a community can change with environmental stress (He et al., 2013). For example, the Stress-
Gradient Hypothesis postulates that interactions between species should become more
facilitative and less competitive with increasing environmental stress (Lortie & Callaway, 2006;
He et al., 2013). Under the Stress-Gradient Hypothesis, complementarity effects should
therefore be stronger in stressful environments than in non-stressful environments. However,
evidence for the stress gradient hypothesis has been mixed, with some studies reporting

decreases in competitive interactions with increasing resource stress and others reporting no
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changes in the interactions among species (He et al., 2013). If complementarity effects are at
play in our system, the Stress-Gradient Hypothesis predicts that they will be more important in
more stressful environments.

Second, environmental conditions along a stress gradient can shape species
composition, as different species may be better suited for different environments (Grime,
1998b). CSR theory states that in low stress environments, highly competitive species should
perform better. Here, traits that provide efficient resource capture and utilization allow these
competitive species to maximize their growth and outperform neighbouring species (Grime,
1974; Grime, 1998b). In high stress environment, stress-tolerant species should perform better.
Here, the growth of highly competitive species is restricted by a lack of resources, thus allowing
the establishment of slower growing, stress-tolerant, species (Grime, 1974; Grime, 1998b). As
environmental conditions may change which trait values are optimal, different species should
therefore perform better in environments of varying stress levels, based on their traits. We thus
expect the trait values underpinning selection effects to vary in different environments.
However, studies examining the effects of environmental stress on the species richness-
productivity relationship have yielded mixed results, and the effects of environmental stress on
the traits underlying this relationship has not been investigated (Paquette & Messier, 2011;
Zhang et al., 2012; Ratcliffe et al., 2017; Zheng et al., 2025).

To address these gaps, this study uses an experimental plantation of temperate tree
communities in the early stages of stand development to investigate how trait diversity and
composition influence community productivity under varying environmental conditions.

Monocultures and three-species communities of temperate trees were established along a trait
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diversity gradient to separate the effects of species richness from those of traits. To establish an
environmental stress, water availability was reduced by 25% annually and 50% biennially in
two-thirds of the tree communities. In each tree community, four leaf traits and three root
traits known to influence plant productivity and survival under drought conditions were
measured. Community productivity was estimated using measures of aboveground and
belowground biomass.

The objectives of this study are twofold. First, we ask which traits are responsible for the
species richness-productivity relationship in temperate tree communities during the early
stages of stand development, and whether they act via the complementarity or the selection
effect. If trait diversity underlies the species-richness productivity relationship, then biomass
will increase with trait diversity in the three-species communities. If trait composition underlies
the species-richness productivity relationship, communities with a high abundance of specific
trait values associated with increased productivity will have a higher biomass. Second, we ask
how do complementarity and selection effects and their underlying traits change in
environments with different water availabilities by assessing which traits are associated with
productivity in each environment.

Climate models for eastern Canada project an increase in temperature, while
precipitation will remain constant (IPCC, 2023). Under these conditions, plant productivity will
be limited as a result of increased respiration costs and decreased water availability (Bréda et
al., 2006). Here, we focus on forest stands during the establishment period because mortality
rates are often high during the seedling phase of tree growth (Fenner, 1987). As a result, the

early years of stand development can modify future rates of nutrient cycling or biomass
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accumulation, and shape future forest structure, composition and function (Lutz & Halpern,
2006; Williams et al., 2017). Understanding how traits act to promote and maintain the
productivity of forest communities during stand establishment in environments with different
water availabilities will help inform the development of forest conservation and management in

a time of changing climate (van Mantgem et al., 2009).

2.2 Methods
2.2.1 Study Site

This study was conducted at the IDENT-Outaouais plantation, established in 2020, near
Notre-Dame-de-la-Paix, Qc, Canada (45.7742, -75.0066). This site is a repurposed agricultural
field, characterized by average temperatures of 16 °C and total precipitations of 578 mm during

the growing season (May to October), and a sandy loam soil (Fig. 1).
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Figure 1. Aerial view of the IDENT-Outaouais plantation in September 2024.

Following the initial establishment of the experiment, seedlings were watered for two
years, before the implementation of a water exclusion system. To further help the
establishment of the seedlings, herbaceous vegetation was manually removed during the
growing season from 2020 until the end of 2024, and the study area was fenced to reduce

mammalian herbivory.
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2.2.2 Experimental Design

Following a similar design to other plantations in the IDENT network, this study site is
composed of replicated high-density tree communities. Each community contains a 7x7
assemblage of temperate trees, planted as seedlings at regular intervals of 0.5 m. The close-
proximity design was implemented to promote interactions among individuals at early stages of
their development.

Six native temperate tree species (Acer saccharum Marsh, Betula alleghaniensis Britton,
Larix laricina (Du Roi) K. Koch, Picea glauca (Moench) Voss, Pinus resinosa Ait., and Quercus
rubra L.) from local provenances in Maniwaki, Qc, and in Berthierville, Qc, were planted in
seven three-species mixes. The community compositions of the three-species mixes were
selected to form a gradient of functional diversity using traits from the TRY dataset, with
communities where species have similar traits at the low-diversity end of the gradient and
those where species have the most dissimilar traits at the high-diversity end (Fig. 2) (Kattge et
al., 2011). Later, the local trait values were used to determine the realized diversity gradient
among mixtures. By maintaining a functional diversity gradient while keeping species richness
fixed, the effects of trait diversity could be separated from the effects of species richness.
Reference monoculture communities for five of the listed species were also included in the
study. Due to a limited supply of L. laricina seedlings at the time of planting, it could not be
planted in monoculture. Overall, 12 unique communities (7 three-species mixes and 5

monocultures) were planted in this experiment (Fig. 2).
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Figure 2. Three-species and monoculture temperate tree communities established along a
functional diversity gradient in the IDENT-Outaouais experiment. The functional diversity
gradient was established based on trait values from the TRY dataset (Kattge et al., 2011). Three-
species mix compositions are as follows: Mix 1, L. laricina, Q. rubra, A. saccharum; Mix 2, B.
alleghaniensis, Q. rubra, A. saccharum; Mix 3, P. glauca, P. resinosa, L. laricina; Mix 4, B.
alleghaniensis, P. glauca, A. saccharum; Mix 5, Q. rubra, P. resinosa, L. laricina; Mix 6, P. glauca,

A. saccharum, L. laricina; Mix 7, B. alleghaniensis, Q. rubra, P. resinosa.

2.2.3 Water Exclusion Treatment

A water availability gradient was implemented using ground level gutters placed
between trees to remove rainwater. Three water availability treatments were applied: a control
(no precipitation removal), a press water removal stress (25% precipitation removal annually),

and a pulse water removal stress (50% precipitation removal biennially). The press treatment
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simulates a low but persistent water limitation scenario, whereas the pulse treatment
represents a stronger but annually variable water limitation scenario. Over time, the cumulative
amount of water removed in each treatment is the same (50% removed over two years). Each
combination of community composition and treatment was replicated three times and spatially
arranged into blocks, forming a total of 108 communities (36 control, 36 press, 36 pulse) (Fig.

3).
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Figure 3. Spatial distribution of tree communities in the IDENT-Outaouais experiment.
Replicates were applied in three blocks of 36 plots, delineated by black lines. Each combination
of community composition and water exclusion treatment is repeated once within each block.
Plots in the control treatment are indicated in purple, plots in the press treatment are indicated
in pink, and plots in the pulse treatment are indicated in green. In total, the experiment is

composed of 108 plots.
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To quantify the effects of the water exclusion treatments, soil moisture content was
measured weekly from June to October 2024. These measurements were taken at least three
days after a precipitation event to allow the soil to return to field capacity. Soil moisture
content was recorded in nine locations per community to account for spatial variability within
plots, with three measurements taken under the water exclusion gutters, three measurements
taken along the water exclusion gutters, and three measurements taken away from the gutters.
All soil moisture content measurements were taken integrating the top 5 cm of soil, using a

FieldScout TDR 350 soil moisture meter.

2.2.4 Leaf Trait Measurements

Leaf trait measurements were collected from the nine centrally located trees in each
community (n=972) between July 37, 2024 and August 15", 2024 (Appendix 1). From these
individuals, a sun exposed lateral branch was randomly selected and cut from the top third of
the tree crown. When individuals were shaded, one of the most sun exposed branches was cut.
Branches were collected in the morning and stored on ice in plastic bags with damp paper
towels, until processing the same afternoon.

Four leaf traits were measured on each branch: Leaf area, leaf mass per area,
chlorophyll concentration, and stomatal density. These traits were chosen as they are known to
reflect the resource acquisition and the architectural strategy of trees and have been shown to
be affected by drought conditions. Leaf area is related to the light capture, water loss, and
thermoregulation of trees (Givnish 1979; Lambers et al. 2008; Olson et al., 2009). In response to

drought, some tree species have been shown to produce smaller leaves (Graves, 1994; Timbal
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& Lefebvre, 1995; Merlin & Landhausser, 2019). Leaf mass per area, which reflects the carbon
cost of light interception at the leaf level (Wright et al., 2004), has been shown to be higher
among species in water limited environments (Wright & Westoby, 2002; Poorter et al., 2009).
Chlorophyll concentration affects light capture and is therefore correlated with photosynthetic
capacity (Lambers et al., 2008). In B. alleghaniensis, chlorophyll concentration decreases during
drought (Rasheed & Delagrange, 2016). Stomatal density affects gas exchange, which then
affects transpiration and photosynthetic rates (Evans & Loreto, 2000; Lambers et al., 2008).
Within an individual, stomatal density has been shown to be lower in leaves produced in dry

conditions than in leaves produced when soil moisture was high (Metwally et al., 1971).

Leaf trait measurements were collected differently for broadleaf species and conifer
species. On broadleaf species, leaf area (cm?) and leaf mass per area (g/cm?) were measured
without the petiole on three intermediate sized and relatively intact leaves, which were
selected at random. Leaves were scanned on an Epson Perfection V850 Pro scanner at 300 dpi.
The leaf area was determined from these scans in WinFolia (Version: 2020a Pro; Regent
Instruments Inc., 2020). After scanning, leaves were dried at 60 °C until their dry weight
stabilized. The dried leaves were then weighed using an ME403 precision balance (Mettler
Toledo). Leaf mass per area was obtained by dividing the dry weight (g) of the leaves by the
fresh leaf area (cm?).

The chlorophyll concentration (mg/m?) and stomatal density (stomata/mm?) of
broadleaves were measured on a second set of three randomly selected leaves. On each of the

three leaves, chlorophyll concentration was recorded using a CCM-300 chlorophyll content
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meter from the chlorophyll fluorescence ratio F73s5/F700 (Opti-Sciences; Gitelson et al., 1999) in
four places (top left, top right, bottom left, bottom right) on the adaxial side of the leaf. A
chlorophyll concentration value was obtained for each individual by averaging the 12
measurements. Following chlorophyll concentration measurements, a stomatal density imprint
was made on the abaxial side of each leaf using clear nail polish and clear tape (n=3; Grant &
Vatnick, 2004). To account for spatial variability within the leaf, imprints were taken in the top
right, bottom left, and in the middle of the leaves. The stomatal density imprints were later
photographed at x100 magnification (Leica DM1000 LED; Teledyne Lumenera INFINITY1-1M
digital camera). On each stomatal density image, ImageJ) was used to delineate a fixed area
(0.03 mm?2x 0.04 mm?) in a random location where stomata were clearly identifiable, and all
stomata within the area were counted. For each individual, stomatal density was measured as
the average number of stomata of the three imprints divided by the size of the fixed area

(mm?).

On conifer species, all leaf traits were measured on twenty needles taken, at random,
from the top side of the branch. First, five bunches of four needles were formed to measure
chlorophyll concentration. The needles were positioned so chlorophyll concentration could be
measured on the adaxial side of the needles. Chlorophyll concentration was recorded once per
set of needles using a CCM-300 chlorophyll content meter (Opti-Sciences; Gitelson et al., 1999).
Next, the abaxial side of the needles was scanned at 300 dpi to measure leaf area, and a subset

was scanned again at 4800 dpi to measure stomatal density, using an Epson Perfection V850
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Pro scanner. The rest of the protocol for measuring leaf area and leaf mass per area on conifers
was the same as described above for broadleaves.

Stomatal density scans were processed in ImageJ (Version 1.53), where a fixed area was
delineated (0.05 mm?x 0.05 mm?) and all stomata within were counted. The fixed area was
positioned near the mid-length of the needle and where stomata were clearly identifiable. For
each individual, stomatal density was measured as the average number of stomata across three

counts, divided by the fixed area (mm?).

2.2.5 Root Trait Measurements

For each species three root traits were measured: specific root length, root tissue
density, and root diameter. These traits were chosen as they are known to describe the
important aspects of the architectural, growth, and resource acquisition strategies of trees
(Comas & Eissenstat, 2004; Comas et al., 2013). Specific root length, the investment in root
length per unit of root dry mass, is generally higher in fast-growing species (Eissenstat, 1991;
Comas & Eissenstat, 2004; Holdaway et al., 2011; Freschet et al., 2021b). These species produce
cheap roots for rapid soil exploration and generally invest less carbon into their mycorrhizal
symbionts (Bergmann et al., 2020). Root diameter is negatively correlated to specific root
length, with thin roots being associated to high specific root lengths (Comas et al., 2002; Comas
& Eissenstat, 2004). As a result, fast-growing species tend to have smaller root diameters
(Comas et al., 2002; Comas & Eissenstat, 2004). Along the collaboration axis of root trait trade-
offs, species which acquire nutrients themselves have smaller root diameters (Bergmann et al.,

2020). Root tissue density, the root dry weight per root volume (Freschet et al., 2021a), varies
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along a fast-slow growth axis (Bergmann et al., 2020). Slow growing species typically have
higher root tissue densities, reflecting a slow resource return on investment from longer lived
and well protected roots (Kramer-Walter et al., 2016; Freschet et al., 2021a; Freschet et al.,
2021b; Bergmann et al., 2020).

