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Abstract 
 

Understanding the way plants respond to their environment is a central aim in plant ecology, 

as these responses are what fundamentally influence ecosystem function. Plant functional 

traits describe morphological, physiological, and phenological characteristics that affect 

overall plant fitness through their influence on survival, growth, and reproduction. Functional 

traits are heralded as a dynamic, representative, and simple way to capture plant response and 

predict ecosystem processes. In recent years, there has been a focus on understanding trait 

patterns that emerge along abiotic environmental gradients, however there is little research on 

the role of the biotic environment, a key aspect underpinning plant co-existence. This study 

aimed to address whether there is, in fact, a functional trait response to biotic influences, in 

an experimental forest, or if responses are due to microclimate alone. This research took 

place at the Australian Forest Evenness Experiment (AFEX), Using this experimental forest 

provides a unique opportunity to investigate neighbourhood interactions, where the density 

and spatial patterning of individuals is the result of experimental manipulation, rather than a 

consequence of variation in abiotic conditions. Four species, Eucalyptus regnans, Eucalyptus 

delegatensis, Pomaderris apetala and Acacia dealbata, were measured for six plant 

functional traits: specific leaf area (SLA), leaf dry matter content (LDMC), predawn water 

potential (Ψleaf), bark thickness, foliar nitrogen content (Nleaf), and the leaf area to sapwood 

area ratio (LA:SA). I found that neighbourhood interactions influence plant functional traits 

in ways that are highly dependent on the species involved. The effect of traits was often not 

mediated by microclimate although competition for light was common. I demonstrated that 

the functional traits of E. delegatensis, particularly those related to water relations, were 

significantly altered in the presence of P. apetala neighbours, indicating a strong competitive 

interaction between the two species for water. E. regnans, on the other hand, did not adjust its 

traits in response to P. apetala. In contrast, E. delegatensis and E. regnans did not display 

strong trait responses to the neighbourhood effect of the other, and therefore may not be 

directly competing. In fact, E. regnans may be providing a facilitative influence in this case. 

The information gathered in this study demonstrates that plant functional traits dictate plant 

responses to the biological environment, and that these responses are not solely dependent on 

the abiotic environment. 
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1.0 Introduction 
The overarching aim of plant ecology is to understand the patterns and processes occurring in 

vegetation. Quantifying and predicting interactions in plant communities is difficult; not only 

are plant species numerous, but there is considerable variability on the impact that each 

species and individual has on its surrounding ecosystem and community (Avolio et al. 2013). 

Reducing this complexity to identify and describe underlying patterns is integral to 

uncovering the processes governing vegetation structure and ecosystem function (Vargas et 

al., 2021). Thus, the search for methods that simplify plant communities without losing 

valuable information is a key component of novel functional approaches to understanding 

ecosystem function.  

 

Plasticity in growth and investment strategies is highly advantageous for plants, as it allows 

for acclimation to, and tolerance of variable environments, thereby increasing fitness (Liu et 

al., 2016). In order to survive and reproduce, plants must cope with varying combinations of 

abiotic stress, disturbance, and a host of biotic interactions. Identifying broad plant strategies 

or ‘functional types’ for responding to environmental stimuli has been an important concept 

since the dawn of plant ecology, allowing the categorisation of attributes which 

fundamentally drive plant strategies. Recent work has emphasised the use of plant functional 

traits to aid functional type classifications, while also providing a mechanistic understanding 

of these strategies (Mencuccini et al., 2019; Rosas et al., 2021; Vargas et al., 2021). A plant 

functional trait is a phenotypic characteristic that is directly or indirectly involved in a 

specific plant function (Violle et al., 2007). Thus, functional traits allow us to understand the 

functional strategies arising from environmental pressures, and indicate specific mechanisms 

by which adaptation and acclimation optimises fitness (Reiss et al., 2009; Mlambo, 2014; 

Shipley et al., 2016; Vargas et al., 2021). Considering the distribution of traits at different 

organisational levels may also be useful to estimate the importance of fine-scale and 

ecosystem level processes. 

 

This review aims to discuss the significant developments in trait-based plant ecology. I will 

analyse the importance of terminology and trait classifications in shaping how ecologists 

approach functional traits and evaluate current limits to the wider applications of trait-based 

measurements.  
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2.0 History of functional ecology  

2.1 Plant growth forms and ecological “strategies” 

Before the now widespread use of plant functional traits in plant ecology, taxonomic and 

phylogenetic relationships were the primary bases for estimating diversity and community 

composition. However, it was evident from the very beginnings of vegetation science that 

there were multiple solutions to dealing with the challenges of the environment. For instance, 

it was recognised in the 19th Century that different plant growth types, such as trees, shrubs, 

forbs and grasses, experienced and responded to the environment in different ways and could 

thus be considered an ecological “strategy”. Early work identified patterns in plant strategies 

that correlate with broad patterns of plant distribution along environmental gradients and 

aimed to explain this coordination as a consequence of ecosystem trade-offs such as the 

filtering effects of stress, disturbance and biotic conditions (Díaz et al., 1998; McIntyre et al., 

1999; Westoby et al., 2002). The concept of categorising plant ecological strategies, as 

‘functional classifications’ was proposed several times (MacArthur and Wilson, 1967; 

Pianka, 1970; Grime, 1977). For example, MacArthur and Wilson (1967) theorised the r-K 

continuum, which categorised plants due to their reproductive and life history strategies to 

disturbance, however this theory ignored the complexities of stress and competition 

(MacArthur and Wilson, 1967; Pianka, 1970).  

2.2 Grime’s CSR classification scheme 

The Competitor-Stress-Ruderal (C-S-R; Figure 1) theoretical scheme was proposed not long 

after the r-K continuum, and categorised plants into three strategies based on their various 

functions and life histories (Grime, 1974, 1977). Grime (1977) suggested that three 

ecological conditions are associated with the evolution of a distinct type of plant strategy, i.e., 

low stress with low disturbance (competitive plants), high stress with low disturbance (stress-

tolerant plants) and low stress with high disturbance (ruderal plants), with high stress and 

high disturbance being too severe for plant survival (Figure 1). He emphasises that these 

strategies are extremes, and that the genotypes of most plants exist between the combinations 

of competition, stress and disturbance (Grime, 1977). His work showed that plants could be 

classified into non-taxonomic groups, and these classifications could show patterns of 

variation along environmental gradients, and therefore was believed to be a predictable 

phenomenon. While his theories pre-date the widespread use of trait-based ecology, they laid 

an important foundation to using plant functionality rather than taxonomy to predict plant 

community assembly within a given ecosystem. Today, the concepts from CSR are still 

widely used, with an emphasis on the universal three-way trade-offs between competition, 
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stress, and disturbance in plant communities (Li and Shipley, 2017; Pierce et al., 2017; Han, 

Huang and Zang, 2021).  

Figure 1. Competitor-Stress-Ruderal (C-S-R) Strategies (Grime, 1977).  

Competitive species predominate under low disturbance and low stress conditions, ruderal species predominant 

under high disturbance and low stress, and stress-tolerant species predominate high stress and low disturbance. 

All plants and their strategies are placed in the intermediaries of the three spectrums. 

2.3 The concept of plant traits and the leaf economics spectrum 

Traits were first used in an attempt to understand mechanisms underlying plant species 

coexistence. Tilman (1988) proposed a trait-based approach to community ecology which 

linked ecological strategies, community assembly and functional diversity. This approach 

was able to unify the differences in each perspective and thus uncover methods of 

coexistence. The approach also allowed the prediction of the evolution of plant traits and the 

effects of these traits on plant community structure and dynamics. What resulted was the 

emergent idea that plants undertake universal trade-offs for resource acquisition of above- 

and below-ground resources, which differentially affect the investment of such resources into 

plant organs (Tilman, 1988). The idea of resource acquisition strategies is now a fundamental 

concept to modern day trait-based ecology.  
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The use of plant functional traits as we know it today arose in the early 2000s, and since then, 

several significant contributions have been made to trait-based ecology. The current paradigm 

justifies the use of functional traits with the view that plants function in communities and 

ecosystems via their organ-level functional traits (Westoby et al., 2002, Shipley et al., 2016; 

Laliberté, 2017). A most notable contribution to the field, both influential and controversial, 

was “The worldwide leaf economic spectrum” (Wright et al., 2004). The paper, which has 

been cited 4916 times (Scopus, accessed October 2021), highlighted universal relationships 

between multiple leaf traits, claiming that these patterns reflect trait coordination for resource 

strategies. The leaf economics spectrum (LES), as it came to be known, aimed to identify the 

specific effects of environmental filtering and biophysical constraints on leaf carbon 

economics. For example, there are relationships between environmental conditions and leaf 

photosynthetic capacity, dark respiration rate, foliar nitrogen and phosphorus content, leaf 

mass per area (LMA) and leaf life spans across widely different plant growth forms and 

environmental affinities (Wright et al., 2004). This suggests functional coordination among 

these leaf traits (Wright et al., 2004; Ji et al., 2020) and proved the earlier contention by 

Tilman (1988) that plant traits possessed the ability to vary across a spectrum of 

environmental conditions. As such, economics spectrums became a fundamental theme when 

applying functional traits to mechanisms of community assembly.  

The influence of the leaf economics spectrum is still seen almost 20 years later. 

Understanding the broader ‘plant economics spectrum’ has been the focus of much 

subsequent research (i.e. Chave et al., 2009; Freschet et al., 2010; Reich, 2014; Lin et al., 

2019), in attempt to conceptualise trade-offs between resource acquisition and resource 

conservation across the entire plant (Shen et al., 2019). A “worldwide wood economics 

spectrum” followed not long after the inception of the LES (Chave et al., 2009). Reich (2014) 

extended the economics spectrum towards whole plant systems, and Freschet et al. (2010) 

investigated whether interspecific variation in leaf traits alone could predict trait variation in 

other organs. Work on these global ‘trait spectra’ has been praised for its ability to highlight 

trade-offs shaping plant evolution, and for their use as powerful tools for ecological studies 

(Anderegg et al., 2021).  

The influence of the LES also extended to its criticisms, creating a warning to all trait-based 

ecologists of the potential for misconceptions and inaccuracies of inference while working 

with traits. The broad claims by Wright et al. (2004) and others about universal patterns 

sparked two independent groups to question the claimed biological significance of the leaf 
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economics spectrum. Shipley et al. (2006) analysed the original data used in the LES and 

found that patterns of trait correlation could only be generated by an unmeasured ‘latent’ 

variable. The authors suggested that there was an unidentified fundamental constraint 

controlling the return of photosynthates on investments of nutrients and dry mass and thus the 

supposed universal coordination among different traits was only due to colimitation by an 

unknown variable. Later, Lloyd et al. (2013) and Osnas et al. (2013) suggested that the LES 

showed a ‘spurious’ correlation, rendering the principal findings of the LES a mathematical 

consequence of how the data was normalised. For example, the rate of photosynthesis per 

unit leaf area was weakly or not correlated with nitrogen per leaf area, however if both were 

divided by LMA, a correlation was found (Lloyd et al., 2013; Osnas et al., 2013; Poorter, 

Lambers & Evans, 2014). They also had issues with some of the claimed trait correlations 

and believed that Wright et al. (2004) ignored the fact that many traits measured were 

functionally the same; for example, leaf area is a function of photosynthesis (Poorter, 

Lambers & Evans, 2014). Even more recently, Chen et al. (2020) highlighted that the 

construction of the LES is based on sun leaves and it is unclear whether the trends established 

extend to shade leaves. More broadly, the use of so called ‘soft’ traits such as LMA have 

been criticised for their “not-so-apparent” functional significance (Brodribb, 2017).  

Despite the controversies, the LES was a necessary contribution to how we frame traits as a 

means for functional inference, and thus trait economics spectra are now fundamental to how 

we understand plant responses to the environment.  

