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Abstract

The study of plant traits has great application for understanding plant distribution
patterns and community assembly at a variety of scales. Roots are a vital
component of plant water and nutrient uptake strategy, and yet root traits are not
as well understood as leaf or stem traits. In this thesis | aimed to determine the
relationships between seedling fine root, leaf, and stem traits of New Zealand tree
species, and investigate whether these traits related to species’ abundance along a
soil fertility gradient. I also investigated how seedling traits compare with adult
traits, and whether nutrient availability or method of fertiliser application affected
seedling trait expression. To achieve these goals, | measured root, leaf, and stem
traits on seedlings of 66 native tree species, and combined this with relative
abundance data along a strong soil fertility gradient at Puketi forest. 1 used
principle component analysis and ordination to assess the dimensionality of trait
variation across species; and linear regressions to compare community-weighted
mean (CWM) traits vs. a summarised axis of soil fertility. 1 also performed
regression analysis between seedling traits and adult traits from the literature. To
assess the effects of nutrient availability and application | grew four native tree
species under three nutrient treatments: low, pulsed, and slow release. | used two-
way ANOVA and co-efficient of variation analyses to determine the strength of

responses to nutrient treatments.

Dry matter content was positively associated across leaves, roots, and stems, and
negatively associated with root nitrogen concentration and relative growth rate,
suggesting that at least as seedlings, traits associated with a fast or slow growth
strategy are co-ordinated across organs. Root diameter and SRL were independent
from this axis of fast-slow growth, suggesting that SRL does not have a direct
effect on seedling growth rates and nutrient foraging. A third axis of variation was
also identified, strongly influenced by root phosphorus and nitrogen
concentrations, but was difficult to interpret. Regression of CWM traits vs. soil
fertility showed that traits which comprised the fast-slow PCA axis co-varied
strongly with soil fertility. Neither root diameter nor SRL were significantly
related to soil fertility, supporting the conclusion that SRL is not adaptive to
nutrient foraging ability. Seedling morphology traits are generally well correlated
with adults, but tend to be oriented towards a more “acquisitive” growth strategy,

suggesting that species may down-regulate their growth over ontogenetic
[



development. The absence of correlation between SRL and soil fertility suggests
that alternative root traits may be more applicable for understanding species
foraging strategy.

Species’ responses to the nutrient treatments differed for most traits. Root-to-
shoot ratio, growth rate, and root nutrient concentrations responded strongly to
nutrient availability, and morphological traits did not respond as strongly. Slow
release and pulse treatments were typically similar, and both significantly
different to low nutrient treatment. These results suggest that it is practical to
compare morphological trait data between studies, provided plants are raised in
environments conducive to growth, but that nutrient concentrations and biomass

allocation traits can be strongly influenced by soil fertility.
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Chapter 1: Literature review

Ecology and Humanity

“The highest function of ecology is understanding consequences.”

Planetary ecologist Pardot Kynes, from the novel “Dune” (Herbert, 1965)

Never before has the understanding of consequences been of such importance as
in the 21% century. Across the globe, billions of people now live in relative
comfort, enjoying access to food, clean water, education, modern medicine, and
longer lifespans (World Health Organization, 2013). However the technological
progress and prosperity of humanity has also enabled exponential population
growth, and has come at the price of deforestation, collapse of fisheries, loss of
biodiversity, widespread extinction of species, and the perturbation of Earth’s
physiochemical systems (Vitousek, 1994, Vitousek et al., 1997b, Worm et al.,
2009, Barnosky et al., 2011, Schneider et al., 2011, Rogelj et al., 2012, Cardinale
et al., 2012). If humanity is to have a long term, sustainable future on this planet,
the devastation of ecosystems must be halted, and progress must be made on
restoring ecosystem functions and services (Hobbs and Harris, 2001, Sanderson,
2013).

One of the major tasks of modern ecology is to build on our understanding of the
consequences of human activity on ecosystem structure and function. We need to
refine our knowledge of how ecosystems are affected by climate, biogeochemical
cycles, biodiversity, and distributions of species; and how ecosystems in turn
affect these factors (Vitousek et al., 1997a, Chapin 11l et al., 2000). To understand
the consequences of our collective actions on Earth’s ecology, we must develop
models of how ecosystems form, function, and respond to environmental
variables, with the hope that such models will allow us to mitigate future
ecologically detrimental effects, and to rehabilitate or reconstruct damaged or

destroyed ecosystems.