High specific root lengths are associated with the maintenance of plant productivity
during drought (Eissenstat, 1991; Comas et al., 2013). Likewise, thin roots and high root tissue
densities have been observed in plants growing in dry conditions, and following periods of
drought (Ryser, 1996; Comas et al., 2002; Comas et al., 2013; Lozano et al., 2022; Holdaway et
al., 2011). However, the responses of root traits to drought are highly variable and species

dependent (Brunner et al., 2015; Lozano et al., 2020).

Root traits were measured at the species level in each community. Within the area
delineated by the central 9 trees, three soil cores (10 cm x 14 cm) were collected between
July 23", 2024 and August 13, 2024. Soil cores were taken at the center point between four
adjacent trees, so that each species was equally represented across the three cores (Appendix
1). After collection, soil cores were bagged and kept frozen at -60 °C until processing.

Before being processed, soil cores were thawed for 12 hours at 4 °C. Thawed soil cores
were soaked in a bucket of water for up to three hours to gently remove some of the soil. Next,
the root water was poured through a series of sieves. First, over a 5 mm sieve, then over a 2
mm sieve. Roots retained in the sieves were gently hosed to remove more soil and debris, then
resuspended in a bucket of clean water. Once the roots were mostly clean, they were

transferred to a tray of water for further cleaning and sorting. Organic matter, debris, and grass
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roots were removed using tweezers, and the tree roots were sorted by species based on their
morphology.

For trait measurements, ten sets of live fine roots from 1°t to 3" order were selected at
random for each species. These roots were scanned in a clear tray of deionized water at 1200
dpi on a backlit Epson Perfection V850 Pro scanner to avoid shadows. The fine roots were dried
at 60 °C until their dry weight stabilized and weighed using an XSR205DU analytical scale
(Mettler Toledo).

Root scans were then processed in Rhizovision (Version 2.0.3), to obtain measurements
of average root diameter (mm), root length (mm), and root volume (mm3). From the
measurements obtained, root tissue density was calculated as the dry weight divided by the
volume of fresh root (g/cm?3), and specific root length was calculated as the length of root

divided by its dry weight (m/g).

2.2.6 Biomass Measurements

At the end of the 2024 growing season, the height (cm) and basal diameter (cm) of each
tree was measured. Using these values, aboveground biomass was estimated following
allometric equations for temperate tree species, where biomass is calculated as the square of
the basal diameter multiplied by height and by wood density (D? x H x WD) (Tobner et al., 2016;
Williams et al., 2017). Wood density values specific to Montreal were obtained from Belluau et
al., (2021) and used in the calculations of aboveground biomass.

The total aboveground biomass of each community was measured as the sum of the

aboveground biomasses of the nine central trees. The total belowground biomass of each
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community was measured as the sum of the dry weight of all tree roots across the three soil

cores collected in each community.

2.2.7 Testing Complementarity Effects

Univariate and multivariate measures of complementarity effects were obtained for
each community. For single traits, the variance in trait values within a community was used as
the metric for complementarity effects. Here, complementarity increases with variance. For
multiple traits, Functional Dispersion (FDis) values was used as the metric of complementarity.

FDis was calculated for each community as:

. Za.z.
FDis = =~ Eqn. 1
Y.a;
where ag;j is the abundance of species j and z; is the Euclidean distance of species j to the
community’s weighted trait centroid (Laliberté & Legendre, 2010). In turn, the weighted
centroid of each community is the abundance-weighted mean multivariate trait value,
calculated as:
. Za.x..
centroid = [¢;] = =2 Eqn. 2
. a;

where aj is the abundance of species j, and x; is the trait value of species j for trait i (Laliberté &
Legendre, 2010). Calculations were done using the FD package in R (Laliberté & Legendre, 2010;
Laliberté et al., 2014). In each community, FDis was calculated using all seven measured traits,
as well as with each possible combination of trait pairs. Here, complementarity increases with

FDis.
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2.2.8 Testing Selection Effects

Univariate and multivariate measures of selection effects were obtained for each
community. To quantify selection effects for a single trait, community weighted distance to the
‘best’ trait values (CWD) was measured following this equation:

CWD = 37, p;|b; — x; | Eqn. 3
where pj is the relative abundance of species j, bj is the reference trait value from the most
productive species in the monocultures of the experiment, and x; is the trait value of species j.
This equation was derived from the calculation of community weighted mean presented in
Lavorel et al. (2008). The CWD metric allowed us to compare the trait values in the community
to those of the most productive conifers and broadleaves in the system, thus indicating
selection for that particular trait value.

Given the strong life history, anatomical, and physiological differences between
angiosperms and gymnosperms, a different ‘best’ trait value was selected for each taxa. The
‘best’ trait values for broadleaves were taken from B. alleghaniensis, as this was the most
productive broadleaf in monoculture (Appendix 2). To determine the ‘best’ value for each trait,
an average was taken across B. alleghaniensis individuals in monoculture for each treatment.
The ‘best’ trait values for conifers were taken from L. laricina, as this was the most productive
conifer in the experiment (Appendix 2). Since there were no L. laricina monocultures, the ‘best’
trait values were obtained by averaging the traits of all L. laricina individuals in each treatment.
This was possible because the mean trait values of L. laricina did not differ based on community
composition. This method was not used for B. alleghaniensis because some of its traits varied

with community composition (Appendix 3).

33



To quantify selection effects for multiple traits, the Functional Dispersion index was
modified to be centered around the weighted community best trait value rather than the
weighted trait centroid of the community. This provided us with a multivariate equivalent
(FDiscwp) to the community weighted distance from the ‘best’ trait value used previously. We

calculated FDiscwo in the following way:

: by
best trait centroid = [c;] = Z;]a . Eqn. 4
j
. . a;zp;j
FDis = =L Eqn.5
CWD T a q

where g;j is the abundance of species j, bjj is the best trait value of species j for trait i, and zy; is
the Euclidean distance of species j to the multivariate ‘best trait’ centroid. In each community,
FDiscwo was calculated using all seven measured traits, as well as with each possible
combination of trait pairs. Here, lower FDiscwp values represent convergence towards the traits

of the most productive species. Thus, selection increases as FDiscwp decreases.

2.2.9 Statistical Analyses

All statistical analyses were performed in R (Version 4.5.1; R Core Team, 2025). To
determine which angiosperm and gymnosperm planted in the experiment were most
productive in monoculture, a two-way ANOVA was conducted to test the effects of species,
treatment, and their interaction on aboveground biomass (Appendix 2). When significant
effects were detected, a post-hoc TukeyHSD was used to identify pairwise differences among
groups. Two-way ANOVAs with post-hoc TukeyHSD tests were also conducted to examine the

effects of species, treatment, and their interaction on trait values.
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To determine if water availability differed across water exclusion treatments,
differences in the mean, minimum, maximum, and variance in percent volumetric water
content (VWC%) across communities in each treatment was tested using one-way ANOVAs.
Using the Ime4 and emmeans packages in R, changes in percent volumetric water content
through time were compared using a linear mixed-effects model (LME) with a post-hoc
estimated marginal means test (EMM), predicting VWC% as a function of treatment, date, and
their interaction, and with plot ID specified as a random effect to account for repeated
measures within plots (Bates et al., 2015; Lenth, 2025). The mean aboveground and
belowground biomass produced in each treatment was compared using a one-way ANOVA.
One-way ANOVAs and post-hoc TukeyHSD tests were also used to assess whether the
treatments had an effect on species traits. More tests used to describe the water exclusion
treatments, including ANOVA and post-hoc TukeyHSD tests comparing the mean VWC% based
on community composition and calculations of the relative extractable soil water to quantify
drought intensity, are outlined in the supplementary materials (Appendix 4).

To determine if biomass increased with diversity due trait complementarity in each
treatment, we tested whether aboveground and belowground biomass increased with the
variance of each trait and with FDis using linear regressions. To determine if biomass increased
with diversity due to selection for the ‘best’ traits in each treatment, we tested whether
aboveground and belowground biomass increased with CWD and with FDiscwp. We verified
model assumptions using the procedure described in Zurr & leno (2016). When model
assumptions of homoscedasticity were not met, independent variables were log-transformed

or square root transformed as needed to produce homoscedasticity. The Benjamini-Hochberg
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procedure was used to control the experiment-wide false discovery rate and calculate adjusted

p-values.

2.3 Results

2.3.1 Trait Values of the Most Productive Species

Of the broadleaves, B. alleghaniensis was the most productive in monoculture in all
treatments (Appendix 2). Compared to A. saccharum, B. alleghaniensis consistently had a lower
stomatal density and smaller leaves (Two-way ANOVA & TukeyHSD post-hoc, SD-All: p < 0.001,
LA-All: p < 0.001), and had lower chlorophyll concentrations in the press and the pulse
treatments (Press: p = 0.002, Pulse: p < 0.001, Control: p = 0.143; Fig. 4). Compared to Q. rubra,
B. alleghaniensis had a lower stomatal density in all treatments (All: p < 0.001), and smaller
leaves in the control treatment (Press: p = 0.983, Pulse: p = 0.135, Control: p = 0.011; Fig. 4).
Chlorophyll concentration in B. alleghaniensis was lower than in Q. rubra, but this difference
was not significant in any treatments (Press: p = 0.360, Pulse: p = 0.694, Control: p = 1.000; Fig.
4). B. alleghaniensis also had smaller leaf mass per area values than A. saccharum and Q. rubra
but this difference was not significant in any treatments (Press: p = 0.863, Pulse: p = 0.661,
Control: p = 0.923; Fig. 4).

For root traits, B. alleghaniensis had intermediate-sized, but relatively small, root
diameters, which were smaller than in A. saccharum in all treatments (All: p < 0.001) and larger
than in Q. rubra in the press and pulse treatments (Press: p = 0.002, Pulse: p = 0.017, Control: p
0.076; Fig. 4). The root tissue density of B. alleghaniensis was higher than A. saccharum in the

pulse and the control treatments (Press: p = 0.154, Pulse: p < 0.001, Control: p < 0.001), and
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lower than Q. rubra in all treatments (Press: p = 0.025, Pulse: p < 0.001, Control: p < 0.001; Fig.
4). B. alleghaniensis also had relatively high, but intermediate-sized specific root lengths, which
were greater than in A. saccharum across all treatments (All: p < 0.001), and lower than in Q.

rubra in the press treatment (Press: p = 0.004, Pulse: p = 0.562, Control: p = 1.000; Fig. 4).

Of the conifers, L. laricina was the most productive in all treatments (Appendix 2). L.
laricina had a higher chlorophyll concentration (Press: p = 0.013, Pulse: p < 0.001, Control: p <
0.001), stomatal density (All: p < 0.001), and root diameter than P. glauca in all treatments (All:
p < 0.001; Fig. 4). Compared to P. resinosa, L. laricina had a higher chlorophyll concentration in
the press and the pulse treatments (Press: p = 0.001, Pulse: p < 0.001, Control: p = 0.073),
greater stomatal density in all treatments (All: p < 0.001), and larger root diameters in the press
and the control treatments (Press: p = 0.029, Pulse: p = 0.399, Control: p < 0.001; Fig. 4). L.
laricina had a lower leaf mass per area than both P. glauca and P. resinosa in all treatments (All:
p < 0.001). Root tissue density of L. laricina was lower than P. glauca in the pulse and in the
control treatments (Press: p = 0.262; Pulse: p = 0.052, Control: p = 0.007; Fig. 4). L. laricina had
relatively small, intermediate-sized needles relative to the other conifers, although needle size

did not differ significantly among treatments (All: p = 1.000).
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Figure 4. Differences in trait values across individuals of each species and water exclusion
treatments. The angiosperms and the gymnosperms were included in the same panel when
scales were comparable and in separate panels when scales were not comparable. The
dominant species for each clade are identified by triangles. Trait differences are illustrated in
panels a to g: Panel a) chlorophyll concentration (mg/m?2), panel b) root diameter (mm), panel
c) stomatal density (stomata/mm?), panel d) root tissue density (g/cm?3), panel e) leaf area

(cm?), panel f) specific root length (m/g), and panel g) leaf mass per area (g/cm?).