3.0 Classifying functional traits 
Trait-based ecology relies on precise use of clearly defined traits that link unambiguously to 

plant functions. A plant trait can be any measurable morpho-physio-phenological 

characteristic or feature (Violle et al., 2007; Rosas et al., 2019), however, functional traits are 

traits that should specifically link to function, or at least provide a mechanistic link to these 

functions (Violle et al., 2007). Therefore, the term “traits” has caused confusion of the 

underlying concepts it refers to and has been debated widely (Violle et al., 2007; Lloyd et al., 

2013). In order to produce a relationship between plants and community or ecosystem 

function, traits must allow the prediction of ecological phenomena across species, sites and 

environments, hence removing the ambiguity in defining traits is integral to the foundations 

of trait-based ecology (Shipley et al., 2016). Having clear definitions of functional traits 

provide a framework for using traits for predicting organismal performance and how these 

influence processes at higher organisational levels. Most importantly, such definitions 
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provide a universal distinction between plant morphological variables and plant functional 

traits (Lloyd et al., 2013).  

Functional traits can also be classified according to whether they are a response primarily 

related to the environment, or more important for their influences on ecosystem function 

(Lavorel and Garnier, 2002; Zirbel et al., 2017). “Response” traits are those integral to the 

manner in which a plant responds to environmental conditions, and thus community assembly 

is mediated by these. For example, traits associated with a response to disturbance include 

reproductive and life history traits; early post-disturbance communities are commonly 

dominated by rapidly germinating, fast growing, weedy species (Lavorel et al., 1997; 

McIntyre et al., 1999). In contrast, “effect” traits are plant characteristic that have a strong 

influence on ecosystem functioning, often by affecting community architecture or nutrient or 

energy cycling, for example, above-ground biomass and decomposition rate. The response 

versus effect classification is useful, as it distinguishes ecosystem pattern versus process trait 

associations (Volaire et al., 2020; Zirbel et al., 2017). By using response and effect traits, 

ecologists can be sure of the actual utility of the traits chosen for study, by targeting traits that 

are demonstrably involved in the ecological question at hand. 

Plant functional traits are mostly grouped according to the organs they relate to and/or the 

resource strategy they reflect (Wright et al., 2004). Thus, traits are commonly classified as 

applying to whole-plant, leaf, root, or stem systems (Table 1). Since leaves are the primary 

site of plant gas exchange, leaf level traits such as LMA and various measures of leaf size are 

believed to be strong indicators of the ability of an individual or species to capture carbon. By 

extension, leaf nutrient concentrations are considered an indication of the nutrient use 

efficiency of carbon assimilation and various leaf morphological features as indicators of the 

water use efficiency of carbon capture (Table 1; Dong et al., 2020). Branches and stems play 

an essential role in transporting water, nutrients, photosynthates and hormones around the 

plant via their internal conduit systems. The properties of these conduits, particularly xylem, 

are integral for the hydraulic efficiency of photosynthesis and growth trade-offs, and can give 

an indication of a species resistance to drought by its vulnerability to drought-induced 

cavitation (Brodribb, 2009, Zhu et al., 2017). Reproductive traits, associated with variation in 

plant propagules, are reflective of a plant’s investment into reproduction, which can have 

implications for persistence, dispersal and colonisation of ecosystems (Table 1; Dirks et al., 

2017). Whole plant traits encompass more than one or all organs, and are important when 
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Plant trait Functional significance  

Whole plant traits 
 

Life history Timing and duration of survival behaviours (Weiher et al., 1999, Pérez-

Harguindeguy et al., 2013) 

DBH (cm) Growth rate, biomass, carbon investment (Hamilton, 1975) 

Plant height (m) Whole plant fecundity, potential life span, reproductive size, competitive vigour, 

xylem tension (Weiher et al., 1999) 

Huber value (m2 per 

cm2) 

Sapwood area to leaf area ratio. Trade-offs with hydraulic efficiency, xylem 

tension and evapo-transpiration (Anderegg et al., 2021; Xu et al., 2021) 

Leaf traits 
 

Specific leaf area 

(SLA) (m2kg-1) 

Photosynthesis, water loss, leaf longevity, stress tolerance (Wright et al., 2004; 

Mitchell et al., 2008) 

Nitrogen content (mg g-

1) 

Photosynthetic capacity, leaf longevity, soil nutrient indicator (Loomis, 1997) 

Stomatal density (mm-

2) 

Photosynthetic CO2 uptake; water loss through transpiration (McAdam and 

Brodribb, 2012) 

Stomatal conductance Degree of stomatal opening; plant water status; xylem tension (Gimenez et al., 

2005) 

Leaf C-isotope 

composition (‰) 

Carbon assimilation, stomatal conductance, water use efficiency (Meinzer et al., 

1992) 

Turgor loss point Capacity to maintain cell turgor pressure during dehydration (Zhu et al., 2018) 

Leaf water potential 

(MPa) 

Cell wall elasticity, hydraulic stress response (O'Toole and Cruz, 1980) 

Stem traits 
 

Wood anatomy Structural, physiological, and defensive strategies (Chave et al., 2009, 

Wiedenhoeft, 2010, Hajek et al., 2014) 

Bark thickness (mm) Fire protection, assimilate transport, water relations, repair (Poorter et al., 2014) 

Xylem conductivity (Ks 

and KL) (kgm-1 s-1 

MPa) 

Potential xylem efficiency in the absence of embolism; hydraulic resistance (Tyree 

and Zimmermann, 2002; Holbrook and Zwieniecki, 2005; Brodribb, 2009; 

Melcher et al., 2012) 

Xylem vulnerability to 

cavitation in branches 

(MPa) 

Resistance to draught induced xylem embolism (Tyree and Zimmermann, 2002; 

Brodribb, 2009; Melcher et al., 2012) 

Below-ground traits  
 

Specific root length (m 

g-1) 

Nutrient and water uptake, respiration, relative growth rate, decomposition 

(Eissenstat, 1992; Tjoelker et al., 2005) 

Mycorrhizal 

associations 

Pathogen resistance, longevity, nutrient uptake (Newsham et al., 1995) 

Root tissue density (g 

cm-3) 

Longevity, resistance to herbivores and drought, decomposition (Eissenstat and 

Yanai, 1997) 

Below-ground storage 

organs  

Specialised organs; fire & frost tolerance, accumulated metabolites; starch (Flores 

and Flores, 1997) 

Reproductive traits 
 

Onset of flowering  Stress and disturbance avoidance, seasonality, biogeography (Kattge et al., 2011) 

Dispersal syndrome Mechanism of seed dispersal; reproductive investment; vector interactions; 

invasion success (Booth, 1990) 

Table 1. Commonly measured traits and their actual or assumed functional significance. 

References are examples where the mentioned trait’s functional significance is defined. 
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considering carbon and nutrient trade-offs across organs, much like the Huber value 

(sapwood area to leaf area ratio; Table 1; Rosas et al., 2019). Finally, some of the most 

important drivers of ecosystem processes are traits associated with plant roots, for their role 

in carbon and nutrient cycling, water accessibility and availability, and soil stability (Table 1; 

Bardgett et al., 2014; Laliberté, 2017). 

There is a significant imbalance in the distribution of trait measurements among plant organs. 

In an Australian trait database (AusTraits; Falster et al., 2021), leaf morphologies, 

reproduction and whole plant traits are by far the most widely measured, and foliar 

physiology, branch and root traits are all underrepresented (Figure 2). This pattern is not 

dissimilar in highly used worldwide trait databases such as TRY (Kattge et al., 2011; 

Laliberté, 2017). This imbalance is likely because methods of measuring roots are usually 

invasive and laborious (Shen et al., 2019), and physiological measurements tend to require 

expensive equipment which may not be field accessible (Melcher et al., 2012). The relative 

scarcity of certain traits could have profound implications for the utility of the overall trait 

approach. Laliberté (2017) highlighted several issues that have arisen from the widespread 

lack of knowledge of below-ground traits. For instance, the release of root exudates and root 

respiration rates are key to ecosystem functioning but are almost totally unmeasured. This has 

implications when integrating mycorrhizae and other below-ground interactions as trade-offs, 

and so we have little understanding of the role root traits play for broader ecosystem 

functioning. It is also unclear whether a root economics spectrum exists, and whether the 

variation in above-ground traits is coordinated with that of root traits. Exploring possible 

correlations between above- and below-ground functions across a wide spectrum of species 

and ecosystems could lead to important insights into whole plant function with ecosystem-

level implications (Laliberté, 2017). 

3.1 Hard versus soft approach 

The purpose of functional traits in ecology is to explain and predict community and 

ecosystem function from measurable characteristics of the plants present. Therefore, the 

presence of a reliable, mechanistic relationship between the value of a particular trait and a 

physiological or ecological process is what distinguishes a true “functional trait” from a mere 

morphological variable. Thus, only functional traits are useful for explaining and predicting 

ecological processes, however true measures of plant function (e.g. maximum photosynthetic 

rate, inherent water use efficiency of photosynthesis) are difficult and/or expensive to make. 

Therefore, the distinction between ‘hard’ versus ‘soft’ traits is important when studying 



9 
 

 

Figure 2. Number of plant trait observations (in thousands) for different organ or whole plant categories. 

Information retrieved 15 October 2021 from the AusTraits database (Falster et al., 2021). Total observations per 

organ were collated; leaf morphology included morphological and nutrient traits (i.e. SLA, leaf nitrogen), and 

leaf physiology included physiological traits (i.e. dark respiration, water potential) as categorised by AusTraits. 

Reproduction, Whole plant, Branch, and Root included all allocation, life history, morphology, nutrient, and 

physiology traits. 

functional traits. Soft traits are easy to measure, often morpho-anatomical attributes, such as 

commonly measured leaf morphological characters (Figure 2; Hodgson et al., 1999). Soft 

traits are often vaguely related to one or several functions, and are poor predictors of habitat 

affinities, which could be problematic when describing them as ‘functional traits’ (Shipley et 

al., 2016; Belluau and Shipley, 2018; Freschet et al., 2021). ‘Hard’ mechanistic traits, on the 

other hand, measurably capture a physiological function, and thus are likely to be stronger 

determinants of species level fitness (Brodribb, 2017; Belluau and Shipley, 2018; Rosas et 

al., 2019; Freschet et al., 2021). Some examples of hard traits include xylem vulnerability, a 

quantitative measure of the sensitivity of xylem tissue to cavitation during water stress 

(Brodribb, 2017), and the Huber value, the sapwood to leaf area ratio indicating the carbon 

investment strategies in trade-offs between hydraulic investment and carbon capture 

(Mencuccini et al., 2019). Unfortunately, hard traits tend to be more difficult, expensive, or 

laborious to measure and thus physiological function is commonly estimated using soft traits 

0 50 100 150 200 250 300
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as a proxy (Brodribb, 2017; Belluau and Shipley, 2018). Moving towards using hard traits for 

trait-based ecology is important not only for strong physiological and ecological inference 

(Rosas et al., 2019), but also for the work on innovation of new and more accessible methods, 

such as the optical technique for measuring xylem cavitation (Brodribb et al., 2016). 

However, the mainstream use of soft traits is not unreasonable when considering that it 

allows for simple and quick measurements of many species at many sites, which is important 

for capturing variation, and so it would be unwise to discount it completely. As a potential 

solution to remedy the shortcomings of soft traits, there is promising research in using soft 

traits to predict hard trait values and thus physiological performance. For example, Belluau 

and Shipley (2018) expect that using a hierarchical approach to describe causal relationships 

should follow the order: soft → hard → performance, but this is a relative new concept and 

there is minimal empirical evidence supporting this. Incorporating response and effect 

metrics to hard and soft traits may also help in identifying traits that have mechanistic 

properties that interact with ecosystems.    