Ecological models

It has long been established in ecology that abiotic gradients are major drivers of

spatial changes to regional vegetation types (biomes) (Holdridge, 1947,
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Whittaker, 1975). The dominant biome of a region can be predicted accurately
from the combination of mean annual temperature (MAT) and mean annual
precipitation (MAP) (Figure 1). This general principle has been refined over time
(Box, 1996), but this model alone is not sophisticated enough to make predictions
about the distributions of individual species, and how distributions may change
with alterations to the environment. To better understand the factors which drive
individual species’ distributions, ecological models need to incorporate data about
the properties of individual species, and how these properties are filtered by the
environment. Additionally, as MAT and MAP vary over relatively large spatial
scales, environmental gradients which vary over smaller scales (e.g. nutrient or
light availability) are often more suited to the study of species-level distribution
patterns and community assembly processes.
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Figure 1. The pattern of global biome types in relation to Mean Annual Temperature and
Mean Annual Precipitation (adapted from Whittaker, 1975).

Environmental filtering and limiting similarity
Community assembly can be thought of as resulting from two antagonistic
processes: Environmental filtering and limiting similarity (Laughlin et al. 2012).

Environmental filtering is the result of differential fitness among species, due to
2



species’ adaptations to the physical, chemical, and biological conditions of a site.
For example, higher winds on convex ridges filter for shorter species, as they are
better adapted to resist the mechanical and moisture stress on these sites (Lasky et
al., 2013). Other environmental filters include disturbance regimes, topography,
climate, and soil fertility (Freschet et al., 2011). Harsher and more stressful
environments tend to have a stronger filtering effect and offer fewer viable niches,
resulting in community clustering around adaptive attributes, with more similarity

between species than would be expected by chance.

Limiting similarity is an extension of the competitive exclusion principle, which
states that “complete competitors cannot co-exist” (Gause, 1934, Hardin, 1960).
As environmental filtering increases functional similarity between species,
competition limits functional similarity between species within a community,
acting to minimise niche overlap and maximise resource partition (MacArthur and
Levins, 1967).

These two processes rely on the concept of similarity or dissimilarity between
species, and in order to understand how species’ attributes relate to environmental
filtering these differences need to be quantified and compared. Functional trait-
based ecology represents a method of measuring species’ attributes, using these
measurements to identify differences between species, and mechanistically

linking these to differential fitness under given environments.

Plant functional traits

Traits are heritable features or characteristics of organisms (Darwin, 1859), and
functional traits are the morphological, anatomical, biochemical, physiological, or
phenological traits which indirectly impact an individual’s fitness via their effects
on establishment, survival, growth, and reproductive success (Violle et al., 2007,
Reich et al., 2003). For ease of reference, both plant functional traits and the trait
values measured on individuals will be hereafter referred to simply as ‘traits’.
Traits can be continuous variables, for instance height at maturity or leaf area; or
categorical variables, such as evergreen or deciduous leaf habit (Violle et al.,
2007, Pérez-Harguindeguy et al., 2013). Intra-specific trait variation can reveal
genotypic diversity within species, as well as species’ capacity to adapt to
environments via phenotypic plasticity (Hutchings and de Kroon, 1994, Sultan,

2000, DeWitt and Scheiner, 2004). Inter-specific trait variation can be compared



with species’ distributions along environmental gradients, to construct
mechanistic hypotheses of how physical differences between species ultimately
result in different patterns of distribution over environmental gradients (Diaz et
al., 1998, Lavorel and Garnier, 2002, Shipley et al., 2006, Ordofiez et al., 2009,
Laughlin et al., 2012).

As a mechanistic framework, trait-based ecology may also have potential to
predict shifts in vegetation distributions in response to modelled future
environmental conditions, including changes to climate, disturbance regimes, and
soil fertility (Diaz and Cabido, 1997, Chapin I1l, 2003, Wright et al., 2005,
Swenson and Weiser, 2010). Additional, trait-based approaches may be of use in
restoration ecology. By analysing the traits of likely invasive species, and
deliberately selecting native species to fill empty niches, restoration planners may
be able to construct native plant communities which are resistant to invasion
(Pywell et al., 2003, Fukami and Lee, 2006, Funk et al., 2008, Laughlin, 2014a).

Plant strategy

Traits indirectly influence individual fitness by their adaptive value in the current
environment, however natural selection does not operate on individuals traits, but
rather on the whole organism. Therefore, traits are often considered in
combination, as integral components of an overall survival and reproductive
“strategy”. Craine (2009) defines an individual or species’ strategy as “a set of
interlinked adaptations that arose as a consequence of natural selection and that

promote growth and successful reproduction in a given environment”.