2.3.2 Effects of Water Exclusion Treatments

Of the water exclusion treatments, only the pulse treatment was drier than the control,
although this difference was marginal. On average, percent soil volumetric water content
(VWC%) in the pulse treatment was 14.86%, which is 20% and 16% drier than the press (mean
VWC% = 18.16%) and the control treatments (mean VWC% = 17.36%) (ANOVA & TukeyHSD
post-hoc, Press: p = 0.020, Control: p = 0.1; Fig. 5). VWC% in the press and the control
treatments were similar, with soils in the press treatment containing 5% more water than the
control (p = 0.785; Fig. 5). Overall, all treatments followed the same temporal trends and
maintained consistent VWC% differences during the growing season (LME & EMM post-hoc, p <
0.001; Fig. 6). Throughout the summer, the pulse treatment maintained a mean VWC%
between 2.30 and 4.92 percentage points lower than the mean of the wettest treatment
recorded on a given day (p < 0.001; Fig. 6). On average, this represents a 26% difference in
VWC% between the pulse and the wettest treatment, whereas the press and the control

consistently did not differ (p < 0.001; Fig. 6).
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Figure 5. Differences in the percent volumetric water content of each treatment over the 2024
summer. All volumetric water content measurements taken at least three days after a rain
event were included in the comparisons. For each day of measurement, percent volumetric
water content within a community plot was averaged. Plot volumetric water content therefore
represents the mean amount of soil water content in each plot. Across all plots, the average
volumetric water contents were significantly different between the pulse and the press
treatments (p = 0.020), marginally different between the pulse and the control treatments (p =

0.1), and not different between the press and the control treatments (p = 0.785).
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Figure 6. Change in percent volumetric soil water content during the growing season, by
treatment. All treatments followed the same temporal trends and maintained consistent
percent volumetric water content differences throughout the growing season. The percent
volumetric soil water content in the pulse treatment was consistently lower than in the control

and the press treatments (p < 0.001).
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The water exclusion treatments did not affect the amount of aboveground and
belowground biomass produced by trees (ANOVA, aboveground: F(2, 969) = 0.531, p = 0.588,
belowground: F(2, 699) = 1.314, p = 0.27; Fig. 7). However, there was an effect of treatment on
certain trait values, which varied among species. Following a Benjamini-Hochberg correction to
control the false discovery rate, chlorophyll concentration values differed across treatments in
B. alleghaniensis monocultures, with chlorophyll concentration being higher in the pulse
treatment than in the press and the control treatments (ANOVA & Tukey post-hoc, Press: p =
0.009, Control: p = 0.007; Fig. 8). Root tissue density values differed across treatments in P.
resinosa monocultures, with root tissue density being lower in the press treatment than the
pulse and the control treatments (ANOVA & TukeyHSD post-hoc, Pulse: p = 0.002, Control: p =
0.002; Fig. 8). These differences in trait values reflect the plastic response of the species to the

treatments.
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Figure 7. Differences in plot biomass across treatments. Panel a) illustrates the effects of the
pulse, press, and control treatments on aboveground biomass, in kilograms. Aboveground
biomass for each tree was calculated as height x diameter? x wood density. The total
aboveground biomass of the trees in 2024 did not differ across treatments (F(2, 969) = 0.531, p

= 0.588). Panel b) illustrates the effects of the pulse, press, and control treatments on
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belowground biomass, in grams. Belowground biomass for each plot was calculated as the total
dried weight of tree roots collected from three soil cores. The belowground biomass of the

trees in 2024 did not differ across treatments (F(2, 699) = 1.314, p = 0.27).
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Figure 8. Differences in trait values of monoculture communities where trait plasticity was
observed. The trait values of monocultures were grouped by treatment for comparisons. Three-
species communities were not included, to isolate the effects of the water exclusion treatments
from those of neighbouring species. In B. alleghaniensis monocultures, chlorophyll
concentration was higher in the pulse treatment than in the press and the control treatments
(Press: p =0.009, Control: p =0.007). In P. resinosa monocultures, root tissue density was lower
in the press treatment than in the pulse and the control treatments (Pulse: p = 0.002, Control: p

=0.002).
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2.3.3 Which Traits and Mechanisms Affect Community-Level Biomass?

We found no evidence of complementarity effects in this system because neither metric

of community productivity increased with community trait variance or with FDis. We also found

no evidence of univariate selection effects in this system because neither metric of community

productivity decreased with CWD. In contrast, multivariate analyses with aboveground biomass

provided evidence of selection effects (Table 2).

Table 2. Summary of significant and marginally significant results. Results in italics are

marginally significant.

Treatment

Press

Press

Control

Pulse

Control

Pulse

Trait

Biomass metric

FDiscwp Leaf area & Leaf
mass per area
Log(FDiscwp Leaf area &
Stomatal density)
Log(FDiscwo Leaf area &
Stomatal density)
Log(FDiscwp Leaf area &
Stomatal density)
Log(FDiscwp Leaf mass
per area & Stomatal
density)

FDiscwp Chlorophyll
concentration & Specific

root length

Aboveground
biomass
Aboveground
biomass
Aboveground
biomass
Aboveground
biomass
Aboveground

biomass

Aboveground

biomass

R? Adjusted p-value
0.45 0.027
0.46 0.027
0.35 0.055
0.32 0.075
0.30 0.095
0.60 0.039
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Control Log(Stomatal density & Aboveground 0.53 0.049

Specific root length) biomass
Pulse Log(FDiscwp All traits) Aboveground 0.29 0.098
biomass

In multivariate analyses, aboveground biomass decreased with the community weighted
distance to best of trait pairs that included leaf area in the press treatment. Here, aboveground
biomass decreased threefold with multivariate distance to the best leaf mass per area and leaf
area values (FDiscwp for LA & LMA) (Linear model, R? = 0.45, p = 0.027; Fig. 9). Aboveground
biomass also decreased threefold with the log of the distance to the best trait value for the
combination of leaf area and stomatal density (log FDiscwp for LA & SD) (Linear model, press: R?
=0.46, p = 0.027; Fig. 9).

In addition, other trait pairs which included specific root length were under selection. In
the pulse treatment, communities where specific root length and chlorophyll concentration
were closest to the best value, aboveground biomass was four times higher than in
communities which diverged most from the best specific root length and chlorophyll
concentration values (log FDiscwp for CHL & SRL) (Linear model, R? = 0.60, p = 0.039; Fig. 10). In
the control, aboveground biomass decreased fourfold with the log of the distance to the best
stomatal density and specific root length values (log FDiscwp for SD & SRL) (Linear model, R? =
0.53, p = 0.049; Fig. 10).

There was also weak evidence of selection for the trait pairs of leaf area and stomatal
density, leaf mass per area and stomatal density, and for FDiscwp calculated with all seven

traits. Aboveground biomass decreased marginally with the log of the distance to the best trait
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value for the combination of leaf area and stomatal density in the pulse and the control
treatments (log FDiscwp for LA & SD) (Linear model, Pulse: R? = 0.32, p = 0.075, Control: R? =
0.35, p = 0.055) and with the log of the distance to the best trait value for the combination of
leaf mass per area and stomatal density in the control (log FDiscwp for LMA & SD) (Linear model,
R?=0.30, p = 0.095). When calculated with all seven traits, the log transformed FDiscwp had a
weak effect on aboveground biomass in the pulse treatment (log FDiscwo All) (Linear model, R?

=0.29, p = 0.098).
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Figure 9. Linear regressions of aboveground biomass, in kilograms, against the selection
metrics. Panel a) illustrates the linear regression of aboveground biomass against the modified
Functional Dispersion index (FDiscwp) calculated using species-level leaf area and leaf mass per
area trait values for plots in the press treatment (R? = 0.45, p = 0.027). Panel b) illustrates the
linear regression of aboveground biomass against the modified Functional Dispersion index

(FDiscwp) calculated using species-level leaf area and stomatal density values for the press
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treatment (R2 = 0.46, p = 0.027). The original Functional Dispersion index (FDis) was modified
into FDiscwp which calculates the community weighted mean distance to the best trait value,
instead of to the distance to the mean trait value. Plots with smaller community weighted
distances to the best trait values produced four times more aboveground biomass, thus

showing evidence of selection effects.
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Figure 10. Linear regressions of aboveground biomass, in kilograms, against the modified
Functional Dispersion index (FDiscwo) of trait pairs including specific root length. Panel a)
illustrates the linear regression of aboveground biomass against FDiscwp calculated using
species-level chlorophyll concentration and specific root length values for plots in the pulse
treatment (R2=0.60, p = 0.039). Panel b) illustrates the linear regression of aboveground
biomass against FDiscwo calculated using species-level stomatal density and specific root length
values for plots in the control treatment (R? = 0.53, p = 0.049). The original Functional

Dispersion index (FDis) was modified into FDiscwp which calculates the community weighted
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mean distance to the best trait value, instead of to the distance to the mean trait value. Plots
with smaller community weighted distances to the best trait values produced four times more

aboveground biomass, thus showing evidence of selection effects.

In some cases, the FDis of certain trait combinations were negatively correlated with
community-level biomass. Here, communities with a lower trait diversity produced more
biomass than those with high trait diversity. In other cases, the CWD of certain trait
combinations were negatively correlated with community-level biomass. Here, communities
with a higher community weighted distance to the best trait value produced more biomass
than those with trait values close to the best. Because these relationships do not provide

support for either mechanism, they are described in the supplementary materials (Appendix 5).

2.4 Discussion

2.4.1 Selection for Trait Combinations with Leaf Area

The trait combinations of leaf area with leaf mass per area and leaf area with stomatal
density were under selection in the press treatment. In both cases, leaf area emerged as a
target of selection. In these cases, communities with smaller leaf areas produced more
aboveground biomass. Small leaves are characteristic of the dominant species in our system, L.
laricina and B. alleghaniensis. Given the open nature of the canopy at the time of
establishment, light conditions likely favoured the successful dominance of L. /aricina and B.

alleghaniensis, which depend on abundant light to compete and grow successfully (Burns &
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Honkala, 1990). Under these high light conditions, small leaves are less prone to overheating
due to their thinner air boundary layers (Parkhurst & Loucks 1972; Givnish 1979). In addition,
the water costs associated with leaf temperature regulation are greater in these high light
environments (Givnish & Vermeij, 1976; Westoby et al., 2002). Smaller leaves may therefore
confer an advantage by decreasing the amount of water lost during cooling (Givnish & Vermeij,
1976). The physiological advantages provided by smaller leaves in a high light environment may

explain the observed selection effects on leaf area in both trait pairs.

In addition to having smaller leaves, both the dominant conifer and broadleaf had a
lower leaf mass per area. Low leaf mass per area values reflect a lower leaf dry-mass
investment per unit of light-intercepting area produced at the leaf level (Wright et al., 2004). By
investing less mass per unit area of leaf tissues, low leaf mass per area species benefit from a
quicker photosynthesis return on investment, allowing them to grow faster (Wright, 2004;
Poorter et al., 2009; Wright et al., 2010). Leaf mass per area is also related to water use
efficiency, the rate of CO, uptake for a given rate of water loss (Cernusak, 2020). However,
contrary to the selection for low leaf mass per area values observed in this system, previous
studies have reported increases in water use efficiency with leaf mass per area (Poorter et al.,
2009; Baird et al., 2017; Messier et al., 2018). This positive correlation between leaf mass per
area and water use efficiency has been documented both within and among temperate tree
species of the same population (Messier et al., 2018). Similar trends have also been observed at
the global scale, as species in water limited environments produce higher leaf mass per area

leaves as a result of lower leaf expansion rates and thicker cell walls (Poorter et al., 2009).
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Within a species, water limited individuals have also been shown to produce higher leaf mass
per area leaves than non-water limited conspecifics (Baird et al., 2017). Here, changes in leaf
anatomy resulting in higher mesophyll surface area per leaf area ratios likely drove increases in

leaf mass per area and water use efficiency (Baird et al., 2017).

In contrast, the best stomatal densities for conifers and broadleaves differed. While L.
laricina has a higher stomatal density than P. glauca and P. resinosa, B. alleghaniensis has a
lower stomatal density than Q. rubra and A. saccharum (Fig. 4). The high- and low- stomatal
densities of L. laricina and B. alleghaniensis do not necessarily indicate high- and low- leaf gas
exchange, as this property is also determined by other stomatal traits (Boardman, 1977). For
example, gas exchange is also affected by stomatal size, with larger stomata providing faster
evaporative cooling (Boardman, 1977; Abrams, 1990).

Gas exchange rates can also be affected by the opening and closing of stomata in
response to environmental cues (Wolz et al., 2017). Intrinsic water use efficiency can be used to
determine stomatal responsiveness, as species that close their stomata rapidly in response to
environmental cues tend to have a high intrinsic water use efficiency (Farquhar & Richards,
1984; Brodribb et al., 2009; Cernusak, 2020; Ozeki et al., 2022). The environmental threshold at
which trees reduce their stomatal conductance varies across species, therefore differences in
the stomatal responses of L. laricina and B. alleghaniensis, reflected in their intrinsic water use
efficiencies, may also explain why these species exhibited diverging stomatal densities (Wolz et

al., 2017).
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Based on the observed selection on leaf area and stomatal density, evapotranspirative
and photosynthetic functions are likely the targets of selection during stand establishment.
Future studies should focus on characterizing multiple aspects of gas exchange in these species
to determine if these species have similar or distinct gas exchange strategies. Such work will

provide a more comprehensive understanding of the traits under selection.

Given that leaf area, leaf mass per area, and stomatal density did not affect community
productivity on their own, these traits are likely adaptive as pairs. In gymnosperms, leaf area
was weakly correlated to leaf mass per area and had a weak negative correlation to stomatal
density (LA-LMA R2: 0.11, LA-SD R%: -0.25; Appendix 6). In angiosperms, leaf area was
moderately correlated to leaf mass per area and stomatal density (LA-LMA R?: 0.39, LA-SD R%:
0.38; Appendix 6). Since the correlations between these traits were mostly weak, these results
are unlikely to be an artifact of trait correlations, indicating that there is indeed selection for

these trait pairs.

2.4.2 Selection for Trait Combinations with Specific Root Length

The trait combination of chlorophyll concentration & specific root length was under
selection in the pulse treatment, whereas the trait combination of stomatal density & specific
root length was under selection in the control treatment. In both cases, specific root length
emerged as a target of selection. In these cases, the best trait values for conifers and

broadleaves differ as L. laricina has a low specific root length and high stomatal density and
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chlorophyll concentrations, whereas B. alleghaniensis has a high specific root length and low
stomatal density and chlorophyll concentrations (Fig. 4).

While these specific trait combinations increase community productivity, the biological
reason why is unclear. Here, specific root length was strongly negatively correlated to
chlorophyll concentration and stomatal density within gymnosperms (PCA, CHL-SRL R?: -0.89,
SRL-SD R2: -0.93; Appendix 6). Within angiosperms, specific root length was strongly negatively
related to chlorophyll concentration, but was not correlated to stomatal density (PCA, CHL-SRL
R2:-0.73, SRL-SD R?: 0.04; Appendix 6). Given these strong correlations between traits, but the
lack of strong selection for either trait, variation in another, unmeasured trait may be driving
the observed variation in specific root length, chlorophyll concentration, and stomatal density.
These results indicate that the mechanism of selection involves physiological functions and
plant strategies related to these traits. Future work can explore additional traits related to
nutrient acquisition (as suggested by specific root length), photosynthetic rate (as suggested by

chlorophyll concentration), and gas exchange (as suggested by stomatal density).