4.0 The wider applications of trait-based ecology 

4.1 Evolution and environment 

The plant phenotype is fundamentally controlled by genotype. The degree of genetic 

conservation in traits may give an indication of how functional a trait may be, given that trait 

plasticity is more likely to be a response to a changing environment. Long term 

environmental trends may have driven the evolution of traits that are competitive and 

increase fitness within modern environments. For example, Callitris underwent a large 

diversification with the onset of aridity in Australia (Larter et al., 2017). This interplay 

between genetics and environment may indicate which traits benefit from phenotypic 

plasticity to increase fitness, and which require conservation. Hydraulic traits, for example, 

are controlled by phylogeny due to the dependence on conservative characters such as xylem 

structure (Rosas et al., 2019), while photosynthesis-related traits, regulated by biochemical 

processes, show a high degree of plasticity (Dong et al., 2020; Xu et al., 2021). Ma et al. 

(2018) suggested that root traits evolved along a spectrum of two contrasting strategies; the 

ancestral ‘conservative’ strategy in which plants depend on mycorrhizal fungi and thick roots 

for soil resources, found in the tropics where many ancestral phylogenetic groups are 

preserved. Comparatively, a more evolved and ‘opportunistic’ strategy in which thin roots are 

used for more efficient exploration of soil and therefore resources, which is shown in plants 

of more hot and arid environments (Ma et al., 2018).  
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In line with concepts from the leaf economics spectrum (Wright et al., 2004), plant traits vary 

along resource gradients as plants respond to differences in environmental conditions. To 

maximise their fitness, plants need to balance nutrient investment, photosynthetic capacity 

and water use efficiency (Wright et al., 2004; Reich, 2014; Ma et al., 2018; Anderegg et al., 

2021). Therefore, some plant traits may be coordinated as individuals experience investment 

trade-offs across organs. When such coordination also occurs across species and ecosystems, 

it may reveal how environmental trade-offs associated with different ecological strategies 

influence trait distributions (Candeias and Fraterrigo, 2020; Anderegg et al., 2021). These 

trait patterns are likely to reflect C-S-R strategies in response to biotic and abiotic influences 

(Grime, 1977; Han, Huang and Zang, 2021). Therefore, studying functional trait responses is 

necessary to see how plants are responding to their environments in real time (Liu et al., 

2016). 

4.2 Interplay of stress and disturbance on functional traits 

Stress, defined as conditions that limit biomass production, and disturbance, events that 

remove biomass, both shape plant trait responses (Grime, 1977; He et al., 2018). Abiotic 

stress occurs when there is a limitation of key resources such as water, light and nutrients, or 

hostility in temperatures or UV radiation that impair the productivity of a system (Grime, 

1977; Zhang et al., 2021). An abiotic disturbance can be a high or low intensity event that 

destroys or removes plant biomass, and can include fire, flood, and drought (Westerling, 

2016). Fundamentally, plant trait distributions vary differentially along abiotic stress and 

disturbance gradients (Poorter et al., 2009; Zirbel et al., 2017; Rosas et al., 2019; Dong et al., 

2020; Anderegg et al., 2021; Rowland et al., 2021). For example, leaf mass per area (LMA) 

decreases with increasing water and nutrient availability, and increases with salinity (Poorter 

et al., 2009). Disturbance can influence reproductive traits and life history strategies (Herben 

et al., 2018). For example, eucalypts employ fire-resistant traits such as epicormic 

resprouting and fire itself plays a role in dehiscence and germination of eucalypt seed (Silva 

et al., 2017; Collins, 2019). Plant trait responses to abiotic conditions have been studied 

extensively and this has allowed us to begin to understand the mechanisms that limit species 

geographic ranges.  

Water availability is a key factor in determining plant species distribution, community 

structure and diversity (Zhu et al., 2017). Water stress is one of the primary selective forces 

in plant evolution (Brodribb et al., 2014), therefore, functional traits often associate strongly 

with optimised hydraulic capacity and/or safety. For instance, traits associated with drought-
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resistant phenotypes, namely LMA, leaf dry matter content (LDMC), wood density and 

Huber value, show consistent increases as aridity increases, resulting in coordinated trait 

changes across tissues that are associated with resilience to drought (Anderegg et al., 2021). 

This suggests that these traits are in some way linked to a mechanistic drought response, even 

though these traits are not strictly physiological. Another fundamental resource plants 

respond to via trait variation is light. Plants perceive light through their internal 

photoreceptors, which influence many aspects of plant development such as stem elongation, 

shade avoidance, germination, and tropisms (Whippo and Hangarter, 2006; Bottollier-Curtet 

et al., 2012). Light limited plants will increase resource allocation to shoots and leaves, and 

so a universal trait response to shading is an increase in SLA (Liu et al., 2016; Harrison et al., 

2018). SLA, however, is part of a trait complex controlled by genetic and physiological 

factors, and the mechanistic regulation behind this relationship is still unclear (Marshall and 

Monserud, 2003; Poorter et al., 2009). Finally, due to the overall lack of root trait research, 

there is limited knowledge about how below-ground trait variation occurs across 

environmental gradients (Laliberté, 2017), which, as mentioned, could have major 

implications for how we understand above-ground trait responses to abiotic stimuli.  

It is relatively easy to quantify stress and disturbance, and so our understanding of trait 

responses predominates with these aspects of the environment. Comparatively, trait variation 

due to the biotic environment is largely underrepresented within this sphere, and yet is known 

to not only covary with disturbance and stress (Grime, 1977), but also shape some of the most 

important interactions and influence of the dynamics of an ecosystem (Didion-Gency et al., 

2021).  

5.0 The role of traits in understanding biotic interactions 
Within any habitat, individual organisms interact with individuals of their own and other 

species. These biotic interactions give rise to the flow of nutrients and energy through 

ecosystems and can have a profound impact on individuals and whole communities. 

Organisms within a single trophic level often compete for resource capture, but interactions 

can also be beneficial, via mechanisms such as symbiosis and facilitation. By quantifying the 

relative influence of neighbouring plants on trait variability (Belluau and Shipley, 2018), we 

can uncover what mechanisms plants employ to adapt to competition as functional strategies, 

according to Grime’s classification scheme (Grime, 1977). 
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Competition occurs when the required environmental resources or energy are insufficient or 

limited (Seifert et al., 2014), and has been considered a key component in structuring plant 

communities and natural selection, however the trait patterns and mechanisms underlying 

competition is largely unknown (Craine and Dybzinski, 2013; Trinder et al., 2013). When 

individual plants compete, their traits can influence the strength of the interaction, and thus 

cause the fitness of one plant to be reduced in the presence of another (Candeias and 

Fraterrigo, 2020). There is also evidence that the competitive environment has strong effects 

on trait expression (Bennett et al., 2016). For example, incidental light is influenced heavily 

by the degree of canopy cover (above ground competition), soil structure, nutrient and water 

availability, however, is mediated by below-ground competition (McPhee and Aarssen, 

2001). “Effect” traits of neighbouring plants may also have the capacity to influence small-

scale plant microclimates, which may influence an individual’s trait expression. For example, 

humidity, caused by proximity of neighbouring plants, can influence photosynthetic 

efficiency (Rawson et al., 1977; Bunce, 1984; Jang et al., 2011). In addition, there are no 

standardised set of traits that make a plant more competitive; for example, Douglas fir 

outcompetes European beech by rapid growth, efficient shading of neighbours, and high 

water use efficiency of photosynthesis and biomass production (Thomas et al., 2015). In 

contrast, invasive species such as gorse use reproductive and dispersal traits to colonise 

disturbed vegetation; a high annual reproductive output, combined with seedbank longevity 

(20 years) allow seed to remain in the soil after clearing and be spread easily (Broadfield and 

McHenry, 2019). If we relate this to C-S-R strategies, Douglas fir will be a competitor and 

gorse more of a ruderal, thus their traits are related to the disturbance regime in which they 

are most successful (Grime, 1977). This reinforces the fact that competition is highly 

contextual and is mediated by plant strategies via trait variation.  

Using functional traits has enabled many advances in our understandings of the mechanisms 

of community assembly, as traits show promising results of being involved in response to 

various environmental stimuli in plants. Unfortunately, there are still significant knowledge 

gaps in the evaluation and use of such trait responses (Candeias and Fraterrigo, 2020). While 

capturing specific trait variation to stress and disturbance alone is important for our 

understanding of the impacts of abiotic environmental change, we are ignoring the 

complexities of communities and ecosystems by overlooking the role of biotic environment 

interactions on trait responses (Didion-Gency et al., 2021). Famously, Wright et al. (2004) 

and others aimed to explain trait responses as a spectrum of resource allocation, and many 
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others looked at abiotic stress gradients, such as aridity, however this is an oversimplification 

of the true dynamics of an ecosystem. As the C-S-R theorem tells us, plant strategies are 

multi-dimensional responses that encapsulate the covariation between stress, disturbance, and 

competition, as these forces do not act in isolation (Grime, 1977). By ignoring competition as 

a key interaction in plant environments, we are assuming that all environments are 

independent of competition, which C-S-R disproves. Therefore, incorporating competition is 

imperative when studying functional trait responses to predict communities and ecosystems. 

6.0 Future directions and modelling 
By addressing issues discussed in this review, plant functional traits have the potential to aid 

future endeavours in globally significant research. The development of worldwide trait 

databases has enabled empirically based analysis of global trends of plant functional 

diversity, which has already been used to measure and predict shifts in plant community 

composition and biodiversity, biogeochemical fluxes, and climate change impacts (Wright et 

al., 2004; Kattge et al., 2011; Wang et al., 2017; Gallagher et al., 2020; Falster et al., 2021). 

Using trait modelling could elevate the current theoretically trait-based ecology to potential 

applications in understanding global change impacts in agricultural and natural ecosystems. 

Some goals for expanding the influence of functional trait research include the use of 

functional traits for process-based modelling, agronomy and landscape ecology for issues 

surrounding land use patterns, and crop response to their environment and their biological 

communities (Malézieux et al., 2009; Sayer et al., 2013; Luedeling et al., 2014; Martin and 

Isaac, 2015). Understanding functional traits associated with optimising crop breeding and 

productivity, agroecosystem dynamics and vulnerability to climate change could be useful for 

improving crop yield with increasing drought and temperature extremes. Traits could be used 

to map functional diversity loss due to climate change in natural systems, and to 

quantitatively measure any subsequent implications to the multi-faceted biotic interactions 

(Tilman et al., 2014). Finally, functional trait research could have implications for land use of 

agriculture and forestry practices, understanding exotic species dynamics for management 

protocols, and making informed decisions about post disturbance intervention and habitat 

restoration. 
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7.0 Conclusion 
After more than 20 years of trait-based research, ecologists can confidently say that plant 

functional traits and their response to environmental conditions underpin the mechanisms 

behind plant ecosystems (Zirbel et al., 2017). Accurate and informative trait information will 

shape how ecologists approach vegetation modelling from regional scales, all the way to how 

functional traits are operating at broad phylogenetic and ecological timescales. The empirical 

use of traits is showing promising results underpinning our understanding of plant community 

assembly, which may be fundamental to how we predict, manage, and restore natural and 

artificial ecological systems in the future. Building on foundations of past research has 

enabled significant improvement in how we define and interpret the traits used, however 

there is still a way to go. Moving forward, a shift towards using more ‘hard’ and mechanistic 

functional traits, may not only improve the power of ecological inference when using traits, 

but it may also allow the development of less laborious and invasive measuring techniques. 