2.4.3 Presence of Complementarity and Selection in Early-Establishment Forests

Although results show consistent evidence that selection increases community
productivity, we did not find evidence of complementarity in our system. The lack of evidence
for complementarity effects may be due to the young age of the system. This finding is
consistent with existing literature, as previous studies have shown that selection effects are the
main drivers of community productivity during stand establishment, whereas complementarity

effects strengthen over time (Lasky et al., 2014; Grossman et al., 2017; Taylor et al., 2020;
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Urgoiti et al., 2022). Complementarity effects are expected to be strongest during secondary
succession, during which trait complementarity should improve species co-occurrence through
niche partitioning, resulting in a more productive forest (Forrester et al., 2014; Taylor et al.,
2020). In contrast, the effectiveness of trait complementarity is likely reduced in the early years
of stand establishment because all seedlings can access abundant light and nutrients (Taylor et
al., 2020). Given that this experiment was established in 2020, four years prior to our study, it is
likely that complementarity effects have likely not had time to develop (Urgoiti et al., 2022). As
our system ages, future work should study changes in the importance of selection and
complementarity effects.

Future research should also investigate how the traits that underly complementarity
and selection effects change as forests mature. First, the life stage of trees may affect which
traits are targets of complementarity or selection, as traits that were important for trees as
seedlings may not hold the same importance in mature trees. For example, leaf mass per area is
a better predictor of growth rate in young trees than in mature trees (Wright et al., 2010).
Because mature trees have more leaves, they are less impacted by the direct limitations on
growth that result from producing high leaf mass per area leaves (Wright et al., 2010). Second,
as the water and nutrient requirements of trees increase and resources become limiting,
selection and complementarity effects may act upon different traits. Already, water availability
in our system seems strongly affected by the aboveground biomass as plots with L. laricina, the
most productive species overall, had lower amounts of surface water (Appendix 4). As these

changes occur, new traits may arise as important targets of selection or complementarity.
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2.4.4 Effects of Water Availability

Most evidence for selection was observed in the press treatment, which should
represent a low but persistent reduction in water availability. Here, selection for smaller leaves
in combination with leaf mass per area and stomatal density likely conferred an advantage by
facilitating thermoregulation or by decreasing evaporative losses. The temperatures of small
leaves are more closely coupled to the temperature of the atmosphere because of better
convective heat dissipation (Parkhurst & Loucks, 1972). Convective heat dissipation allows small
leaves to avoid overheating, which in turn, reduces the rate of transpiration (Givnish, 1979).
This may provide a greater advantage in dry conditions, where trees cannot afford to lose as
much water. Given that selection for these trait pairs was not observed in the pulse and the
control treatments, belowground resources may have affected aboveground processes.

Notably, these trait combinations were not under selection in the pulse treatment,
suggesting that the effect of the treatments may be cumulative. For example, shoot formation
often occurs over two years, with bud development starting in the first year and bud elongation
in the second year (Bréda et al., 2006). As a result, water availability can affect shoot formation
in either or both years (Bréda et al., 2006). Since water availability was not reduced in the pulse
treatment in 2023, selection from lower water availability in the second year alone may be
harder to detect. Furthermore, if selection for these trait pairs in the press treatment resulted
from reduced water availability in 2023, this could explain why the trait pair of leaf area and
stomatal density had a marginally significant effect on aboveground biomass in the pulse and

the control treatments.
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Finally, different trait pairs were selected within each treatment, suggesting different
dynamics in each environment. Thus, the water availability treatments impacted the
community dynamics, albeit in unclear ways. While differences in surface soil water content
across treatments were minimal as a result of the particularly wet growing season in 2024, the
possibility that water availability the treatments impacted the observed selection effects
cannot be ruled out. Future research should follow changes in each of these environments

through time to clarify how each water availability treatment impacts community dynamics.

2.4.5 Conclusion

In conclusion, this study demonstrates that selection effects are the driving force of
community productivity during stand establishment. Specifically, our results show that
increases in productivity were determined by selection for smaller leaf areas in combination
with low leaf mass per area and contrasting stomatal densities in angiosperms and
gymnosperms in the press treatment. In contrast, increases in productivity were determined by
selection for trait pairs which included specific root length in the pulse and control treatments.
These traits, which relate to tree architecture, thermoregulation, photosynthetic rate, and
water use, illustrate the mechanisms by which selection effects drive differences in community

productivity across varying soil water conditions.
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3. General Discussion

3.1 Summary and Key Findings

My thesis had two main objectives: First, to determine which traits are responsible for
the species richness-productivity relationship in temperate tree communities during the early
stages of stand development, and whether they act via the complementarity or the selection
effect, and second, to examine how the species richness-productivity relationship and its
underlying traits change in environments with different water availabilities.

In the second chapter of my thesis, | used an experimental plantation of early-
establishment temperate tree communities to investigate to assess which traits, and which
combinations of traits, were related to community productivity, while identifying whether
biomass increased with trait diversity or composition. | then compared the trait-biomass
relationships observed among three treatments differing in water availability.

My thesis highlighted the role of selection effects in shaping community productivity
during stand development. Selection effects were prevalent in all water availability treatments,
but the trait pairs under selection differed between treatments. While | observed selection for
multiple combinations of leaf-leaf and leaf-root trait pairs, | found that in this system, increases
in community productivity were most strongly driven by selection for trait pairs which included
leaf area in the press treatment, whereas trait pairs which included specific root length were

under selection in the pulse and control treatments.
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3.2 Implications

Understanding the dynamics of selection and complementarity effects on early-
establishment stands is important for forest management for many reasons. First, the
successful development of a forest community depends on success at the early-establishment
stage, as seedlings face high mortality rates at this stage of forest development. The outcome
of this stage can have cascading effects for long-term forest development, by affecting future
rates of nutrient cycling or biomass accumulation, and by shaping future forest structure,
composition and function (Lutz & Halpern, 2006; Williams et al., 2017). From a management
perspective, building an understanding of which traits are under selection at this stage is
valuable. This knowledge can be used to identify the species that have the highest chance of
successful establishment, thus guiding species selection for the reforestation and afforestation
of sites.

Second, the environmental conditions at the early-establishment stage of forest
development are unique from those at later stages of development. These conditions result
mainly from the open nature of the canopy, which lead to increased sunlight exposure, higher
ground and air temperatures, higher wind velocities, and lower soil and litter moisture
(Swanson et al., 2011). These environmental conditions during establishment may favour
certain species over others based on selection for particular traits. Targeting species which
benefit from these conditions is especially valuable for the regeneration of species in clearcut,
and some shelterwood systems, where >70% of full light is available during regeneration

(Brienesse et al., 2015).
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By showing that the trait pairs under selection varied across treatments, this work
illustrates that different traits are better suited to different environments. The water limitation
conditions implemented in this system have been designed to reflect future climate conditions,
as climate models project decreases in water availability in eastern Canada (IPCC, 2023). As
total biomass increases and water availability becomes more limiting, continued monitoring of
this system will help further our understanding of which traits will be under selection and which
species combinations will have complementary traits under future climate conditions. This can
inform future forest management practices by guiding the selection of community

compositions that can maintain productivity in a changing climate.

3.3 How Should Selection and Complementarity Effects Change Over Time?

The relative importance of selection and complementarity effects is expected to change
throughout the lifespan of a forest. During early establishment, selection effects are more
prominent than complementarity effects due to abundance of light and nutrients (Taylor et al.,
2020). This is reflected in the results of my thesis, as we found strong evidence of selection and
no evidence of complementarity in young tree communities.

In the early years of stand establishment, the need for trait complementarity is likely
reduced because all seedlings can access abundant light and nutrients (Taylor et al., 2020). As
the forest ages, light availability becomes heterogenous, resources become more limiting,
competition increases, and slow-growing shade-tolerant species start to establish (White, 1979;
Huston & Smith, 1987). Once this happens, trait complementarity is expected to improve

species co-occurrence through niche partitioning, resulting in a more productive forest
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(Forrester et al., 2014; Taylor et al., 2020). Complementarity effects are thought to be the most
beneficial during this stage of secondary succession, as in the long term, forests can become

dominated by functionally redundant late-succession species (Taylor et al., 2020).

3.4 Future Work

To build on the work accomplished for this thesis, changes in the complementarity and
selection effects at play in the tree communities of the IDENT-Outaouais experiment should be
monitored as the system ages. Forest dynamics will change with time, and as such, the results
obtained here only provide a snapshot of the mechanisms at play during the early
establishment phase of this system.

The traits underlying these mechanisms should also be followed over time, as they
continue to change throughout a tree’s life. My results indicate that in early-establishment tree
communities, selection acts on traits related to photosynthesis and thermoregulation likely
resulting from the abundance of light at this time. However, as the communities develop,
changes in the environment may result in selection for a different suite of traits. For example,
as the canopy closes, light availability and the temperature of the surrounding air will decrease
(Swanson et al., 2011). In these new conditions, optimizing photosynthetic capacity and leaf
thermoregulation may not confer the same advantages to productivity as it previously did.

In addition, traits that are complementarity or that are under selection may change as
the water exclusion treatment becomes more stressful. Following the changes in the relative

importance of these mechanisms, and in the traits underlying them, will provide important
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insights into the effects of water availability on community dynamics which could inform

management decisions in the context of climate change.

Future work should also explore how additional traits may affect community
productivity in early-establishment forests. While | measured as many traits as possible, this
subset of traits does not capture the full phenotypes of the individuals in this experiment.

The results of my thesis indicated evidence of selection for specific root length in
combination with chlorophyll concentration and stomatal density. However, the reasons why
these trait combinations would be under selection remain unclear. Future work should focus on
measuring additional traits related to nutrient acquisition to clarify the observed relationships
between specific root length and chlorophyll concentration and between specific root length
and stomatal density. Specifically, mycorrhizal traits should be investigated because of the
significant role of mycorrhiza in the resource uptake strategies of plants.

There are also additional traits that | would have liked to measure for my thesis, which
would have been more directly related to water use. | would have liked to measure intrinsic
water use efficiency, which can be used to determine stomatal responsiveness (Farquhar &
Richards, 1984). This would have provided insights into the water use of each individual, which
may have clarified why the angiosperms and gymnosperms differed in their stomatal densities.
Intrinsic water use efficiency measurements would have also helped characterize the efficacy of
the water exclusion treatments by contrasting the time species in each treatment spent with

their stomata closed.
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| would also have liked to measure Huber value, which measures the investment of stem
tissue per unit leaf area and relates to the rate of evapotranspiration (Tyree & Ewers, 1991).
Unfortunately, the timing of these measurements did not coincide with my field season
because the needles of the coniferous species mature much later into the year.

Lastly, | would have liked to measure stomatal size in addition to the stomatal density
measurements | took. Measuring stomatal size would have been possible using the imprints
taken on the leaves of the broadleaf species. But | could not take stomatal density imprints in
the same manner for the conifer species. Initially, stomatal density pictures for the conifers
were going to be taken on fresh needles using a microscope but an issue with the microscope
made this set-up unreliable. Instead, we used high resolution scans to take images of the
stomata, which were not magnified enough to measure stomatal size.

Based on the results of my thesis, characterizing multiple aspects of gas exchange, and
focusing on traits related to nutrient acquisition or photosynthetic rate would provide an
excellent starting point for future studies. However, future studies should not limit their

exploration to these specific traits.

62



References

Abrams, M. D. (1990). Adaptations and responses to drought in Quercus species of North
America. Tree Physiology, 7(1/4), 227-238.

https://doi.org/10.1093/treephys/7.1-2-3-4.227

Abrams, M. D., Kubiske, M. E., & Mostoller, S. A. (1994). Relating wet and dry year
ecophysiology to leaf structure in contrasting temperate tree species. Ecology, 75(1),

123-133. https://doi.org/10.2307/1939389

Allen, C. D., Macalady, A. K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M.,
Kitzberger, T., Rigling, A., Breshears, D. D., Hogg, E. H. (Ted), Gonzalez, P., Fensham, R.,
Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S. W., Semerci, A., &
Cobb, N. (2010). A global overview of drought and heat-induced tree mortality reveals
emerging climate change risks for forests. Forest Ecology and Management, 259(4),

660—684. https://doi.org/10.1016/j.foreco.2009.09.001

Aubin, I., Munson, A. D., Cardou, F., Burton, P. J,, Isabel, N., Pedlar, J. H., Paquette, A., Taylor, A.
R., Delagrange, S., Kebli, H., Messier, C., Shipley, B., Valladares, F., Kattge, J., Boisvert-
Marsh, L., & McKenney, D. (2016). Traits to stay, traits to move: a review of functional
traits to assess sensitivity and adaptive capacity of temperate and boreal trees to
climate change. Environmental Reviews, 24(2), 164—186.

https://doi.org/10.1139/er-2015-0072

Augé, R. M., Duan, X., Croker, J. L., Witte, W. T., & Green, C. D. (1998). Foliar dehydration
tolerance of twelve deciduous tree species. Journal of Experimental Botany, 49(321),

753-759. https://doi.org/10.1093/jxb/49.321.753

63


https://doi.org/10.1093/treephys/7.1-2-3-4.227
https://doi.org/10.2307/1939389
https://doi.org/10.1016/j.foreco.2009.09.001
https://doi.org/10.1139/er-2015-0072
https://doi.org/10.1093/jxb/49.321.753

Baird, A. S., Anderegg, L. D. L., Lacey, M. E., HilleRisLambers, J., & Van Volkenburgh, E. (2017).
Comparative leaf growth strategies in response to low-water and low-light availability:
variation in leaf physiology underlies variation in leaf mass per area in Populus
tremuloides. Tree Physiology, 37(9), 1140-1150.

https://doi.org/10.1093/treephys/tpx035

Balvanera, P., Pfisterer, A. B., Buchmann, N., He, J.-S., Nakashizuka, T., Raffaelli, D., & Schmid, B.
(2006). Quantifying the evidence for biodiversity effects on ecosystem functioning and
services. Ecology Letters, 9(10), 1146—1156.