Alternatively, using soft traits as a means of predicting hard traits may be a more accessible 

approach (Belluau and Shipley, 2018), but needs research quantifying the relationships 

between soft and hard traits. Further work is needed to fill knowledge gaps in trait 

classifications that are underrepresented, namely root and below ground traits, and the many 

physiological wood and leaf traits (Bardgett et al., 2014; Laliberté, 2017). Finally, more 

thorough comparisons with the complexities of biotic interactions and the interplay between 

stress, disturbance, and competition, are required before functional ecology can confidently 

utilise traits as an effective approach to understanding the mechanisms governing vegetation 

patterns and processes.  
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1.0 Introduction 

1.1 Trade-offs and plant function  

Trade-offs in plants, occurring due to inherent constraints in biological, ecological, and 

physical systems, maintain diversity and structure plant communities along environmental 

gradients (King et al., 2015, Dwyer and Laughlin, 2017). These trade-offs influence the way 

an individual plant allocates resources (nutrients, water, and light) to functional organs (roots, 

stems, and leaves) to maintain optimal growth and survival in any given environment. This 

intraspecific variation is possible due to the high plasticity of phenotypic expression in plants, 

enabling them to alter various physiological, morphological, and anatomical characteristics in 

response to environmental stressors. Thus, identifying and explaining the specifics of plant 

resource trade-offs as strategies, and the mechanisms behind intraspecific variation is a 

foundational aim for plant ecology (MacArthur and Wilson, 1967, Grime, 1977, Westoby et 

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

While many theories have been proposed to explain how and why plants are influenced by 

their environment (MacArthur and Wilson, 1967, Grime, 1974, 1977, Westoby et al., 2002), 

it is generally accepted that external influences governing plant growth and fitness are 

primarily due to two major drivers: the abiotic environment and biological interactions 

(MacArthur and Wilson, 1967). Grime (1977)’s C-S-R model classifies plant species within a 

spectrum of ecological strategies ranging from competitive, to stress-tolerant, to ruderal, and 

is widely cited as expressing important strategic variation among species (Westoby, 1998). 

There has been a shift, of late, to determine the specific phenotypic variations, or ‘traits,’ that 

plants use as to function, and how these ecological strategies allow them to survive and thrive 

within their environment. 

Variation of traits in plants to occurs in direct response to the real-time conditions of resource 

availability (Westoby et al., 2002, Wright et al., 2004a, Chave et al., 2009). The study of this 

intraspecific variation in response to the environment is known as trait-based ecology, in 

which the focus is on “plant functional traits” (Violle et al., 2007, Shipley et al., 2016). 

Functional traits are any phenotypic characteristic that directly affects overall plant fitness 

through their survival, growth, and reproduction (Violle et al., 2007, Shipley et al., 2016). 

The underlying assumption of trait-based ecology is that these functional characteristics 

represent fundamental resource tradeoffs within individuals (Wright et al., 2004a), and that 

variation within these traits is key to the manner in which species respond to and are filtered 

by climate, disturbance and biotic interactions (Brussel and Brewer, 2021). Functional trait 
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research has been heralded as the ‘Holy Grail’ of plant ecology (Funk et al., 2017) for its 

potential to explain and predict highly complex ecological systems. The development of trait 

economics spectrums (Wright et al., 2004a, Shipley et al., 2006, Chave et al., 2009), using 

worldwide species-level trait databases (i.e. Kattge et al., 2011, Wang et al., 2017, Falster et 

al., 2021), has enabled ecologists to conceptualise global trends in functional traits to uncover 

linkages with ecosystem functions and processes (Pérez-Harguindeguy et al., 2013). 

Intraspecific trait variation, the widely-observed range in trait values among conspecific 

individuals (Siefert et al., 2015), is known to have significant effects on population dynamics, 

community assembly and ecosystem functioning (Yang et al., 2020). It is hypothesized that 

variation within species in key traits reflects their plasticity and indicates a species’ likely 

resilience to environmental changes (Umaña et al., 2015). Therefore, interspecific trait 

variation is evidence of trait adaptation to local environments, rather than phenotypic 

vartiation entirely due to phylogenetic adaptation (Campetella et al., 2020).  

1.2 Abiotic environmental effects on traits 

Plant functional traits are becoming increasingly used in determining ecological interactions 

and plant-environment dynamics. Traits give us a measurable and quantitative way to show 

the specific responses that plants are having to their environment. 

Recently, ecologists have described patterns underpinning trait responses to certain, typical 

environmental gradients, suggesting that using plant functional traits could be important for 

predicting patterns and processes ecologically. Notably, the worldwide leaf economics 

spectrum (Wright et al., 2004a) categorised traits along a spectrum of nutrient acquisition, 

and enabled identification of the functional roles particular traits were playing. For example, 

specific leaf area (SLA; Table 2) is a trait associated with resource allocation towards leaf 

tissue and therefore photosynthesis, and so can be thought of as a functional trait associated 

with carbon acquisition (Wright et al., 2004a). This means that traits are now used to 

understand more about fine-scale ecosystem dynamics which can aid in quantifying and 

solving ecological problems. 

It is well-known that the availability of abiotic resources in an ecosystem is mediated by plant 

neighbours. One such resource is water. Water availability is a key factor determining plant 

species distribution, community structure and diversity (Zhu et al., 2017). Water stress is a 

primary selective force in plant evolution (Brodribb et al., 2014), therefore, some functional 

traits associate strongly with optimised hydraulic capacity and safety. Water availability, 
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however, is strongly mediated by the living component of an ecosystem (Anderegg et al., 

2021). Plant community density dictates the amount of light available to an individual, 

neighbours deplete and replenish nutrients in soil, and even microclimatic alterations caused 

by neighbours can influence the rates of critical biochemical reactions, including 

photosynthesis (Sheehy et al., 1979). 

Using functional traits to determine the response to abiotic environmental stress in plants has 

enabled many advances in our understandings of the mechanisms of community assembly 

(Zirbel et al., 2017, Candeias and Fraterrigo, 2020). Plant strategies, however, are multi-

dimensional responses that encapsulate the covariation between stress, disturbance, and 

competition, as these influences do not act in isolation (Grime, 1977). Measuring trait 

variation to the abiotic environment alone ignores the complexities of communities and 

ecosystems by overlooking the dynamic role of the biotic environment on trait responses 

(Didion‐Gency et al., 2021). Therefore, incorporating the role of biotic interactions is 

imperative when studying functional trait responses to predict community and ecosystem 

function. 

1.3 What encompasses the biotic environment?  

Within an ecosystem, plants interact with individuals of their own and other species. These 

biotic interactions give rise to the flow of nutrients and energy throughout stands and can 

have a profound impact on individuals and whole communities (Ali, 2019). Forest stands, for 

example, can vary significantly in the density and identity of trees they contain (Gruntman et 

al., 2017, Britton et al., 2021), and thus biotic interactions have the potential to vary 

substantially across space and time. In forests, plants can negatively interact (“compete”) 

with their neighbours for resource capture; or show beneficial interactions, via processes such 

as symbiosis and facilitation. Competition occurs when environmental resources or energy 

required for plant growth and survival are insufficient or limited (Siefert et al., 2015), and has 

been considered a key component in structuring plant communities and governing species 

coexistence (Escudero and Valladares, 2016, Kunstler et al., 2016). There is evidence that the 

competitive environment has strong effects on trait expression in forests, suggesting that trait 

responses could be a crucial component of the way that plants cope with competition 

(Bennett et al., 2016).  

In contrast, facilitation is any plant neighbour interaction that is an overall benefit to 

surrounding individuals (Callaway, 1995). Recently, a greater effort has been made to study 
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these interactions (Bertness and Callaway, 1994, Callaway et al., 2002, Brooker et al., 2008). 

An example of a beneficial relationship in forests occurs through a process known as 

hydraulic lift (Dawson, 1993). Deep rooted individuals facilitate the passive movement of 

ground water via roots into deep soil layers to dry surface soils, thereby increasing water 

availability to surrounding, shallow rooted individuals (Caldwell et al., 1998). This 

mechanism, like many facilitative interactions, can enable species persistence in otherwise 

unsuitable conditions (Horton and Hart, 1998, Yu and D'Odorico, 2015).  

By quantifying the relative influence of neighbouring plants on trait variability (Belluau and 

Shipley, 2018), whether competitive or beneficial, ecologists can uncover mechanisms 

employed as functional strategies by plants. Limiting similarity, the result of a competitive 

interaction, is expected to prevent coexistence among species with similar trait values 

(MacArthur and Wilson, 1967, Chesson, 2000). Conversely, facilitation may permit such 

coexistence, so by studying functional traits we may uncover the rules for community 

assembly within a given plant neighbourhood. Furthermore, the differences of con- and 

heterospecific competition as expressed by traits will be important to acknowledge when 

considering the dynamic role forest stand composition plays on traits.  

1.4 Interactive influence of the biotic and abiotic conditions 

The environmental conditions experienced by an individual plant are determined by their 

interactions with both the abiotic and biotic environment. This is demonstrated clearly by the 

stress-gradient hypothesis (SGH; Bertness and Callaway, 1994), which suggests that 

competition among neighbouring plants will dominate in benign abiotic conditions, but 

interactions will become increasingly facilitative as the environment becomes more stressful 

(Maestre et al., 2009). For example, increased humidity, caused by proximity of 

neighbouring plants, can influence photosynthetic efficiency (Rawson et al., 1977; Bunce, 

1984; Jang et al., 2011). Britton et al. (2021) demonstrated that the composition, physiology, 

and density of the surrounding forest stand influences drought damage on individual trees, as 

strong evidence of an interaction occurring between both the biotic (stand characteristics) and 

abiotic (water deficit) environment. This highlights the importance of evaluating both the 

abiotic and biotic factors, as they are not as independent as their names suggest. 

1.5 Thesis aims 

Elucidating plant functional traits and their differential responses to their environment is 

incredibly relevant to understanding the mechanisms behind neighbouring plant interactions 

and species coexistence (Chu et al., 2016). Therefore, the overall objective of this project was 
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to examine how neighbourhood properties influence the functional traits of tree species in a 

wet-eucalypt forest, and thus discover whether functional trait values respond reliably to the 

presence of neighbours. This project was undertaken at the Australian Forest Evenness 

Experiment (AFEX). Using this experimental forest provides a unique opportunity to 

investigate neighbourhood interactions, where the density and spatial patterning of 

individuals is the result of experimental manipulation, rather than a consequence of variation 

in abiotic conditions (Gerwin et al., 2020). The traits measured in this study are commonly 

used leaf and stem functional traits in trait-based ecology, measured to determine whether 

there was an interaction occurring between abiotic and biotic conditions, and the functional 

trait strategies individual plants employ to grow effectively within their plant 

neighbourhoods. Specifically, this study addresses two key questions: 

1. Do key functional traits of four co-occurring tree species vary consistently with 

neighbourhood composition? 

2. How do neighbourhood properties influence local abiotic environmental conditions, 

and do they correlate with trait responses? 

It was hypothesised that (1) functional traits would vary according to stand composition and 

density, however this will be dependent on species identity; and (2) that such neighbourhood 

conditions alter microclimate, light, and water availability, influencing traits. 
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2.0 Materials and Methods 

2.1 Study site and species 

The Australian Forest Evenness Experiment (AFEX; Gerwin et al., 2020) is situated upon a 5 

ha, north-west facing slope in the Styx Valley, southern Tasmania (42°46′49″S, 146°49′01″E; 

Figure 1). The site is 530-590 m above sea level receiving an average annual rainfall of 984 

mm and mean minimum and maximum temperatures of 3.3°C and 13.2°C, respectively. 

Surrounding the AFEX are Pinus radiata plantations and production eucalypt forest; 

however, the area was once dominated by Eucalyptus delegatensis and Eucalyptus regnans 

native wet forest. The experiment is situated in a forestry coupe that was clear-felled in 2010 

then burnt in a high intensity regeneration fire in April 2013, resulting in complete removal of 

pre-existing vegetation.  

 

Figure 1. The Australian Forest Evenness Experiment (AFEX), Southern Tasmania, Australia. 

Location of experiment represented by the black pin. Source: Land Information System Tasmania 

(LIST), 2019.  

 

The experiment was established two days following the fire, by sowing locally sourced seeds 

of Eucalyptus delegatensis, Eucalyptus regnans, Pomaderris apetala and Acacia dealbata. 

All four species are found frequently in wet eucalypt forests in surrounding local native 
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vegetation, and the two eucalypts exist as co-dominants in these communities. Seeds were 

sown in 25 x 25 m plots to create an orthogonal evenness x species design of five evenness 

levels per species (Appendix 1) resulting in 20 treatments replicated four times (Appendix 2; 

Gerwin et al., 2020). A permanent weather station is situated at the site which monitors 

annual rainfall, relative humidity, and temperature.  