https://doi.org/10.1111/j.1461-0248.2006.00963.x

Barry, A. M., Bein, B., Zhang, Y., & Wason, J. W. (2024). Linking physiological drought resistance
traits to growth and mortality of three northeastern tree species. Tree Physiology, 44(9).

https://doi.org/10.1093/treephys/tpae095

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixed-effects models
using Ime4. Journal of Statistical Software, 67(1), 1-48.

https://doi.org/10.18637/jss.v067.i01

Becker, C. A., Mroz, G. D., & Fuller, L. G. (1987). Effects of plant moisture stress on red pine
(Pinus resinosa) seedling growth and establishment. Canadian Journal of Forest

Research, 17(8), 813—820. https://doi.org/10.1139/x87-129

Belluau, M., Bouchard, E., Déziel, M., Mordacg, O., Messier, C., & Paquette, A. (2021). Tree trait
task force (3TF) - tree functional trait database (Version 4). Figshare.

https://doi.org/10.6084/m9.figshare.14039504.v4

64


https://doi.org/10.1093/treephys/tpx035
https://doi.org/10.1111/j.1461-0248.2006.00963.x
https://doi.org/10.1093/treephys/tpae095
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1139/x87-129
https://doi.org/10.6084/m9.figshare.14039504.v4

Bennett, A. C., McDowell, N. G., Allen, C. D., & Anderson-Teixeira, K. J. (2015). Larger trees
suffer most during drought in forests worldwide. Nature Plants, 1(10), 15139.

https://doi.org/10.1038/nplants.2015.139

Bergmann, J., Weigelt, A., van der Plas, F., Laughlin, D. C., Kuyper, T. W., Guerrero-Ramirez, N.,
Valverde-Barrantes, O. J., Bruelheide, H., Freschet, G. T., Iversen, C. M., Kattge, J.,
McCormack, M. L., Meier, I. C., Rillig, M. C., Roumet, C., Semchenko, M., Sweeney, C. J.,
van Ruijven, J., York, L. M., & Mommer, L. (2020). The fungal collaboration gradient
dominates the root economics space in plants. Science Advances, 6(27).

https://doi.org/10.1126/sciadv.aba3756

Boardman, N. K. (1977). Comparative photosynthesis of sun and shade plants. Annual Review of
Plant Physiology, 28(1), 355-377.

https://doi.org/10.1146/annurev.pp.28.060177.002035

Bréda, N., Huc, R., Granier, A., & Dreyer, E. (2006). Temperate forest trees and stands under
severe drought: a review of ecophysiological responses, adaptation processes and long-
term consequences. Annals of Forest Science, 63(6), 625—-644.

https://doi.org/10.1051/forest:2006042

Brienesse, M., Hall, J., Kayahara, G., Morneault, A., Peterson, R., Rice, J., Streit, M., Thompson,
L., Uhlig, P., & Yanni, S. (2015). Forest Management Guide to Silviculture in the Great
Lakes-St. Lawrence and Boreal Forests of Ontario. Ministry of Natural Resources and
Forestry.

Brodribb, T. J., McAdam, S. A. M., Jordan, G. J., & Feild, T. S. (2009). Evolution of stomatal

65


https://doi.org/10.1038/nplants.2015.139
https://doi.org/10.1126/sciadv.aba3756
https://doi.org/10.1146/annurev.pp.28.060177.002035
https://doi.org/10.1051/forest:2006042

responsiveness to CO, and optimization of water-use efficiency among land plants. New

Phytologist, 183(3), 839-847. https://doi.org/10.1111/j.1469-8137.2009.02844.x

Brunner, |, Herzog, C., Dawes, M. A., Arend, M., & Sperisen, C. (2015). How tree roots respond

to drought. Frontiers in Plant Science, 6, 547. https://doi.org/10.3389/fpls.2015.00547

Burns, R. M., & Honkala, B. H. (1990). Silvics of North America. U.S. Dept. of Agriculture, Forest
Service.

Casanoves, F., Pla, L., Di Rienzo, J. A., & Diaz, S. (2011). FDiversity: a software package for the
integrated analysis of functional diversity. Methods in Ecology and Evolution, 2(3), 233—

237. https://doi.org/10.1111/j.2041-210X.2010.00082.x

Cernusak, L. A. (2020). Gas exchange and water-use efficiency in plant canopies. Plant Biology,

22(S1), 52-67. https://doi.org/10.1111/plb.12939

Clark, J. S., lverson, L., Woodall, C. W., Allen, C. D, Bell, D. M., Bragg, D. C., D’Amato, A. W.,
Davis, F. W., Hersh, M. H., Ibanez, I., Jackson, S. T., Matthews, S., Pederson, N., Peters,
M., Schwartz, M. W., Waring, K. M., & Zimmermann, N. E. (2016). The impacts of
increasing drought on forest dynamics, structure, and biodiversity in the United States.

Global Change Biology, 22(7), 2329-2352. https://doi.org/10.1111/gcb.13160

Comas, L. H., Bouma, T. J., & Eissenstat, D. M. (2002). Linking root traits to potential growth
rate in six temperate tree species. Oecologia, 132(1), 34—43.

https://doi.org/10.1007/s00442-002-0922-8

Comas, L. H., & Eissenstat, D. M. (2004). Linking fine root traits to maximum potential growth
rate among 11 mature temperate tree species. Functional Ecology, 18(3), 388—397.

https://doi.org/10.1111/j.0269-8463.2004.00835.x

66


https://doi.org/10.1111/j.1469-8137.2009.02844.x
https://doi.org/10.3389/fpls.2015.00547
https://doi.org/10.1111/j.2041-210X.2010.00082.x
https://doi.org/10.1111/plb.12939
https://doi.org/10.1111/gcb.13160
https://doi.org/10.1007/s00442-002-0922-8
https://doi.org/10.1111/j.0269-8463.2004.00835.x

Comas, L. H., Becker, S. R., Cruz, V. M. V., Byrne, P. F., & Dierig, D. A. (2013). Root traits
contributing to plant productivity under drought. Frontiers in Plant Science, 4, 442-16.

https://doi.org/10.3389/fpls.2013.00442

Condit, R., Hubbell, S. P., & Foster, R. B. (1995). Mortality rates of 205 neotropical tree and
shrub species and the impact of a severe drought. Ecological Monographs, 65(4), 419—

439, https://doi.org/10.2307/2963497

Corner, E. J. H. (1949). The durian theory or the origin of the modern tree. Annals of Botany,

13(4), 367-414. https://doi.org/10.1093/oxfordjournals.aob.a083225

Diaz, S., & Cabido, M. (2001). Vive la différence: plant functional diversity matters to ecosystem
processes. Trends in Ecology & Evolution, 16(11), 646—655.

https://doi.org/10.1016/5S0169-5347(01)02283-2

Dornelas, M., Gotelli, N. J., McGill, B., Shimadzu, H., Moyes, F., Sievers, C., & Magurran, A.
E. (2014). Assemblage time series reveal biodiversity change but not systematic loss.

Science, 344(6181), 296—299. https://doi.org/10.1126/science.1248484

Eissenstat, D. M. (1991). On the relationship between specific root length and the rate of root
proliferation: a field study using citrus rootstocks. New Phytologist, 118(1), 63—68.

https://doi.org/10.1111/j.1469-8137.1991.tb00565.x

Eissenstat, D. M. (1992). Costs and benefits of constructing roots of small diameter. Journal of

Plant Nutrition, 15(6-7), 763—782. https://doi.org/10.1080/01904169209364361

Evans, J. R. (1996). Developmental constraints on photosynthesis: effects of light and nutrition.
In Baker, N.R. (eds) Photosynthesis and the Environment (pp. 281-304). Springer

Netherlands. https://doi.org/10.1007/0-306-48135-9 11

67


https://doi.org/10.3389/fpls.2013.00442
https://doi.org/10.2307/2963497
https://doi.org/10.1093/oxfordjournals.aob.a083225
https://doi.org/10.1016/S0169-5347(01)02283-2
https://doi.org/10.1126/science.1248484
https://doi.org/10.1111/j.1469-8137.1991.tb00565.x
https://doi.org/10.1080/01904169209364361
https://doi.org/10.1007/0-306-48135-9_11

Evans, J. R. & Loreto, F. (2000). Acquisition and Diffusion of CO2 in Higher Plant Leaves. In
Leegood, R. C., Sharkey, T. D., von Caemmerer, S. (eds.) Photosynthesis. Advances in
Photosynthesis and Respiration, vol 9. Springer Netherlands.

https://doi.org/10.1007/0-306-48137-5 14

Farquhar, G. D., & Richards, R. A. (1984). Isotopic composition of plant carbon correlates with
water-use efficiency of wheat genotypes. Australian Journal of Plant Physiology, 11(6),

539-552. https://doi.org/10.1071/PP9840539

Farquhar, G. D., & Sharkey, T. D. (1982). Stomatal conductance and photosynthesis. Annual
Review of Plant Physiology, 33(1), 317—-345.

https://doi.org/10.1146/annurev.pp.33.060182.001533

Fenner, M. (1987). Seedlings. New Phytologist, 106(1), 35—-47.

https://doi.org/10.1111/j.1469-8137.1987.tb04681.x

Forrester, D. I. (2014). The spatial and temporal dynamics of species interactions in mixed-
species forests: from pattern to process. Forest Ecology and Management, 312, 282—

292. https://doi.org/10.1016/j.foreco.2013.10.003

Forrester, D. I., Limousin, J.-M., & Pfautsch, S. (2022). The relationship between tree size and
tree water-use: is competition for water size-symmetric or size-asymmetric? Tree

Physiology, 42(10), 1916—1927. https://doi.org/10.1093/treephys/tpac018

Freschet, G. T., Pages, L., lversen, C. M., Comas, L. H., Rewald, B., Roumet, C., KlimeSovs3, J.,
Zadworny, M., Poorter, H., Postma, J. A., Adams, T. S., Bagniewska-Zadworna, A.,
Bengough, A. G., Blancaflor, E. B., Brunner, |., Cornelissen, J. H. C., Garnier, E., Gessler,

A., Hobbie, S. E., ... McCormack, M. L. (2021a). A starting guide to root ecology:

68


https://doi.org/10.1007/0-306-48137-5_14
https://doi.org/10.1071/PP9840539
https://doi.org/10.1146/annurev.pp.33.060182.001533
https://doi.org/10.1111/j.1469-8137.1987.tb04681.x
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.1093/treephys/tpac018

strengthening ecological concepts and standardising root classification, sampling,
processing and trait measurements. New Phytologist, 232(3), 973-1122.

https://doi.org/10.1111/nph.17572

Freschet, G. T., Roumet, C., Comas, L. H., Weemstra, M., Bengough, A. G., Rewald, B., Bardgett,
R. D., De Deyn, G. B., Johnson, D., KlimesSova, J., Lukac, M., McCormack, M. L., Meier, I.
C., Pages, L., Poorter, H., Prieto, |., Wurzburger, N., Zadworny, M., Bagniewska-
Zadworna, A, ... Stokes, A. (2021b). Root traits as drivers of plant and ecosystem
functioning: current understanding, pitfalls and future research needs. New Phytologist,

232(3), 1123-1158. https://doi.org/10.1111/nph.17072

Granier, A., Bréda, N., Biron, P., & Villette, S. (1999). A lumped water balance model to evaluate
duration and intensity of drought constraints in forest stands. Ecological Modelling,

116(2), 269-283. https://doi.org/10.1016/50304-3800(98)00205-1

Garnier, E., Cortez, J., Billés, G., Navas, M.-L., Roumet, C., Debussche, M., Laurent, G.,
Blanchard, A., Aubry, D., Bellmann, A., Neill, C., & Toussaint, J.-P. (2004). Plant functional
markers capture ecosystem properties during secondary succession. Ecology, 85(9),

2630-2637. https://doi.org/10.1890/03-0799

Granier, A., Reichstein, M., Bréda, N., Janssens, I. A, Falge, E., Ciais, P., Grlinwald, T., Aubinet,
M., Berbigier, P., Bernhofer, C., Buchmann, N., Facini, O., Grassi, G., Heinesch, B.,
llvesniemi, H., Keronen, P., Knohl, A., Késtner, B., Lagergren, F., ... Wang, Q. (2007).
Evidence for soil water control on carbon and water dynamics in European forests
during the extremely dry year: 2003. Agricultural and Forest Meteorology, 143(1), 123—

145. https://doi.org/10.1016/j.agrformet.2006.12.004

69


https://doi.org/10.1111/nph.17572
https://doi.org/10.1111/nph.17072
https://doi.org/10.1016/S0304-3800(98)00205-1
https://doi.org/10.1890/03-0799
https://doi.org/10.1016/j.agrformet.2006.12.004

Gaucher, C., Gougeon, S., Mauffette, Y., & Messier, C. (2005). Seasonal variation in biomass and
carbohydrate partitioning of understory sugar maple (Acer saccharum) and yellow birch
(Betula alleghaniensis) seedlings. Tree Physiology, 25(1), 93—100.

https://doi.org/10.1093/treephys/25.1.93

Gitelson, A. A, Buschmann, C., & Lichtenthaler, H. K. (1999). The chlorophyll fluorescence ratio

f735/ £700 as an accurate measure of the chlorophyll content in plants. Remote Sensing

of Environment, 69(3), 296—302. https://doi.org/10.1016/S0034-4257(99)00023-1
Givnish, T. (1979). On the adaptive significance of leaf form. In Solbrig, O.T., Jain, S., Johnson,
G.B., Raven, P.H. (eds) Topics in plant population biology. Palgrave, London.

https://doi-org.proxy.lib.uwaterloo.ca/10.1007/978-1-349-04627-0 17

Givnish, T. J., & Vermeij, G. J. (1976). Sizes and shapes of liane leaves. The American Naturalist,

110(975), 743-778. https://doi.org/10.1086/283101

Grant, B. W., & Vatnick, I. (2004). In D’Avanzo, C., & Grant, B. W. (eds.) Teaching issues and
experiments in ecology, 1. Ecological Society of America.

https://www.esa.org/tiee/vol/vl/experiments/stomata/stomata.html

Graves, W. R. (1994). Seedling development of sugar maple and black maple irrigated at various
frequencies. HortScience, 29(11), 1292-1294.

https://doi.org/10.21273/HORTSCI.29.11.1292

Grime, J. P. (1974). Vegetation classification by reference to strategies. Nature, 250(5461),

26-31. https://doi.org/10.1038/250026a0

Grime, J. P. (1998a). Benefits of plant diversity to ecosystems: immediate, filter and founder

effects. The Journal of Ecology, 86(6), 902-910.