 

Figure 2. The Australian Forest Evenness (AFEX) site and neighbourhood plot layout. (a) 

Squares represent the 25 x 25 m treatment plots. Points indicate the location of the 2 m radius 

neighbourhood plots surrounding a Eucalyptus delegatensis (red) or E. regnans (black) focal plant. 

(b) Example of a mapped neighbourhood plot surrounding a focal plant, indicated by the black point. 

Size of the colour points of each species represent plant size in diameter at breast height (cm).  

All four species in the AFEX are long-living perennial tree species. The two Eucalyptus 

species, E. regnans F. Muell. and E. delegatensis R.T.Baker, both members of the sub-genus 

Eucalyptus and the series Obliquae, are considered functionally equivalent (Ilic, 1997, Reid, 

1999, Vivian et al., 2008, Smith et al., 2014) and thus are perfect candidates for studying the 

con- and heterospecific trait variability in coexisting species due to their functional similarity 

yet taxonomic differences. Both eucalypt species naturally co-occur at 300 – 600 m above sea 

level, with E. delegatensis replacing E. regnans above 600 – 700 m (Reid, 1999), with the 

AFEX positioned within the optimum elevation range of both species (530 – 590 m above sea 

level). The species have similar ecological requirements have evidence of strong interaction 

between the heterospecifics (Gerwin, 2018, Bell, 2020, Britton et al., 2021, Britton, 2022a). 

The other two species in the AFEX, Pomaderris apetala Labill. and Acacia dealbata Link, 
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are found locally as understory sub-dominant and moderately shade-tolerant species (Reid, 

1999). A. dealbata is a nitrogen-fixer and can tolerate some shade; P. apetala is highly 

abundant, and is shown to be a strong competitor for water in the AFEX (Bell, 2020, Britton 

et al., 2021).  

2.2 Plant Neighbourhoods 

In the austral winter of 2018, 113 neighbourhoods were established within the main treatment 

plots surrounding either a Eucalyptus regnans (n=54) and E. delegatensis (n=59) focal tree 

(Figure 2). In each neighbourhood, the DBH, height, species identity and precise location of 

the focal tree and all neighbouring plants within a 2 m radius were recorded. Focal trees were 

remeasured (height and DBH) in winter 2019, 2020 and 2021, whilst neighbouring plants 

were remeasured in winter 2019 and 2020 only. In addition to the 116 focal trees and their 

neighbourhoods, 18 E. delegatensis and 10 E. regnans trees without any neighbouring trees 

within 2 m were also selected and established as ‘solo focal trees’. Solo focal trees were 

spread around the AFEX site and were also remeasured in the subsequent three winters. Solo 

focal trees act as a control neighbourhood in which the effect of the immediate 

neighbourhood is removed (Gerwin, 2018).  

 

 

 

Equation 1. Focal independent index (FII). Equation to calculate relative neighbourhood influence; 

where n is defined as the density of focal tree (i)’s defined neighbourhood, dj is diameter (cm) of 

neighbour (j), and disti,j, is the distance between focal i and neighbour j.  

 

Despite all trees being the same age (~9 years old), there was considerable variation in basal 

area and height (Gerwin, 2018) and plant-neighbourhood interactions have been shown to 

vary across the site (Britton et al., 2021). Britton (2022a) assessed effect sizes of 

neighbourhood characteristics on focal eucalypt growth, by quantifying the relative 

contribution to tree-tree variation in neighbourhoods. Using neighbourhood density (plants m-

2), neighbourhood basal area (BA m
2 h-1), and species identity (Figures 2 and 3), a focal 

independent index (FII, equation 1), was proven to best demonstrate the neighbourhood’s 

contribution on focal trees (Table 1; Britton, 2022a). The FII at the peak of the growing 

season in the year of trait sampling (Britton, 2022a) was used as a biotic comparison to 

neighbourhood functional trait outcomes in this study.  

 

𝐹𝐼𝐼 = ∑𝑑𝑗/𝑑𝑖𝑠𝑡𝑖,𝑗

𝑛

𝑗=1
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Figure 3. Bar plot representing of the AFEX neighbourhoods measured for traits. Bar height 

represents total density of trees present in neighbourhood (m2) and colours represent the individual 

densities of the species present per neighbourhood. 

 

2.3 Abiotic conditions 

Leaf area index (LAI) of each neighbourhood was estimated using hemispherical 

photography using a 360-degree camera (Insta360 ONE X; Figure 4; Table 1). LAI photos 

were taken at 1.3 m above the ground, flush to the stem of each focal tree on the north facing 

side. All 360 photographs were processed in the Insta360 Studio (version 4.2.0) with the 

upper hemisphere selected for analysis as regular image files (jpg) (Brinkhoff et al., 2022). 

All resultant images were processed and analysed using the Hemisfer program (version 3.1; 

Swiss Federal Research Institute, Birmensdorf, Switzerland) (Schleppi et al., 2007). Lens 

geometry was determined using the methods from Brinkhoff et al. (2022), and thresholding 

for distinguishing leaves and sky was determined using methods from Nobis and Hunziker 

(2005). The model of Lang (1987) was used to estimate LAI and corrections for non-linearity 

and slope (Schleppi et al., 2007) and clumping (Chen and Cihlar, 1995) were included in the 

calculations.  In addition, neighbourhood mean annual temperature (ºC) and relative humidity 

(%) has been logged for a one-year period (early March 2020 to the end of February 2021) in 

each neighbourhood to identify microclimatic differences (Table 1). HOBO U23 prop V2 

temperature/ humidity data logger (Figure 4; ONSET, Massachusetts) were attached to the 

focal tree, or an adjacent tree <10 cm away when focal tree was too small to support the 

logger, in 76 neighbourhoods. Loggers were programmed to record temperature and humidity 

every 30 minutes and were placed on the southern-facing side of the focal (or adjacent) tree, 

2.5 m above the soil surface. Loggers were housed in a custom-built shield to prevent direct 

solar radiation from reaching the sensor (Fig. 4; Baker et al., 2014). 
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Figure 4. Apparatus for abiotic measurements. (a) Example of an upper-hemisphere 360-degree 

canopy photo, taken at the AFEX using an Insta360 ONE X camera, captured to determine leaf area 

index (LAI). The Hemisfer software determines the threshold of sky cover compared to leaf area and 

calculates LAI. (b) Photo of the white custom-built protective shield housing the HOBO U23 pro V2 

temperature/humidity data logger attached to a Eucalyptus delegatensis focal tree and placed in the 

lower canopy, 2.5 m above the ground. Data-loggers were placed on focal trees of 76 neighbourhoods. 

 

 

Table 1. Environmental predictors. Consisting of neighbourhood and abiotic conditions. Species 

level density, basal area and focal independent index are also used, but not included in this table. 

Predictor Symbol Units Description 

Neighbourhood density dens m-2 Density of trees per neighbourhood 

 

Neighbourhood basal area 

 

BA m2 h-1 Total basal area of neighbourhood 

 

Neighbourhood focal 

independent index 

FII unitless Relative neighbourhood influence including 

species identity, size, and distance from 

focal tree 

 

Leaf area index LAI unitless Index of canopy light penetration 

 

Temperature temp °C Minimum temperature per neighbourhood 

 

Humidity RH % Minimum temperature per neighbourhood 

 

2.4 Plant functional traits 

The traits selected for measurement in this study were specific leaf area (SLA), leaf dry 

matter content (LDMC), leaf nitrogen (Nleaf), predawn leaf water potential (Ψpredawn), bark 

thickness and the sapwood area to leaf area ratio (Table 2). Of the 114 neighbourhoods in the 

AFEX, thirty-three neighbourhoods and nine solos were chosen for functional trait analysis. 

This subset of neighbourhoods was randomly selected to include low, medium and high 

(a) (b) 
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densities, and a variety species evenness levels. In each neighbourhood, traits were measured 

on the focal tree and one of each co-occurring species where present in the immediate 

neighbourhood up to 5 m from focal tree. Thus, 114 trees in total were sampled for six 

functional traits. Standard protocols were followed for all trait measurements (Pérez-

Harguindeguy et al., 2013) One branch from each tree was used to calculate foliar (Nleaf, 

SLA, LDMC) and stem traits (Huber value, bark thickness). All branch samples were taken 

from the north-facing, sun-exposed or upper canopy, and were transported to the laboratory 

inside plastic bags under cool and dark conditions (Wright et al., 2004b, Mencuccini et al., 

2019, Rosas et al., 2019). 

 

Table 2. Plant functional traits measured in this study. 

Trait Symbol Units Description 

Specific leaf area SLA mm2 mg-1 Leaf area divided by dry mass 

 

Leaf dry matter content LDMC g g-1 Fresh mass divided by dry mass 

 

Leaf nitrogen  Nleaf % g-1 Foliar N calculated using EA 

 

Sapwood to leaf area 

ratio (branch) 

LA:SA unitless Total leaf area of leaves subtended to 

branch, to cross-sectional xylem area ratio 

 

Predawn leaf water 

potential 

Ψleaf MPa Measure of leaf hydration before 

photosynthetic transpiration occurs   

  

Bark thickness BT mm Thickness of the tissue outside the vascular 

cambium (bark) 

 

2.5 Foliar traits 

Leaf measurements were undertaken within 24 hours of collection from the field to ensure 

transpirational water loss did not influence leaf area. Specific leaf area is a key trait with 

great ecological importance as it correlates with whole plant growth (Liu et al., 2017). Leaf 

area, including petiole and rachis, of 10 fully expanded, minimally damaged leaves per plant, 

was determined using a flatbed scanner, and analysed using the image analysis software 

ImageJ (Schneider et al., 2012). For the bipinnate Acacia dealbata leaves prone to 

overlapping on the scanner, five Acacia leaves were scanned and measured, and then leaflets 

of the same leaves were stripped and scanned with the rachis and petiole. The ratio for each 

leaf was averaged and used to calibrate measurements for all remaining leaves. All leaves 

were dried at 70°C for at least 3 days until their weight remained constant, when their mass 

was recorded. SLA was determined as leaf area divided by leaf dry mass.  
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Leaf nitrogen indicates photosynthetic capacity and leaf longevity, as well as indicates 

nitrogen available in the soil (Loomis, 1997). Leaves, including petiole and rachis, were 

ground using a ball mill (Mixer Mill MM200; Retsch, Germany), then percentage carbon and 

nitrogen were estimated by dry combustion using an Elemental Analyser (Perkin Elmer 

Series II 2400; Perkin-Elmer, Massachusetts). 

Predawn leaf water potential (Ψpredawn) was measured as a proxy for the water availability 

around a tree’s root system, assuming no night-time respiration (Waring and Cleary, 1967). 

Leaves from all four species (if present) per neighbourhood were collected between 5 am and 

7 am over 2 days following a month of little rainfall (< 3 mm) in February 2022 (Bureau of 

Meteorology 2022). Leaves were sealed in two zip-lock bags, wrapped in moist paper towels 

and aluminium foil. Once transported to the laboratory, Ψleaf was measured using a 

Scholander pressure chamber (PMS Instrument Company, Corvallis, OR) that morning.  

2.6 Stem traits 

The characteristics of wood can be indicative of numerous structural, hydraulic, fire and 

herbivore defensive strategies. Bark thickness, indicative of stem survival after fire (Schafer 

et al., 2015), was measured using digital calipers by measuring the difference between stem 

diameter with bark, and with bark peeled off. The cross-sectional sapwood area to subtended 

leaf area (LA:SA) represents the trade-offs with hydraulic efficiency and xylem tension in 

sapwood and evapotranspiration as a result of photosynthesis in leaves (Anderegg et al., 

2021, Xu et al., 2021). Sapwood area was calculated using photographed transverse sections 

under a dissecting microscope, analysed in Image J to exclude bark and heartwood (pith). 