70


https://doi.org/10.1093/treephys/25.1.93
https://doi.org/10.1016/S0034-4257(99)00023-1
https://doi-org.proxy.lib.uwaterloo.ca/10.1007/978-1-349-04627-0_17
https://doi.org/10.1086/283101
https://www.esa.org/tiee/vol/v1/experiments/stomata/stomata.html
https://doi.org/10.21273/HORTSCI.29.11.1292
https://doi.org/10.1038/250026a0

https://doi.org/10.1046/j.1365-2745.1998.00306.x

Grime, J. P. (1998b). The C-S-R model of primary plant strategies — origins implications and
tests. In Gottlieb, L. D. & Jain, S. K. (Eds.), Plant Evolutionary Biology (pp. 371-389).

Chapman and Hall Ltd. https://doi.org/10.1007/978-94-009-1207-6

Grossman, J. J., Cavender-Bares, J., Hobbie, S. E., Reich, P. B., & Montgomery, R. A. (2017).
Species richness and traits predict overyielding in stem growth in an early-successional
tree diversity experiment. Ecology, 98(10), 2601-2614.

https://doi.org/10.1002/ecy.1958

Guarin, A., & Taylor, A. H. (2005). Drought triggered tree mortality in mixed conifer forests in
Yosemite National Park, California, USA. Forest Ecology and Management, 218(1), 229—

244, https://doi.org/10.1016/j.foreco.2005.07.014

Gustafson, E. J., & Sturtevant, B. R. (2013). modeling forest mortality caused by drought stress:
implications for climate change. Ecosystems, 16(1), 60-74.

https://doi.org/10.1007/s10021-012-9596-1

Haworth, M., Scutt, C. P., Douthe, C., Marino, G., Gomes, M. T. G., Loreto, F., Flexas, J., &
Centritto, M. (2018). Allocation of the epidermis to stomata relates to stomatal
physiological control: stomatal factors involved in the evolutionary diversification of the
angiosperms and development of amphistomaty. Environmental and Experimental

Botany, 151, 55-63. https://doi.org/10.1016/j.envexpbot.2018.04.010

He, Q., Bertness, M. D., Altieri, A. H., & Vila, M. (2013). Global shifts towards positive species
interactions with increasing environmental stress. Ecology Letters, 16(5), 695-706.

https://doi.org/10.1111/ele.12080

71


https://doi.org/10.1046/j.1365-2745.1998.00306.x
https://doi.org/10.1007/978-94-009-1207-6
https://doi.org/10.1002/ecy.1958
https://doi.org/10.1016/j.foreco.2005.07.014
https://doi.org/10.1007/s10021-012-9596-1
https://doi.org/10.1016/j.envexpbot.2018.04.010
https://doi.org/10.1111/ele.12080

Hector, A., Schmid, B., Beierkuhnlein, C., Caldeira, M. C., Diemer, M., Dimitrakopoulos, P. G.,
Finn, J. A., Freitas, H., Giller, P. S., Good, J., Harris, R., Hogberg, P., Huss-Danell, K., Joshi,
J., Jumpponen, A., Kérner, C., Leadley, P. W., Loreau, M., Minns, A, ... Lawton, J. H.
(1999). Plant diversity and productivity experiments in European grasslands. Science,

286(5442), 1123-1127. https://doi.org/10.1126/science.286.5442.1123

Hepworth, C., Doheny-Adams, T., Hunt, L., Cameron, D. D., & Gray, J. E. (2015). Manipulating
stomatal density enhances drought tolerance without deleterious effect on nutrient

uptake. New Phytologist, 208(2), 336—341. https://doi.org/10.1111/nph.13598

Heuret, P., Guédon, Y., Guérard, N., & Barthélémy, D. (2003). Analysing branching pattern in
plantations of young red oak trees (Quercus rubra L., Fagaceae). Annals of Botany, 91(4),

479-492. https://doi.org/10.1093/aob/mcg046

Holdaway, R. J., Richardson, S. J., Dickie, I. A., Peltzer, D. A., & Coomes, D. A. (2011). Species-
and community-level patterns in fine root traits along a 120 000-year soil
chronosequence in temperate rain forest. Journal of Ecology, 99(4), 954—963.

https://doi.org/10.1111/j.1365-2745.2011.01821 .x

Hooper, D. U., Chapin, F. S. I., Ewel, J. J., Hector, A,, Inchausti, P., Lavorel, S., Lawton, J. H.,
Lodge, D. M., Loreau, M., & Naeem, S. (2005). Effects of biodiversity on ecosystem
functioning: a consensus of current knowledge. Ecological Monographs, 75(1), 3—35.

https://doi.org/10.1890/04-0922

Huston, M., & Smith, T. (1987). Plant succession: life history and competition. The American

Naturalist, 130(2), 168-198. https://doi.org/10.1086/284704

IPCC, 2023: Section 3. In: Climate Change 2023: Synthesis Report. Contribution of Working

72


https://doi.org/10.1126/science.286.5442.1123
https://doi.org/10.1111/nph.13598
https://doi.org/10.1093/aob/mcg046
https://doi.org/10.1111/j.1365-2745.2011.01821.x
https://doi.org/10.1890/04-0922
https://doi.org/10.1086/284704

Groups I, Il and Ill to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change [Core Writing Team, H. Lee and J. Romero (eds.)]. IPCC, Geneva,

Switzerland, pp. 35-115, https://doi.org/10.59327/IPCC/AR6-9789291691647

Jones, E. A, Reed, D. D., Cattelino, P. J., & Mroz, G. D. (1991). Seasonal shoot growth of planted
red pine predicted from air temperature degree days and soil water potential. Forest
Ecology and Management, 46(3), 201-214.

https://doi.org/10.1016/0378-1127(91)90232-K

Kattge, J., Diaz, S., Lavorel, S., Leadley, P., Bonisch, G., Garnier, E., Westoby, M., Reich, P. B.,
Wright, I. J., Cornelissen, J. H. C,, Violle, C., Harrison, S. P., Van Bodegom, P. M.,
Reichstein, M., Enquist, B. J., Soudzilovskaia, N. A., Atkin, O., Baker, T. R., Baldocchi, D.,
... Wirth, C. (2011). TRY - a global database of plant traits. Global Change Biology, 17(9),

2905-2935. https://doi.org/10.1111/j.1365-2486.2011.02451 .x

Klos, R. J., Wang, G. G., Bauerle, W. L., & Rieck, J. R. (2009). Drought impact on forest growth
and mortality in the Southeast USA: an analysis using forest health and monitoring data.

Ecological Applications, 19(3), 699-708. https://doi.org/10.1890/08-0330.1

Kramer-Walter, K. R., Bellingham, P. J., Millar, T. R., Smissen, R. D., Richardson, S. J., & Laughlin,
D. C. (2016). Root traits are multidimensional: specific root length is independent from
root tissue density and the plant economic spectrum. Journal of Ecology, 104(5), 1299—

1310. https://doi.org/10.1111/1365-2745.12562

Laliberté, E., & Legendre, P. (2010). A distance-based framework for measuring functional
diversity from multiple traits. Ecology, 91(1), 299-305.

https://doi.org/10.1890/08-2244.1

73


https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/0378-1127(91)90232-K
https://doi.org/10.1111/j.1365-2486.2011.02451.x
https://doi.org/10.1890/08-0330.1
https://doi.org/10.1111/1365-2745.12562
https://doi.org/10.1890/08-2244.1

Laliberté, E., Legendre, P., Shipley, B. (2014). FD: measuring functional diversity from multiple
traits, and other tools for functional ecology.

https://doi.org/10.32614/CRAN.package.FD, R package version 1.0-12.3.

Lambers, H., & Oliveira, R. S. (2019). Plant physiological ecology. Springer International

Publishing. https://doi.org/10.1007/978-3-030-29639-1

Lambers, H., Pons, T. L., & Chapin, F. S. (1998). Plant Physiological Ecology (1st ed.).

Springer New York. https://doi.org/10.1007/978-1-4757-2855-2

Larson, P. R. (1963). The indirect effect of drought on tracheid diameter in red pine. Forest

Science, 9(1), 52—62. https://doi.org/10.1093/forestscience/9.1.52

Lasky, J. R., Uriarte, M., Boukili, V. K., Erickson, D. L., John Kress, W., & Chazdon, R. L. (2014).
relationship between tree biodiversity and biomass dynamics changes with tropical

forest succession. Ecology Letters, 17(9), 1158-1167. https://doi.org/10.1111/ele.12322

Lavorel, S., Grigulis, K., Mclntyre, S., Williams, N. S. G., Garden, D., Dorrough, J., Berman, S.,
Quétier, F., Thébault, A., & Bonis, A. (2008). Assessing functional diversity in the field —
methodology matters. Functional Ecology, 22(1), 134-147.

https://doi.org/10.1111/j.1365-2435.2007.01339.x

Lenth, R. (2025). Emmeans: Estimated Marginal Means, aka Least-Squares Means.

https://doi.org/10.32614/CRAN.package.emmeans, R package version 1.11.2-8.

Lloret, F., Siscart, D., & Dalmases, C. (2004). Canopy recovery after drought dieback in holm-oak
Mediterranean forests of Catalonia (NE Spain). Global Change Biology, 10(12), 2092—

2099. https://doi.org/10.1111/.1365-2486.2004.00870.x

Loreau, M. (2000). Biodiversity and ecosystem functioning: recent theoretical advances. Oikos,

74


https://doi.org/10.32614/CRAN.package.FD
https://doi.org/10.1007/978-3-030-29639-1
https://doi.org/10.1007/978-1-4757-2855-2
https://doi.org/10.1093/forestscience/9.1.52
https://doi.org/10.1111/ele.12322
https://doi.org/10.1111/j.1365-2435.2007.01339.x
https://doi.org/10.32614/CRAN.package.emmeans
https://doi.org/10.1111/j.1365-2486.2004.00870.x

91(1), 3-17. https://doi.org/10.1034/j.1600-0706.2000.910101.x

Loreau, M., & Hector, A. (2001). Partitioning selection and complementarity in biodiversity

experiments. Nature, 412(6842), 72—76. https://doi.org/10.1038/35083573

Lortie, C. J., & Callaway, R. M. (2006). Re-analysis of meta-analysis: support for the stress-
gradient hypothesis. Journal of Ecology, 94(1), 7-16.

https://doi.org/10.1111/j.1365-2745.2005.01066.x

Lozano, Y. M., Aguilar-Trigueros, C. A,, Flaig, I. C., Rillig, M. C., & Weiser, M. (2020). Root trait
responses to drought are more heterogeneous than leaf trait responses. Functional

Ecology, 34(11), 2224-2235. https://doi.org/10.1111/1365-2435.13656

Lozano, Y. M., Aguilar-Trigueros, C. A., Ospina, J. M., & Rillig, M. C. (2022). Drought legacy
effects on root morphological traits and plant biomass via soil biota feedback. New

Phytologist, 236(1), 222-234. https://doi.org/10.1111/nph.18327

Lutz, J. A., & Halpern, C. B. (2006). Tree mortality during early forest development: a long-term
study of rates, causes, and consequences. Ecological Monographs, 76(2), 257-275.

https://doi.org/10.1890/0012-9615(2006)076[0257:TMDEFD]2.0.CO;2

Macdonald, S. E., & Lieffers, V. J. (1990). Photosynthesis, water relations, and foliar nitrogen of
Picea mariana and Larix laricina from drained and undrained peatlands. Canadian

Journal of Forest Research, 20(7), 995—1000. https://doi.org/10.1139/x90-133

Marron, N., Delay, D., Petit, J.-M., Dreyer, E., Kahlem, G., Delmotte, F. M., & Brignolas, F. (2002).
Physiological traits of two Populus x euramericana clones, Luisa Avanzo and Dorskamp,
during a water stress and re-watering cycle. Tree Physiology, 22(12), 849—-858.

https://doi.org/10.1093/treephys/22.12.849

75


https://doi.org/10.1034/j.1600-0706.2000.910101.x
https://doi.org/10.1038/35083573
https://doi.org/10.1111/j.1365-2745.2005.01066.x
https://doi.org/10.1111/1365-2435.13656
https://doi.org/10.1111/nph.18327
https://doi.org/10.1890/0012-9615(2006)076%5b0257:TMDEFD%5d2.0.CO;2
https://doi.org/10.1139/x90-133
https://doi.org/10.1093/treephys/22.12.849

McDowell, N. G., Bond, B. J., Hill, L., Ryan, M. G. & Whitehead, D. (2011). In Meinzer, F. C. C,,
Lachenbruch, B., & Dawson, T. E. E. (eds.) Size- and Age-Related Changes in Tree
Structure and Function. Springer Netherlands.