Total leaf area of all subtended leaves per branch was measured as above, and thus the ratio 

between total leaf area and sapwood area was calculated to create the LA:SA.  

2.7 Statistical analysis 

All statistical analyses were carried out using the R programming language (R Core Team, 

2022). The standard significance level of <0.05 was used in all analyses. First, species 

variation according to traits alone were calculated using analysis of variance (ANOVA), and 

boxplots were used to check data for outliers and heteroscedasticity. Second, to determine 

how traits were responding to neighbourhoods, generalized linear mixed-effects models 

(GLMMs) were used with the glmer function from the LME4 R package (Bates et al., 2015). 

All trait values, from all six traits, both per species and in total as response variables, were 

modelled against plant neighbourhood predictors: total neighbourhood density (m2), basal 
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area (cm2), and neighbourhood level focal independent index (FII), as well as species level 

density (m2), basal area (cm2) and FII within each neighbourhood. All models included a 

plot-level random effect to account for overdispersion observed with respect to the binomial 

distribution and included a null model. AIC model selection was used to identify best terms 

to include in the model fit (Barton, 2022). Finally, again using GLMMs, I included the best 

neighbourhood model chosen above with microclimate predictors; leaf area index (LAI), 

minimum temperature per neighbourhood (Tempmin) and minimum relative humidity per 

neighbourhood (RHmin). Null models and microclimate alone were also included in model 

selection.  
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3.0 Results 

3.1 Trait variation among species 

All traits measured varied between the species, apart from predawn water potential (Ψleaf; 

Figure 5). Pomaderris apetala showed the highest specific leaf area (SLA; Figure 5a) and 

leaf dry matter content (LDMC; Figure 5b), and had a higher Nleaf than the eucalypts, 

indicating that this species had softer, thinner leaves than the other species. P. apetala also 

had the thinnest bark and the lowest leaf water potential. The two eucalypts showed similar 

mean values for most traits, which was to be expected due to their phylogenetic and 

ecological similarity. Eucalyptus regnans, however, did have higher Ψleaf (Figure 5c), higher 

LDMC (Figure 5b), a lower leaf area to sapwood ratio (LA:SA; Fig. 5d), and slightly lower 

SLA (Figure 5a), indicating that this species invests in a more efficient hydraulic system. 

This is further supported by the observations that E. regnans had higher stem water potentials 

than the other species (Figure 5c). Eucalyptus delegatensis showed the highest LA:SA of all 

species, indicating a large production of photosynthetic material, likely to lead to high 

maximum productivity. Acacia dealbata was most dissimilar of the four species (Figure 5). 

Mean foliar nitrogen content in this species was at least twice that of the other species, which 

can be attributed to its leguminous soil-nitrogen fixation (Figure 5f). The species also showed 

the lowest LA:SA, which is a consequence of the morphology of the tiny bipinnate leaflets 

characteristic of some members of the genus (Figure 5d). Overall, there was substantial 

variation in most traits within as well as among species.  

3.2 Neighbouring plant and microclimate influence 

There was evidence that some variation in plant functional traits was related to plant 

neighbourhood conditions (Table 3). All three metrics used to describe neighbourhood 

conditions - neighbourhood basal area, density, and focal independent index (FII) - were 

useful at describing variation in trait values. In a substantial proportion of traits, values were 

directly responding to a species-specific term (e.g., “P. apetala density”), rather than the to a 

total neighbourhood metric (e.g., “community density”).  

Local neighbourhood microclimatic conditions were estimated by measurement of leaf area 

index (LAI) for the light environment, minimum annual temperature, and minimum relative 

humidity (RH). These variables were successful in explaining some trait variation across the 

site, particularly in cases where biotic interactions did not (Table 4). In models where abiotic 

predictors were included, R2 values improved models which only included neighbourhood 

metrics (Tables 3 and 4). LAI was shown to be an especially crucial factor influencing traits, 
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improving the neighbourhood model, or replacing the neighbourhood model as best fit. This 

is because LAI was very closely correlated with the FII of E. regnans (p<0.001), P. apetala 

(p<0.001) and A. dealbata (p=0.4) (R2 = 0.9), thus was particularly useful in describing light 

levels. Microclimatic temperature was closely correlated with the basal area of E. regnans 

(p<0.001) and was (insignificantly) influenced by the BA of the other species (p>0.05; R2 = 

0.32). RH was influenced significantly by all species FII except A. dealbata (R2= 0.16). 

Highly correlated neighbourhood metrics and microclimate variables were not used in the 

same model. Below, I cover each trait in turn. 

3.3 Specific Leaf Area 

Specific leaf area (SLA) pooled across species was not strongly related to any neighbourhood 

metric, most likely due to large variation in this trait among species. However, in all species 

apart from A. dealbata, SLA increased with increasing neighbourhood shading, as indicated 

by a positive relationship with LAI (Table 3; Figure 6). SLA of E. regnans increased with 

increasing density of conspecific neighbours (R2 = 0.11), but was unrelated to the density of 

other species, including the similarly sized E. delegatensis. Including the effects of LAI 

improved the fit of the model further (R2 = 0.20), but also removed the effect of E. regnans. 

Due to the close correlation with the FII of E. regnans and LAI, the response of E. regnans 

SLA was primarily a shading response. In contrast, SLA of E. delegatensis increased in the 

presence of higher P. apetala density (Figure 6). The SLA of P. apetala increased with 

increasing LAI and A. dealbata FII and decreased in the presence of increasing RH and 

crowding from conspecifics (P. apetala FII). A. dealbata SLA was not influenced by 

microclimate and decreased in the presence of conspecifics (A. dealbata FII). Thus, SLA 

showed species-specific responses to neighbourhood conditions, and responses were 

particularly divergent in the eucalypts.  

3.4 Leaf dry matter content 

Leaf dry matter content (LDMC) is widely used as an indicator of plant resource use, 

typically to describe trade-offs between rapid growth versus conservation of resources within 

leaves. Neighbourhood interactions alone were unable to describe most trends in LDMC; the 

eucalypts and P. apetala showed no relationships, and total community density only weakly 

described A. dealbata LDMC (p=0.1; R2 = 0.11; Tables 3 and 4). The addition of LAI and 

temperature improved the ability of models to describe variation in this trait, however, the 

total amount of variation explained by the best models was still very low (R2 < 0.1). Thus, the 

LDMC of plants at AFEX was largely unresponsive to local neighbourhood conditions. 
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Figure 5. Trait variation among species. Box plots of trait values, boxes represent the interquartile range (IQR), and the lines within the box represent the 

mean. The full species names: Acacia dealbata, Eucalyptus delegatensis, Pomaderris apetala and Eucalyptus regnans. (a) Specific leaf area (mm2 g-1), (b) 

leaf dry matter content (g g-1), (c) Predawn water potential (Ψleaf, MPa), (d) leaf area to sapwood area ratio (LA:SA), (e) bark thickness (mm), (f) foliar 

Nitrogen (Nleaf, %). 
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Figure 6. Partial regression plot of Eucalyptus delegatensis SLA environmental predictors. (a) 

basal area (BA) of neighbouring Pomaderris apetala, (b) leaf area index (LAI). CIs are shown as blue 

shading. 

 

3.5 Predawn water potential (Ψleaf) 

In general, predawn water potential (Ψleaf) decreased by all species in increasing LAI and RH, 

indicating that shading was reducing transpiration loss, due to high humidity (Figure 7). 

When excluding microclimate, total community basal area had a weak positive effect, 

supporting this theory. Notably, Ψleaf pooled across species correlated with community BA 

(Table 2), however variation could also be explained by the local microclimate (Table 3). P. 

apetala showed the lowest predawn water potential of the four species (Figure 5c). Apart 

from four outliers (Figure 5c), the other three species showed water-potentials around -1MPa. 

Water stress in the eucalypts decreased in the presence of each other. In particular, E. 

delegatensis Ψleaf increased with from both co-occurring conspecific plants and co-occurring 

E. regnans (R2 = 0.32; Figure 8). The other two species did not experience this effect from 

the eucalypts. P. apetala may have, in fact, experienced a negative effect, as water potential 

decreased in response to increasing canopy cover (LAI). Finally, A. dealbata increased its 

water potential with lower temperatures, and higher LAI and RH. Thus, Ψleaf successfully 

indicated species-specific interactions for water at the AFEX.  

 

 

 

 

 



42 
 

 

 

 

Figure 7. Partial regression plots of predictors influencing predawn water potential in all 

species. In response to (a) leaf area index (LAI), and (b) Relative humidity (RH). CIs are shown as 

blue shading. 

 

 

 

Figure 8. Partial regression plots of environmental predictors influencing E. delegatensis 

predawn water potential Ψleaf. In response to (a) E. regnans FII and (b) conspecific (E. 

delegatensis) FII, (c) Microclimate temperature and (d) the leaf area index (LAI). CIs are shown as 

blue shading. 
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Variable 
(trait + spp.) 

Total 

community 
Species-specific terms R2 

E. regnans E. delegatensis P. apetala A. dealbata 

SLA             

All species            0 

E. regnans    density         0.11 

E. delegatensis        basal area **   0.21 

P. apetala        FII * FII *** 0.34 

A. dealbata          FII  0.12 

LDMC             

All species            0 

E. regnans            0 

E. delegatensis            0 

P. apetala            0 

A. dealbata   density   
 

    0.11 

Ψleaf             

All species  basal area **         0.11 

E. regnans      FII *     0.14 

E. delegatensis    FII ** FII *     0.32 

P. apetala   density         0.13 

A. dealbata            0 

LA:SA             

All species            0 

E. regnans            0 

E. delegatensis    density *   density ** density  0.47 

P. apetala       density     0.12 

A. dealbata  FII          0.16 

Bark thickness             

All species            0 

E. regnans     FII       0.007 

E. delegatensis          density * 0.13 

P. apetala  FII **         0.22 

A. dealbata      basal area  basal area **    0.25 

Nleaf             

All species            0 

E. regnans      basal area      0.11 

E. delegatensis  FII *         0.16 

P. apetala        FII *   0.19 

A. dealbata    basal area *       0.15 

Table 3. Models of functional trait responses to neighbourhood predictors. Best models to 

describe plant functional trait variation according to neighbourhood characteristics, defined by density 

(m2), basal area (cm2) and focal independent index (FII), as chosen by AIC. Blank tiles show where 

the model has excluded the term, and a blank row indicates the null model performed best. Species-

specific term refers to the individual species contributions to total neighbourhood density, basal area 

or FII. R2 = coefficient of determination; the proportion of the variation in the dependent variable that 

is predictable from the independent variable(s). Stars represent significant terms: * = p<0.05, ** = 

p<0.01, *** = p<0.001. 
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 Neighbourhood LAI Temp RH R2 

SLA      

All species  x   0.01 

E. regnans  x   0.14 

E. delegatensis x * x   0.31 

P. apetala x *** x *  x 0.62 

A. dealbata x    0.31 

LDMC      

All species   x *  0.05 

E. regnans  x   < 0.01 

E. delegatensis  x   0.05 

P. apetala  x x  0.07 

A. dealbata x   x 0.21 

Ψleaf       

All species  x  x 0.08 

E. regnans x x   0.16 

E. delegatensis x * x x  0.41 

P. apetala x x  x 0.27 

A. dealbata  x * x * x ** 0.69 

LA:SA      

All species     0 

E. regnans     0 

E. delegatensis x ***   x 0.67 

P. apetala x    0.12 

A. dealbata x *    0.35 

Bark thickness      

All species  x   <0.01 

E. regnans  x   0.007 

E. delegatensis x *  x  0.21 

P. apetala x ** x   0.31 

A. dealbata x **    0.28 

Nleaf      

All species  x   <0.01 

E. regnans x ** x x ** x 0.39 

E. delegatensis x * x *   0.24 

P. apetala x *    0.19 

A. dealbata x    0.19 

Table 4. Models of functional trait responses to neighborhood and microclimate predictors. Best 

models selected to include both biotic and abiotic (microclimatic) changes across sites. Degree of 

light capture measured as leaf area index (LAI), minimum temperature (Temp) and relative humidity 

(RH), and neighbourhood column refers to best neighbourhood-only model as chosen by AIC, in Fig. 

xx. R2 = coefficient of determination; the proportion of the variation in the dependent variable that is 

predictable from the independent variable(s). R2 values in bold indicate that they performed more 

poorly than the neighbourhood-only model. Stars represent significant terms: * = p<0.05, ** = 

p<0.01, *** = p<0.001. 
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3.6 Leaf area to sapwood area ratio 

Higher values of leaf area to sapwood ratio (LA:SA) are attributed to a larger investment into 

photosynthetic tissue (leaves), in order to increase productivity. The inverse indicates a larger 

investment into hydraulic tissue (xylem/ sapwood), to transport water more efficiently. There 

was no evidence of a shift in LA:SA for all species across both biotic and abiotic conditions 

(Tables 3 and 4), but neighbourhood conditions were able to describe variation in LA:SA for 

certain species, indicating responses were species-specific. E. delegatensis showed an 

increase in LA:SA with increasing E. regnans density, and decrease in LA:SA in response to 

increasing density of P. apetala and A. dealbata and increasing RH (Figure 9, all significant 

but RH). Thus, E. delegatensis has a completely different response to co-occurring E. 

regnans plants, which lead the species to invest more in leaf area, compared to its response to 

the other two species, which cause an increase in investment in hydraulics. P. apetala showed 

an increase in its SA among higher E. delegatensis densities, and A. dealbata increased its 

LA in higher total community FII. Interestingly, E. regnans did not show any clear variation 

in LA:SA in response to either biotic or abiotic predictors, indicating that relative investment 

in growth or hydraulic safety did not vary in E. regnans in response to local conditions. 

Again, LA:SA identified a range of species-specific responses, particularly divergent in the 

eucalypts. 

Figure 9. Partial regression plots of the environmental predictors of E. delegatensis leaf area to 

sapwood area ratio. In response to (a) the density of neighbourhood E. regnans (m2), (b) the density 

of neighbourhood A. dealbata (m2), (c) the relative humidity of the neighbourhood (m2), and (d) the 

density of neighbourhood P. apetala. CIs are shown as blue shading. 
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3.7 Bark thickness 

Bark thickness is a useful trait indicating how resilient a species is to fire. E. regnans bark 

thickness showed a weak positive interaction according to conspecific FII (R2=0.007) and 

LAI (R2=0.007; p=0.7; Table 3), however there was little predictive power so there was really 

no response. E. delegatensis, however, showed a significant positive (thickening) relationship 

with increasing A. dealbata density (p<0.05), and a near-significant bark thinning as 

temperature increased (p=0.06; R2 = 0.21). P. apetala had the thinnest bark (Figure 10), 

which tended to thin when found in higher total community FII neighbourhoods (p<0.01) and 

thicken in increasing LAI (p>0.05; R2 = 0.31). A. dealbata bark thickened in the presence of 

P. apetala basal area (p<0.01) and was slightly thinner with more E. delegatensis (p>0.05; R2 

= 0.28). Thus, apart from E. regnans, bark thickness showed differential responses to specific 

neighbourhood factors among species. 

 

Figure 10. Partial regression plot of environmental predictors influencing P. apetala bark 

thickness (mm). In response to (a) total community focal independent index (FII), and (b) leaf area 

index (LAI). CIs are shown as blue shading. 

 

3.8 Foliar Nitrogen content (Nleaf) 

There was no synchronised shift among species for foliar nitrogen trends, and A. dealbata 

showed the highest foliar nutrient content (Figure 5f). Most species (not including A. 

dealbata) did, however, demonstrate as overall decrease in Nleaf when located in a higher 

basal area/ FII neighbourhood, and only the eucalypts responded to microclimate. The N 

content of E. regnans leaves tended to be low where the basal area of E. delegatensis 

(p=0.007), the RH, and LAI in the neighbourhood were high (p>0.05). This increased with 

neighbourhood temperature (p=0.005) (Table 4, Figure 11). E. delegatensis responded 

significantly to both total community FII by showing a decreased Nleaf (p=0.02), and LAI, by 

showing an increased Nleaf (p=0.04). The leaf nitrogen of P. apetala decreased in the presence 

of conspecific FII, and there was no significant biotic or abiotic interaction for Nleaf in A. 
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dealbata. Therefore, it was clear that despite the ability of A. dealbata fix nitrogen in the soil, 

increasing neighbourhood densities decreased nitrogen available to other species.  

 

 

Figure 11. Partial regression plot of environmental predictors influencing E. regnans foliar N 

content. In response to (a) basal area of E. delegatensis neighbours, (b) neighbourhood temperature 

(Temp), (c) neighbourhood relative humidity (RH), and (d) the leaf area index (LAI). CIs are shown 

as blue shading. 
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4.0 Discussion 
The primary aim of this study was to determine whether plant functional traits are modified 

in response to the surrounding plant neighbourhood. The secondary aim was to determine the 

ecological mechanisms driving trait responses; whether the responses were due to 

competition or facilitation alone; or if they were simply a response to changes in the abiotic 

conditions associated with neighbourhood properties. This was done by measuring six 

functional traits (SLA, LDMC, Ψleaf, LA:SA, BT and Nleaf) on four tree species (Eucalyptus 

regnans, Eucalyptus delegatensis, Pomaderris apetala and Acacia dealbata) at the Australian 

Forest Evenness Experiment (AFEX; Gerwin et al., 2020). The AFEX was used to minimize 

confounding between neighbourhood composition and large-scale abiotic factors since the 

neighbourhoods at the site were created experimentally by sowing. Research at the AFEX has 

previously identified that competition for light, water and nutrients is the dominant net biotic 

interaction experienced across the site, but facilitation for water and nitrogen also occurs 

(Gerwin, 2018, Bell, 2020, Britton, 2022a). Recently, emphasis has been placed on the 

importance of thorough comparisons with the complexities of biotic interactions and the 

interplay between abiotic and biotic environment. This way, ecologists can confidently utilise 

traits as an effective approach to understanding the mechanisms governing vegetation 

patterns and processes (Didion-Gency et al., 2021). The AFEX provides a unique opportunity 

to investigate neighbourhood interactions on plant functional traits, as the density and spatial 

patterning of stands are the result of experimental manipulation, rather than a consequence of 

variation in abiotic conditions (Gerwin et al., 2020). To account for microclimatic differences 

per neighbourhood, the leaf area index (LAI) was used as a measure of the light environment, 

and logged neighbourhood air temperature and humidity data was used from Britton (2022b). 

Results support the hypothesis that functional traits would vary according to stand 

composition and density, dependent on species identity. Both abiotic and biotic 

environmental components had an influence on plant phenotypic expression. Almost always, 

trait values corresponded with both microclimatic and biological influence, supporting the 

second hypothesis, that neighbourhood conditions alter microclimate, light, and water 

availability, influencing traits. This shows the importance of including neighbourhood 

interactions when measuring functional traits. There was no overarching trend in trait 

variation among species for any environmental predictor, but overall, there remained a 

detectable and predictable influence of the plant neighbourhood on functional traits.  
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4.1 Competition and facilitation 

Competition and facilitation are subject to both seasonal and annual effects whereby one may 

predominate over the other depending on the time period. (Kikvidze et al., 2006, Del Río et 

al., 2014, Gerwin, 2018). In contrast, plant functional traits, while plastic, do not respond as 

rapidly, and therefore represent the net effect of these interactions over time (Kikvidze et al., 

2006, Del Río et al., 2014, Gerwin, 2018). Thus, by measuring functional traits, we obtain an 

indication of the overall plant neighbourhood interactions occurring in each site.  

The effects of competition and facilitation on growth and community assembly have been 

demonstrated in prior studies at the AFEX (Gerwin, 2018, Bell, 2020, Britton, 2022a). For 

instance, P. apetala has been shown to be an intense competitor, especially with E. 

delegatensis, which decreases its stomatal conductance as P. apetala density rises (Bell, 

2020). Further, higher densities of P. apetala are associated with greater levels of drought 

damage in E. delegatensis (Britton et al., 2021). In this study, I observed differential 

responses of functional traits to varying neighbourhoods, and thus we can confidently back 

these prior studies and provide evidence for mechanisms and outcomes of competition and 

facilitation occurring at the AFEX.  

4.2 Water stress 

Using predawn water potential (Ψleaf) as an indication of the soil moisture available to plants 

is a more reliable indicator of plant water status than soil moisture measurements, as the plant 

is assumed to be in equilibrium with soil water potential through the profile (Améglio, 1998). 

Therefore, we did not need to measure soil moisture as an abiotic influence, and rather used 

Ψleaf as a proxy. Humidity and LAI were important microclimatic factors increasing Ψleaf, 

indicating that shading and relative humidity are likely reducing photosynthetic transpiration, 

and leading to increased Ψleaf in neighbourhoods (Rawson et al., 1977).  

The relatively low (~ -1 MPa) predawn water potential of all species indicates that the trees 

were experiencing some degree of water stress during the austral 2021/22 summer period. 

This has implications for the two eucalypts, as they are known to be the most vulnerable to 

drought-induced cavitation of all the species at the AFEX (Britton et al., 2021). E. 

delegatensis displayed a much higher LA:SA than E. regnans, indicating that the latter has a 

larger investment into hydraulic organs, therefore potentially increasing its hydraulic safety. 

E. delegatensis, on the other hand, had the highest LA:SA of all species, and therefore it is 

expected to be significantly impacted by drought, which in fact has previously been 

demonstrated (Bell, 2020, Britton, 2022a). High P. apetala density has led to a greater 
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hydraulic damage (Britton, 2022a), and substantially lowered photosynthetic rates in E. 

delegatensis, more so than in E. regnans (Bell, 2020). This suggests that that E. delegatensis 

is more sensitive to competition for water than its relative E. regnans. Pomaderris aspera (a 

very close relative of P. apetala) and E. regnans display overlapping root system morphology 

in early development, however with maturity, E. regnans develops ‘sinker’ roots, which 

penetrate deeper in the soil profile, allowing access to water unavailable to P. aspera 

(Ashton, 1975). In this case, E. regnans did not show any trait variation that corresponded to 

the P. apetala neighbourhood influence, supporting the proposition that the two species are 

not competing for water. As trees at the site are around 10 years old now, E. regnans might 

be accessing water from deep in the profile, releasing it from competition for water with the 

other species. In contrast, the strong effect of P. apetala on E. delegatensis traits is likely due 

to an overlapping of root zones, leading to intense competition for water. A. dealbata did not 

show any substantial hydraulic related trait response to P. apetala, once again demonstrating 

that the influence of P. apetala is not uniform on neighbours, with the effect dependent on the 

identity of neighbouring species.   

4.3 Nitrogen  

Leaf nitrogen concentrations are indicative of resource availability and are closely correlated 

with growth and photosynthetic rates (Evans, 1989, Mu and Chen, 2021). There is substantial 

evidence of the community-wide facilitative effect of soil nitrogen fixation of leguminous 

plants, such as plants of the Acacia genus (Brockwell et al., 2005, Olsen et al., 2013), but this 

was not demonstrated with functional trait responses at the AFEX. A. dealbata displayed the 

highest Nleaf of all species, however, this did not significantly influence the Nleaf content of 

neighbouring trees. This is most likely due to the low germination and high browsing rate of 

the species early on, resulting in low overall density of A. dealbata plants across the site. In 

all other species, Nleaf decreased as neighbourhood density increased, strongly indicating a 

competition for N in the soil. Tasmanian soils, including those found at the AFEX, are 

characteristically low in nutrients such as inorganic N (Adams and Attiwill, 1991). Therefore, 

the demonstrated competitive interaction for N is a very likely reason for these low Nleaf 

values.  