Merlin, M., & Landhausser, S. M. (2019). Seasonal patterns of water uptake in Populus
tremuloides and Picea glauca on a boreal reclamation site is species specific and
modulated by capping soil depth and slope position. Plant and Soil, 439(1/2), 487-504.

https://doi.org/10.1007/s11104-019-04029-6

Messier, J., Violle, C., Enquist, B. J., Lechowicz, M. J., & McGill, B. J. (2018). Similarities and
differences in intrapopulation trait correlations of co-occurring tree species: consistent
water-use relationships amid widely different correlation patterns. American Journal of

Botany, 105(9), 1477-1490. https://doi.org/10.1002/ajb2.1146

Metwally, A. W., Beck, G. E., & Struckmeyer, B. E. (1970). Density and behavior of stomata of
Pelargonium hortorum Ait. grown under three soil moisture regimes. Journal of the
American Society for Horticultural Science, 96(1), 31-35.

https://doi.org/10.21273/JASHS.96.1.31

Monclus, R., Dreyer, E., Villar, M., Delmotte, F. M., Delay, D., Petit, J., Barbaroux, C., Le Thiec,
D., Bréchet, C., & Brignolas, F. (2006). Impact of drought on productivity and water use
efficiency in 29 genotypes of Populus deltoides x Populus nigra. New Phytologist, 169(4),

765-777. https://doi.org/10.1111/j.1469-8137.2005.01630.x

Nadrowski, K., Wirth, C., & Scherer-Lorenzen, M. (2010). Is forest diversity driving ecosystem
function and service? Current Opinion in Environmental Sustainability, 2(1), 75-79.

https://doi.org/10.1016/j.cosust.2010.02.003

76


https://doi.org/10.1007/s11104-019-04029-6
https://doi.org/10.1002/ajb2.1146
https://doi.org/10.21273/JASHS.96.1.31
https://doi.org/10.1111/j.1469-8137.2005.01630.x
https://doi.org/10.1016/j.cosust.2010.02.003

Naeem, S., & Wright, J. P. (2003). Disentangling biodiversity effects on ecosystem functioning:
deriving solutions to a seemingly insurmountable problem. Ecology Letters, 6(6), 567—

579. https://doi.org/10.1046/j.1461-0248.2003.00471.x

Niinemets, U., & Valladares, F. (2006). Tolerance to shade, drought, and waterlogging of
temperate Northern Hemisphere trees and shrubs. Ecological Monographs, 76(4), 521—

547. https://www.jstor.org/stable/27646060

Olson, M. E., Aguirre-Hernandez, R., & Rosell, J. A. (2009). Universal foliage-stem scaling across
environments and species in dicot trees: Plasticity, biomechanics and Corner’s Rules.

Ecology Letters, 12(3), 210-219. https://doi.org/10.1111/j.1461-0248.2008.01275.x

Ozeki, K., Miyazawa, Y., & Sugiura, D. (2022). Rapid stomatal closure contributes to higher
water use efficiency in major C4 compared to C3 Poaceae crops. Plant Physiology,

189(1), 188-203. https://doi.org/10.1093/plphys/kiac040

Padilla, F. M., & Pugnaire, F. |. (2007). Rooting depth and soil moisture control Mediterranean
woody seedling survival during drought. Functional Ecology, 21(3), 489—-495.

https://doi.org/10.1111/j.1365-2435.2007.01267.x

Paquette, A., & Messier, C. (2011). The effect of biodiversity on tree productivity: from
temperate to boreal forests. Global Ecology and Biogeography, 20(1), 170-180.

https://doi.org/10.1111/j.1466-8238.2010.00592.x

Parkhurst, D. F., & Loucks, O. L. (1972). Optimal leaf size in relation to environment. Journal of

Ecology, 60(2), 505-537. https://doi.org/10.2307/2258359

Peters, M. P., Iverson, L. R., & Matthews, S. N. (2015). Long-term droughtiness and drought

77


https://doi.org/10.1046/j.1461-0248.2003.00471.x
https://www.jstor.org/stable/27646060
https://doi.org/10.1111/j.1461-0248.2008.01275.x
https://doi.org/10.1093/plphys/kiac040
https://doi.org/10.1111/j.1365-2435.2007.01267.x
https://doi.org/10.1111/j.1466-8238.2010.00592.x
https://doi.org/10.2307/2258359

tolerance of eastern US forests over five decades. Forest Ecology and Management, 345,

56—64. https://doi.org/10.1016/j.foreco.2015.02.022

Phillips, N. G., Ryan, M. G., Bond, B. J., McDowell, N. G., Hinckley, T. M., & Cermak, J. (2003).
Reliance on stored water increases with tree size in three species in the Pacific

Northwest. Tree Physiology, 23(4), 237-245. https://doi.org/10.1093/treephys/23.4.237

Poorter, H., Niinemets, U., Poorter, L., Wright, . J., & Villar, R. (2009). Causes and consequences
of variation in leaf mass per area (LMA): a meta-analysis. New Phytologist, 182(3), 565—

588. https://doi.org/10.1111/j.1469-8137.2009.02830.x

Rabbai, A., Wendt, D. E., Curioni, G., Quick, S. E., MacKenzie, A. R., Hannah, D. M., Kettridge, N.,
Ullah, S., Hart, K. M., & Krause, S. (2023). Soil moisture and temperature dynamics in
juvenile and mature forest as a result of tree growth, hydrometeorological forcings, and

drought. Hydrological Processes, 37(6). https://doi.org/10.1002/hyp.14919

Raczka, N. C., Walter, C. A., Carrara, J. E., & Brzostek, E. R. (2023). Divergent responses of
belowground carbon investment in Quercus spp. and Acer saccharum to reduced

precipitation. Biogeochemistry, 165(2), 227-238. https://doi.org/10.1007/s10533-023-

01078-z

Ratcliffe, S., Wirth, C., Jucker, T., der Plas, F., Scherer-Lorenzen, M., Verheyen, K., Allan, E.,
Benavides, R., Bruelheide, H., Ohse, B., Paquette, A., Ampoorter, E., Bastias, C. C,,
Bauhus, J., Bonal, D., Bouriaud, O., Bussotti, F., Carnol, M., Castagneyrol, B., ... Bardgett,
R. (2017). Biodiversity and ecosystem functioning relations in European forests depend
on environmental context. Ecology Letters, 20(11), 1414-1426.

https://doi.org/10.1111/ele.12849

78


https://doi.org/10.1016/j.foreco.2015.02.022
https://doi.org/10.1093/treephys/23.4.237
https://doi.org/10.1111/j.1469-8137.2009.02830.x
https://doi.org/10.1002/hyp.14919
https://doi.org/10.1007/s10533-023-01078-z
https://doi.org/10.1007/s10533-023-01078-z
https://doi.org/10.1111/ele.12849

Rasheed, F., & Delagrange, S. (2016). Acclimation of Betula alleghaniensis Britton to moderate
soil water deficit: small morphological changes make for important consequences in
crown display. Tree Physiology, 36(11), 1320-1329.

https://doi.org/10.1093/treephys/tpw064

R Core Team (2025). R: A Language and Environment for Statistical Computing. R Foundation

for Statistical Computing, Vienna, Austria. https://www.R-project.org/

Rice, K. J., Matzner, S. L., Byer, W., & Brown, J. R. (2004). Patterns of tree dieback in
Queensland, Australia: the importance of drought stress and the role of resistance to

cavitation. Oecologia, 139(2), 190-198. https://doi.org/10.1007/s00442-004-1503-9

Ryser, P. (1996). The importance of tissue density for growth and life span of leaves and roots: a
comparison of five ecologically contrasting grasses. Functional Ecology, 10(6), 717-723.

https://doi.org/10.2307/2390506

Skubel, R., Arain, M. A,, Peichl, M., Brodeur, J. J., Khomik, M., Thorne, R., Trant, J., & Kula, M.
(2015). Age effects on the water-use efficiency and water-use dynamics of temperate
pine plantation forests. Hydrological Processes, 29(18), 4100-4113.

https://doi.org/10.1002/hyp.10549

Stangler, D. F., Hamann, A,, Kahle, H.-P., & Spiecker, H. (2017). A heat wave during leaf
expansion severely reduces productivity and modifies seasonal growth patterns in a
northern hardwood forest. Tree Physiology, 37(1), 47-59.

https://doi.org/10.1093/treephys/tpw094

Swanson, M. E., Franklin, J. F., Beschta, R. L., Crisafulli, C. M., DellaSala, D. A., Hutto, R. L.,

79


https://doi.org/10.1093/treephys/tpw064
https://www.r-project.org/
https://doi.org/10.1007/s00442-004-1503-9
https://doi.org/10.2307/2390506
https://doi.org/10.1002/hyp.10549
https://doi.org/10.1093/treephys/tpw094

Lindenmayer, D. B., & Swanson, F. J. (2011). The forgotten stage of forest succession:
early-successional ecosystems on forest sites. Frontiers in Ecology and the Environment,

9(2), 117-125. https://doi.org/10.1890/090157

Syversten, J. P., & Graham, J. H. 1985. hydraulic conductivity of roots, mineral nutrition, and
leaf gas exchange of citrus rootstocks. Journal of the American Society for Horticultural

Science, 110(6), 865-869. https://doi.org/10.21273/JASHS.110.6.865

Tanaka, Y., Sugano, S. S., Shimada, T., & Hara-Nishimura, I. (2013). Enhancement of leaf
photosynthetic capacity through increased stomatal density in Arabidopsis. New

Phytologist, 198(3), 757-764. https://doi.org/10.1111/nph.12186

Taylor, A. R., Gao, B., & Chen, H. Y. H. (2020). The effect of species diversity on tree growth
varies during forest succession in the boreal forest of central Canada. Forest Ecology and

Management, 455, 117641. https://doi.org/10.1016/].foreco.2019.117641

Tilman, D., Wedin, D., & Knops, J. (1996). Productivity and sustainability influenced by
biodiversity in grassland ecosystems. Nature, 379(6567), 718—720.

https://doi.org/10.1038/379718a0

Timbal, J., & Lefebvre, C. (1995). Evolution saisonniére du potentiel hydrique et de la croissance
de jeunes plants de Quercus rubra et de Quercus palustris au cours d’une sécheresse
édaphique. Annales des sciences forestiéres, 52(1), 67—79.

https://doi.org/10.1051/forest:19950106

Tobner, C. M., Paquette, A., Reich, P. B., Gravel, D., & Messier, C. (2014). Advancing

80


https://doi.org/10.1890/090157
https://doi.org/10.21273/JASHS.110.6.865
https://doi.org/10.1111/nph.12186
https://doi.org/10.1016/j.foreco.2019.117641
https://doi.org/10.1038/379718a0
https://doi.org/10.1051/forest:19950106

biodiversity—ecosystem functioning science using high-density tree-based experiments
over functional diversity gradients. Oecologia, 174(3), 609—621.

https://doi.org/10.1007/s00442-013-2815-4

Tobner, C. M., Paquette, A., Gravel, D., Reich, P. B., Williams, L. J., Messier, C., & He, F. (2016).
Functional identity is the main driver of diversity effects in young tree communities.

Ecology Letters, 19(6), 638—647. https://doi.org/10.1111/ele.12600

Tyree, M. T., & Ewers, F. W. (1991). The hydraulic architecture of trees and other woody plants.

New Phytologist, 119(3), 345-360. https://doi.org/10.1111/j.1469-8137.1991.tb00035.x

Urgoiti, J., Messier, C., Keeton, W. S., Reich, P. B., Gravel, D., Paquette, A., & Comita, L.
(2022). No complementarity no gain—Net diversity effects on tree productivity occur
once complementarity emerges during early stand development. Ecology Letters, 25(4),

851-862. https://doi.org/10.1111/ele.13959

van der Plas, F. (2019). Biodiversity and ecosystem functioning in naturally assembled
communities. Biological Reviews of the Cambridge Philosophical Society, 94(4), 1220—

1245. https://doi.org/10.1111/brv.12499

van Mantgem, P. J., Stephenson, N. L., Byrne, J. C., Daniels, L. D., Franklin, J. F., Fulé, P. Z.,
Harmon, M. E,, Larson, A. )., Smith, J. M., Taylor, A. H., & Veblen, T. T. (2009).
Widespread increase of tree mortality rates in the Western United States. Science,

323(5913), 521-524. https://doi.org/10.1126/science.1165000

Vilhar, U. (2016). Comparison of drought stress indices in beech forests: a modelling study.

iForest, 9(4), 635—642. https://doi.org/10.3832/ifor1630-008

Villéger, S., Mason, N. W. H., & Mouillot, D. (2008). New multidimensional functional diversity

81


https://doi.org/10.1007/s00442-013-2815-4
https://doi.org/10.1111/ele.12600
https://doi.org/10.1111/j.1469-8137.1991.tb00035.x
https://doi.org/10.1111/ele.13959
https://doi.org/10.1111/brv.12499
https://doi.org/10.1126/science.1165000
https://doi.org/10.3832/ifor1630-008

indices for a multifaceted framework in functional ecology. Ecology, 89(8), 2290-2301.

https://doi.org/10.1890/07-1206.1

Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002). Plant ecological
strategies: some leading dimensions of variation between species. Annual Review of
Ecology and Systematics, 33(1), 125-159.

https://doi.org/10.1146/annurev.ecolsys.33.010802.150452

Williams, L. J., Paquette, A., Cavender-Bares, J., Messier, C., & Reich, P. B. (2017). Spatial
complementarity in tree crowns explains overyielding in species mixtures. Nature

Ecology & Evolution, 1(4), Article 0063. https://doi.org/10.1038/s41559-016-0063

White, P. S. (1979). Pattern, process, and natural disturbance in vegetation. The Botanical

Review, 45(3), 229-299. https://doi.org/10.1007/bf02860857

White, P. S. (1983). Evidence that temperate east North American evergreen woody plants
follow Corner’s rules. New Phytologist, 95(1), 139-145.

https://doi.org/10.1111/j.1469-8137.1983.tb03477.x

Wolz, K. J., Wertin, T. M., Abordo, M., Wang, D., & Leakey, A. D. B. (2017). Diversity in stomatal
function is integral to modelling plant carbon and water fluxes. Nature Ecology &