Plant N content was only examined at the leaf level in this study, so if the number of leaves 

increases with increasing neighbourhood density measures, then the total N per tree might 

change as a function of neighbourhood density. To more comprehensively evaluate whether 

competition for N is occurring at the AFEX, future studies should scale up leaf N results to 
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the canopy level, determining tree level and areas-based N-content. Phosphorus (P), also a 

limiting nutrient in Tasmanian soils (Adams and Attiwill, 1991), could be another important 

functional trait to measure, as P plays an essential role in structure and key biochemical 

reactions in plants. Temperature and humidity closely regulate stomatal conductance, and 

therefore photosynthesis in plants (Ball et al., 1987). In our data, microclimate was shown to 

only influence Nleaf in the eucalypts, potentially reflecting a differential response of 

photosynthetic allocation, as most leaf N is associated with photosynthesis (Mu and Chen, 

2021). Relating leaf N to stomatal conductance and photosynthetic rates will confirm this 

theory.  

4.4 Light competition 

The fraction of light passing through the canopy without interception by the plant canopy 

depends upon the leaf area index (LAI) (Benjamin, 2003, Haverkort, 2007). In almost all 

cases in this study, including LAI in explanatory models was useful in quantifying the light 

availability, as many traits showed a response to LAI. Plants develop a higher specific leaf 

area (SLA) under low-light conditions (Reich et al., 2003), therefore it is widely assumed that 

the trait is a highly plastic response that plants use to optimize light capture and therefore 

carbon gain in such environments (Evans and Poorter, 2001, Rozendaal et al., 2006, 

Gommers et al., 2013). SLA also plays an important role in linking carbon and water cycles, 

because it associates the relative carbon gain to water loss within a plant canopy (Pierce et 

al., 1994, Gunn et al., 1999).  

In all species apart from Acacia dealbata, SLA increased with increasing neighbourhood 

shading (LAI), indicating shading is a mechanism of competition at the AFEX. The SLA of 

E. regnans increased with increasing density of conspecific neighbours, but this effect was 

entirely due to the change in LAI, implying that SLA in E. regnans is simply responding to 

light availability. In contrast, the SLA of E. delegatensis increased in as P. apetala density 

increased, independently of the impact of differences in the light environment estimated by 

LAI. This indicates that SLA in E. delegatensis was responding to both shading and a 

separate effect of P. apetala neighbours, most likely water competition as discussed earlier. 

In this case, E. delegatensis may be adopting a ‘disposable’ strategy, investing less dry matter 

per leaf (higher SLA) to grow quickly (Dwyer et al., 2014), and thus outcompete P. apetala 

as a long term strategy. Clearly, SLA is an important trait, with sharp contrasts in the species-

level responses, indicating that they are divergent responses to neighbours in the two closely 

related eucalypts. 
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Interestingly, the leaf area index was not a predictor of the leaf area to sapwood area ratio 

(LA:SA). This indicates that light was not a limiting resource driving a response in this trait, 

despite having a measure of leaf area included as a key component of the trait. In fact, there 

was no significant effect of microclimate at all on the LA:SA response in any of the species. 

Instead, the biological predictors influencing LA:SA likely were due to competition for 

water, particularly in E. delegatensis and P. apetala, as both demonstrated lower LA:SA. 

This indicates a higher sapwood area and therefore hydraulic investment, in the presence of 

neighbours. The LA:SA of E. regnans was not influenced by neighbours, once again 

supporting the hypothesis that it may be accessing water that other species cannot be due to a 

deeper root system. Finally, the low LA:SA of A. dealbata was most likely a consequence of 

its bipinnate morphology, rather than as a response to any environmental influence. Because 

the responses to LA:SA at the AFEX were primarily due to water competition, it would be 

interesting to compare trends in the trait to a well hydrated, primarily light-limited plant 

community.  

4.5 Bark 

Energy allocation to bark is a strong indicator of stem survival post fire as bark thickness 

affects heat transfer during fire (Schafer et al., 2015). However it is also an indication of how 

a plant is allocating resources to organs as a growth strategy (Shearman and Varner, 2021). 

The eucalypts had the thickest bark of the four species, which is to be expected considering 

the fire tolerance characteristic of the genus (Waters et al., 2010). E. regnans is highly 

resilient to fire events, particularly non-crown fires, and so the fact that it displayed the 

thickest bark of all species measured was not unusual (Lunn et al., 2018). E. delegatensis had 

the second thickest bark for the same reason. P. apetala had the thinnest bark (Figure 5e), 

explainable by the species’ common occurrence in wet sclerophyll forests residing within fire 

protected gullies (Gilbert, 1959). In all species but E. regnans, certain aspects of the 

neighbourhood influenced the thickness of bark. This begs the question: could fire survival 

investment be mediated by density of neighbours, or is it just a by-product of responding to 

light competition to invest into higher growth rates? The only realistic way to quantify this 

would be to measure traits prior to a fire event and then estimate survival rates to determine 

links to functional traits.  

4.6 Hydraulic lift in Eucalyptus regnans 

As discussed above, there is mounting evidence to suggest that E. regnans may have access 

to deeper water that other species cannot exploit due to their shallower root systems. This 
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may have implications for total community interactions at the AFEX; for example, the 

species may be undertaking hydraulic lift and ameliorating water stress for E. delegatensis 

(Bell, 2020). In fact, E. delegatensis showed higher values of Ψleaf and LA:SA in increasing 

densities of E. regnans, where other species did not. There is evidence of other species in the 

Eucalyptus genus undertaking hydraulic lift (Brooksbank et al., 2011), however, there has 

been no experimental evidence of E. regnans ability to undertake this mechanism. An in situ 

investigation using methods such as stable isotopes in water (18O; Rothfuss et al., 2011) 

would determine whether this species does display hydraulic lift, and reveal whether it has a 

facilitative influence in mixed species forests. 

4.7 Limitations and recommendations 

Functional traits rarely vary independently; a consistent trend amongst several traits is known 

as trait coordination. Coordination occurs as a result of traits being associated with the same 

(or similar) resource acquisition strategies; therefore traits that show little or no coordination 

are hypothesized to be associated with differing ecological strategies (Candeias and 

Fraterrigo, 2020). This study did not consider any coordination among and between species 

across neighbourhoods at the AFEX, therefore claims cannot be made about general trends in 

biotic and abiotic trait filters. In addition, investigating the relative contribution of 

neighbourhoods in relation to the entire trait range observed in the species across their 

climatic envelope would be an interesting aspect of trait coordination to study.  

A major limitation of this study the scope of traits measured. A longitudinal study in which 

more physiological, hard traits, including the use of traits mechanistically linked to water use, 

growth and photosynthesis may provide useful insight into stronger coordination of traits as 

resource strategies. Also, as the AFEX matures and demonstrates substantial stand thinning, a 

review of the functional traits of the ‘winners’ and ‘losers’ could be useful in determining 

how traits correlate with persistence in dense plant neighbourhoods. The metrics for 

measuring neighbourhood influence were successful in capturing a range of functional trait 

responses to both competitive and facilitative interactions, therefore these could be used in a 

cross-sectional study in a different forest system to investigate broader patterns emerging in 

response to biological influences. Finally, as there is mounting evidence to suggest E. 

regnans is accessing deeper soil water, potentially undertaking hydraulic lift, and speculation 

as to whether E. delegatensis and P. apetala have overlapping root systems or not, future 

studies should focus on identifying root system morphology and how the root systems are 

used as functional traits to contribute to below-ground interactions.  
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5.0 Conclusion 

Plant functional traits have been used extensively in plant ecology to understand the specific 

phenotypic responses involved in the plant response to their environment. Traits have shown 

to be incredibly useful in describing general trends in plant resource strategies both on an 

ecosystem level and worldwide. Despite this, studies have primarily focused on trait 

responses to abiotic environmental components, often entirely neglecting the potentially 

significant contribution of biological interactions on plant functional trait response. In this 

study, I found that biological predictors, measured by plant neighbourhood compositional 

indicators, were just as important in explaining variation in plant functional traits as abiotic 

predictors. All traits, bar leaf dry matter content, varied considerably between and within 

species and among neighbourhoods. A substantial proportion of this variation could be 

attributed to species-specific plant-plant interactions, and to a lesser extent the effect of 

microclimate. Therefore, results imply that the inclusion of biotic influence on plant 

functional traits is essential to understanding the true phenotypic responses plants use to 

respond to environments, and thus is strongly recommended to be considered in further trait-

based studies.  

Often, the individual species components of a neighbourhood were much stronger predictors 

of trait response than total community indices. Further, when traits were pooled across 

species, neighbourhood metrics did not explain variation to any reasonable extent, most likely 

due to the large variation in all traits among species and highly species-specific responses. 

This highlights the importance of capturing species-specific trait variation and species-level 

components of the biological environment when measuring trait responses. I showed that 

despite taxonomic similarities, E. delegatensis and E. regnans did not display strong trait 

responses to the density or focal independent index of the other, and therefore may not be 

directly competing. In fact, E. regnans may be providing a facilitative influence in this case, 

potentially via hydraulic lift. P. apetala and E. delegatensis, on the other hand, are 

demonstrating intense competition with each other, most likely for water, as traits associated 

with hydraulic functioning (LA:SA, Ψleaf) were under influence of these interactions. I 

showed that all species, except A. dealbata, at the AFEX are competing for soil nitrogen, 

most likely due to the nitrogen-poor characteristic of Tasmanian soils. Last, the degree of 

shading, measured as leaf area index, was a common predictor of trait response, indicating 

species were responding broadly to light competition.  
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The information gathered in this study demonstrates that plant functional traits dictate how 

plants respond to their biological environments, and that this response is often not 

confounded by abiotic conditions. Understanding the direct effects of competition and 

facilitation in plant communities, especially in the context of a changing climate, is 

imperative to accurately understand ecosystem level and global patterns in forests as major 

carbon sinks. This knowledge can also supplement forestry and ecosystem restoration 

management by outlining the species composition and sowing densities that best promote 

optimum functional traits for growth and survival, to both minimise the effects of stand 

competition and increase the beneficial effects of facilitation. 
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7.0 Appendices 
 

Appendix A 

 

Percentage of seed contribution from E. regnans, E. delegatensis, P. apetala and A. dealbata 

to attain required evenness levels in the Australian Forest Evenness Experiment (AFEX). 

Evenness was calculated using Pielou’s Index. (Gerwin et al., 2020) 

Plot 

identity 

Eucalyptus 

regnans 

Eucalyptus 

delegatensis 

Acacia 

dealbata 

Pomaderris 

apetala 

Evenness 

R1 100 0 0 0 0.00 

D1 0 100 0 0 0.00 

W1 0 0 100 0 0.00 

P1 0 0 0 100 0.00 

R2 70 5 5 5 0.61 

D2 5 70 5 5 0.61 

W2 5 5 70 5 0.61 

P2 5 5 5 70 0.61 

R3 50 16.7 16.7 16.7 0.86 

D3 16.7 50 16.7 16.7 0.86 

W3 16.7 16.7 50 16.7 0.86 

P3 16.7 16.7 16.7 50 0.86 

R4 40 20 20 20 0.94 

D4 20 40 20 20 0.94 

W4 20 20 40 20 0.94 

P4 20 20 20 40 0.94 

R5 25 25 25 25 1.00 

D5 25 25 25 25 1.00 

W5 25 25 25 25 1.00 

P5 25 25 25 25 1.00 
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Appendix B 

 

Plot layout of the Australian Forest Evenness Experiment (AFEX); a randomised block 

design with twenty sewn evenness treatments (25 x 25 m plots), replicated four times. Letters 

represent species (R = Eucalyptus regnans, D = E. delegatensis, P = Pomaderris apetala, W 

= Acacia dealbata (‘wattle’), and numbers representing evenness levels according to Pielou’s 

Evenness Index (1 = 0.00; 2 = 0.61; 3 = 0.86; 4 = 0.94; 5 = 1.00).  

 

 

 

 

 

 

 