Evolution, 1(9), 1292-1298. https://doi.org/10.1038/s41559-017-0238-z

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., Cavender-Bares, J.,
Chapin, T., Cornelissen, J. H. C., Diemer, M., Flexas, J., Garnier, E., Groom, P. K., Gulias, J.,
Hikosaka, K., Lamont, B. B., Lee, T., Lee, W., Lusk, C., ... Villar, R. (2004). The worldwide
leaf economics spectrum. Nature, 428(6985), 821-827.

https://doi.org/10.1038/nature02403

82


https://doi.org/10.1890/07-1206.1
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.1038/s41559-016-0063
https://doi.org/10.1007/bf02860857
https://doi.org/10.1111/j.1469-8137.1983.tb03477.x
https://doi.org/10.1038/s41559-017-0238-z
https://doi.org/10.1038/nature02403

Wright, I. J., Wright, S. J., Kitajima, K., Kraft, N. J. B., Reich, P. B., Bunker, D. E., Condit, R.,
Dalling, J. W., Davies, S. J., Diaz, S., Engelbrecht, B. M. J., Harms, K. E., Hubbell, S. P.,
Marks, C. O., Ruiz-Jaen, M. C., Salvador, C. M., Zanne, A. E., & He, F. (2010). Functional
traits and the growth-mortality trade-off in tropical trees. Ecology, 91(12), 3664-3674.

https://doi.org/10.1890/09-2335.1

Xu, P., Zhou, T., Zhao, X., Luo, H., Gao, S., Li, Z., & Cao, L. (2018). Diverse responses of different
structured forest to drought in Southwest China through remotely sensed data.
International Journal of Applied Earth Observation and Geoinformation, 69, 217-225.

https://doi.org/10.1016/j.jag.2018.03.009

Zhang, Y., Chen, H. Y. H., & Reich, P. B. (2012). Forest productivity increases with evenness,
species richness and trait variation: a global meta-analysis. Journal of Ecology, 100(3),

742-749. https://doi.org/10.1111/j.1365-2745.2011.01944.x

Zheng, L., Ibafez, I., Williams, L. J., Zhu, K., Serrano-Ledn, H., Jensen, J., Eisenhauer, N.,
Verheyen, K., Scherer-Lorenzen, M., Schnabel, F., Kreft, H., Guerrero-Ramirez, N. R,,
Holscher, D., Paterno, G. B., Irawan, B., Ponette, Q., Messier, C., Paquette, A., Stefanski,
A., ... Reich, P. B. (2025). Neighbourhood diversity increases tree growth in experimental
forests more in wetter climates but not in wetter years. Nature Ecology & Evolution.

https://doi.org/10.1038/s41559-025-02805-5

Zuur, A. F., & leno, E. N., (2016). A protocol for conducting and presenting results of regression-
type analyses. Methods in Ecology and Evolution, 7(6), 636—645.

https://doi.org/10.1111/2041-210X.12577

83


https://doi.org/10.1890/09-2335.1
https://doi.org/10.1016/j.jag.2018.03.009
https://doi.org/10.1111/j.1365-2745.2011.01944.x
https://doi.org/10.1038/s41559-025-02805-5
https://doi.org/10.1111/2041-210X.12577

Appendices

Appendix 1. Sampling Locations

Figure A 1. Sampling locations in each plot. The white square delineates the nine central
individuals from which leaf traits and aboveground biomass were measured. The white circles
indicate the three locations where soil cores were collected. Trait measurements were not

taken for individuals in the outer two rows, as they served as a buffer for edge effects.
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Appendix 2. Species Differences in Aboveground Biomass

A two-way ANOVA was conducted to examine the effects of species and treatment on
aboveground biomass. There was a significant main effect of species (Two-way ANOVA, p <
0.001), but no significant effect of treatment (Two-way ANOVA, p > 0.05) and no significant
species x treatment interaction (Two-way ANOVA, p > 0.05).

Across broadleaves, post-hoc TukeyHSD tests indicated that B. alleghaniensis
monocultures had significantly higher aboveground biomass than A. saccharum and Q. rubra
monocultures (Both: p < 0.001). Across conifers, L. laricina had higher aboveground biomass

than P. glauca and P. resinosa monocultures (Both: p < 0.001).
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Figure A 2. Differences in average aboveground biomass (kg) across species, in each water

exclusion treatment. For L. laricina, aboveground biomass was averaged across all individuals
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for each treatment. For all other species, aboveground biomass was averaged across individuals
growing in monoculture for each treatment. Across all species, aboveground biomass was

highest in L. laricina and B. alleghaniensis.

86



Appendix 3. Effects of Plot Composition on Trait Values

Table A 1. Comparisons of trait values for each species based on plot composition. T-tests were
performed between the trait values of each species in monoculture and their trait values across
all mixes, for each trait and each treatment. A false discovery rate correction was applied.
Significant adjusted p-values and the difference in the z-transformed trait values between the

monoculture and the mixes are presented below.

Species Treatment Trait Trait difference Adjusted p-

(Monoculture — Mix) value

A. saccharum Press Chlorophyll -70.68 mg/m? 0.00369
concentration
A. saccharum Control Chlorophyll -132.23 mg/m? 9.3e0

concentration

A. saccharum Press Leaf mass per 0.0021 g/cm? 6.7 e
area

A. saccharum Pulse Leaf mass per 0.0019 g/cm? 7.8 08
area

A. saccharum Control Leaf mass per 0.0016 g/cm? 0.000096
area

B. alleghaniensis Control Chlorophyll -94.55 mg/m? 0.0066

concentration

B. alleghaniensis Press Leaf mass per -0.00083 g/cm? 0.014
area
B. alleghaniensis Pulse Leaf mass per -0.00076 g/cm? 0.025
area
B. alleghaniensis Press Stomatal -7.89 stomata/mm? 0.036
density
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. alleghaniensis

. glauca

. glauca

. glauca

. glauca

. glauca

. glauca

. glauca

. glauca

. glauca

. resinosa

. resinosa

. resinosa

. resinosa

. resinosa

Pulse Specific root
length
Pulse Chlorophyll

concentration

Press Leaf area
Press Leaf mass per
area
Pulse Leaf mass per
area
Control Leaf mass per
area
Press Root tissue
density
Press Stomatal
density
Pulse Stomatal
density
Control Stomatal
density
Press Leaf mass per
area
Pulse Leaf mass per
area
Control Leaf mass per
area
Press Root tissue
density
Pulse Stomatal
density

-29.32 m/g

58.00 mg/m?

-0.017 cm?
0.0045 g/cm?

0.0060 g/cm?

0.0047 g/cm?

0.032 g/cm?

9.40 stomata/mm?

12.74 stomata/mm?

8.60 stomata/mm?

0.0030 g/cm?

0.0030 g/cm?

0.0026 g/cm?

-0.035 g/cm3

5.48 stomata/mm?

0.037

0.0016

0.0096
0.000029

5.0e0

7.1 08

0.0050

0.011

0.00042

0.0038

0.00066

0.0016

0.0016

0.0063

0.036
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Q. rubra Pulse Leaf mass per 0.0028 g/cm? 1.8 et

area

Q. rubra Press Leaf mass per 0.0028 g/cm? 22el!
area

Q. rubra Control Leaf mass per 0.0026 g/cm? 6.8 e10
area

Q. rubra Control Chlorophyll -141.71 mg/m? 0.013

concentration

Since there were no monocultures of L. laricina, an ANOVA comparing all three-species
mixes in which it was present was conducted for this species in each treatment. For L. laricina,

there was no differences in trait values across plot compositions (p > 0.05).
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Appendix 4. Exploration into the Effects of the Water Exclusion Treatments

Table A 2. Summary statistics of the percent volumetric water content (VWC%) across plots in
the press, pulse, and control water exclusion treatments. These summary statistics were
calculated using the mean VWC% for each plot and represent the mean, minimum, maximum,

and the variance in VWC% across plots over the whole summer.

Treatment Variance Mean Min Max
|
Press 34.03 18.16 8.64 33.00
Pulse 26.31 14.86 6.01 28.91
Control 18.50 18.16 11.06 26.74
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Figure A 3. Plot of daily precipitation and mean volumetric water content (VWC%) from May to
October 2024. Green bars represent mean VWC% across all treatments and blue bars represent

daily precipitation (mm).
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Figure A 4. Differences in the percent volumetric water content (VWC%) based on community
composition. VWC% was first averaged within a plot, then VWC% based on community
composition was compared across all treatments. Mix compositions are as follows: Mix 1, L.
laricina, Q. rubra, A. saccharum; Mix 2, B. alleghaniensis, Q. rubra, A. saccharum; Mix 3, P.
glauca, P. resinosa, L. laricina; Mix 4, B. alleghaniensis, P. glauca, A. saccharum; Mix 5, Q. rubra,
P. resinosa, L. laricina; Mix 6, P. glauca, A. saccharum, L. laricina; Mix 7, B. alleghaniensis, Q.
rubra, P. resinosa. Mixes 1, 3, 5, and 6, which had the lowest VWC% values are plots which

contained L. laricina.
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time.
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To quantify drought intensity in each treatment, | calculated relative extractable soil
water using the percent volumetric water content measurements. To calculate relative

extractable soil content for each plot, | used the following equation from Garnier et al., (2007):

EW,
REW = E_wt Eqn. 6

where EW: is the extractable soil water on a given day t, and EW is the maximum extractable
soil water. To use percent volumetric soil water content to calculate relative extractable water,

equation 6 can be written as:

SWC; —SWCyi
EW = t min Eqn. 7
SWChax — SWChin

where SWC: is the soil water content on a given day t, SWCnin is the minimum soil water
content for the entire rooting zone during the period of interest, and SWCmayx is the maximum
soil water content for the entire rooting zone during the period of interest (Vilhar, 2015). In this
case, the period of interest spanned from June to October 2024. To identify periods of drought,

a relative extractable water threshold of 0.4 was used (Garnier et al., 1999).
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Table A 3. Characterization of the water stress in each treatment based on relative extractable
water. Start date represents the first date on which relative extractable water dropped below
0.4 in each treatment. Days below 0.4 represents the number of days where the relative
extractable water stayed below 0.4 for at least one plot. Days majority below 0.4 represents the
number of days where the relative extractable water stayed below 0.4 for more than half the

plots in a treatment.

Treatment Start date Days below 0.4 Days majority below 0.4
“Press 20040619 o9 6 |
Pulse 2024-06-19 11 6
Control 2024-06-19 10 5
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Figure A 6. Change in relative extractable soil water during the growing season, based on
treatment. Each datapoint represents the relative extractable water of a single plot on a given
day. A threshold level of 0.4 was used to determine periods of water stress, indicated by the
black dotted line. All treatments followed the same pattern over time, with drops in REW in July
and September. The pulse treatment was the only treatment in which the REW trendline drops
below threshold level of 0.4 in July. The average REW in the pulse treatment was consistently

lower than in the control and press treatments.
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Figure A 7. Change in relative extractable water with hours since the last rain event greater
than 5 mm. Each datapoint represents the relative extractable water of a single plot at a given
time. A threshold level of 0.4 was used to determine periods of water stress indicated by the

black dotted line. In each treatment, the threshold of 0.4 was reached ~125 hours after a rain

event.
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Appendix 5. Significant Regressions That Did Not Provide Evidence of

Complementarity or Selection Effects

Table A 4. List of regressions that were significant or marginally significant (italics) but did not
provide evidence of either complementarity or selection effects. In cases in black, biomass
decreased with functional dispersion (FDis), the metric used to calculate multivariate trait
complementarity. This indicates that productivity was lower in communities that had a high
trait diversity of a given group of traits. In cases in red, biomass increased with the community
weighted distance to best (CWD). This indicates that productivity was higher in communities

that had trait values that diverged from the traits of the most productive species.

Treatment Trait Biomass metric R? Adjusted p-value

Control Log(FDis Leaf area & Aboveground 0.62 0.027
Specific root length) biomass

Control Log(FDis Leaf area & Belowground 0.37 0.049
Stomatal density) biomass

Control Log(FDis Leaf mass per Belowground 0.37 0.049
area & Stomatal biomass

density)

Control Log(FDis Leaf area & Aboveground 0.50 0.055
Root diameter) biomass

Control CWD Leaf mass per Aboveground 0.33 0.068
area biomass

Control Log(FDis Leaf area & Aboveground 0.42 0.098
Root tissue density) biomass

Press Log(FDis Leaf area & Aboveground 0.76 0.010
Root tissue density) biomass
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Press

Press

Press

Press

Press

Press

Press

Press

Press

Pulse

FDis Leaf area &
Stomatal density
Log(FDis Leaf area &
Root diameter)
Log(FDis Root tissue
density & Specific root
length)
Log(FDis Root tissue
density & Root
diameter)
Log(FDis Specific root
length & Root
diameter)
Log(FDis Leaf area &
Specific root length)
FDis All traits

FDis Leaf mass per
area & Root diameter
Sqrt(FDis Leaf area &

Chlorophyll
concentration)

Log(CWD Leaf mass

per area)

Aboveground
biomass
Aboveground
biomass
Aboveground

biomass

Aboveground

biomass

Aboveground

biomass

Aboveground
biomass
Aboveground
biomass
Aboveground
biomass
Aboveground

biomass

Aboveground

biomass

0.51

0.68

0.62

0.57

0.57

0.61

0.35

0.49

0.19

0.63

0.019

0.026

0.035

0.049

0.049

0.039

0.055

0.075

0.098

0.0042
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Appendix 6. Principal Component Analysis for Gymnosperm and Angiosperm

Traits
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Figure A 8. Principal Component Analysis for traits of a) gymnosperms and b) angiosperms. In

panel a), principal component 1 explains 83.8% of the variation in traits and principal
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component 2 explains 16.2% of the variation in traits. In panel b), principal component 1
explains 62.1% of the variation in traits and principal component 2 explains 37.9% of the
variation in traits. These Principal Component Analyses were done using the trait values

measured at the IDENT-Outaouais plantation in 2024.
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