Grime (1979) described three major directions of plant strategy which have
evolved in response to varying degrees of environmental stress and disturbance:
competitors, stress-tolerators, and ruderals (CSR). Competitive species have traits
which support an acquisitive growth strategy. Fast growth allows competitive
species to rapidly proliferate into high resources patches, and exploit them before
slower growing species. Competitors thrive in conditions of low stress and
disturbance, but on unproductive or frequently disturbed sites their traits are not
conducive to long term fitness. Stress-tolerating species are adapted to stressful
and/or low productivity conditions. Stress in this sense refers to conditions which
hinder growth, i.e. low availability of vital resources such as light, nutrients, and

water. Stress-tolerators are able to survive in unproductive environments by



adopting a conservative growth strategy characterised by traits relating to slow
growth and higher resource allocation to storage. Stress tolerators have sacrificed
their ability to rapidly exploit resources, in exchange for robust, long-lived organs
which are more able withstand damage from grazing or tolerate environmental
extremes. Ruderal species are adapted to environments which frequently
experience disturbance due to factors such as fire, flooding, landslides, trampling,
or intensive animal grazing. To adapt to regularly disturbed habitats, ruderal
species are typically small, herbaceous, short-lived and capable of completing
their reproductive cycle in a short time period. Like all models, CSR theory is a
simplification of reality, and most species fall somewhere in between the three
“poles” of strategic directions (Pierce et al., 2013). Despite criticisms of its
limitations (Loehle, 1988, Craine, 2005), CSR theory still serves as a valuable and
influential model of plant strategy. It highlights the importance of analysing plant
traits from a functional point of view, to determine how traits and strategies are
environmentally filtered. Subsequent models have also been theoretically based in
discussing dimensions of plant strategy, but have developed these strategies in a
“bottom-up” approach by studying inter-specific trait variation and inherent trade-
offs in organ function (Westoby, 1998, Westoby et al., 2002).

In leaves, there is strong and wide-spread evidence of a trade-off between traits
relating to either acquisitive or conservative growth (Reich et al., 1991, Westoby,
1998, Westoby et al., 2002, Wright et al., 2004). This “worldwide leaf economic
spectrum” ranges from ‘“cheaply” constructed leaves, characterised by high SLA,
low tissue density and fast rates of photosynthesis. Cheap leaves are able to
rapidly photosynthesise and return the carbon cost of their construction, but lack
defences against damage and thus tend to be relatively short lived. At the other
end of the spectrum are “expensive” leaves which tend to have low SLA, high
tissue density, and low photosynthetic capacity, but are better adapted to defend
against grazing and environmental damage, and therefore can provide

photosynthetic returns over a longer time period.

Evidence in support of the world-wide leaf economic spectrum has been
documented at a range of scales, from within communities (Reich et al., 1991,
Mediavilla et al., 2008, Laughlin et al., 2010, Jager et al., 2015) to across biomes
(Reich et al., 1997, Reich et al., 1999, Wright et al., 2004). Leaf economic traits

have been demonstrated to relate to multiple independent environmental variables,

5



including light availability, water availability, soil fertility, and mean annual
temperature (Reich et al., 1997, Reich et al., 1998, Reich et al., 1999, Wright et
al., 2002, Wright et al., 2004, Wright et al., 2005).

There is some evidence that similar strategic trade-offs between competitive and
stress-tolerating growth may be present in other organs. Low density stems cost
less carbon to construct, and can therefore grow taller for a given amount of
carbon expenditure (King et al., 2005). In contrast, denser stems are more able to
withstand mechanical stress, and therefore can facilitate higher maximum growth
or survival in environments prone to high winds. Denser stems can sustain higher
negative water pressure in the xylem before failure and embolism, conferring
drought tolerance, and facilitating increased maximum height (Domec et al., 2008,
Tyree and Zimmermann, 2002, Chave et al., 2009). In seeds there is a trade-off
between seed mass and seed output. Species which produce larger seeds provide
each of their offspring with more energy to establish and grow, which may be
advantageous in stressful environments such as shaded forest floors or nutrient-
poor soils. In contrast, species which produce smaller seeds can develop more
offspring for a given amount of energy, but these offspring may be more reliant
on finding canopy gaps or other resource rich sites in which to establish (Henery
and Westoby, 2001, Westoby et al., 2002). Seed mass can also influence species’
mode of dispersal, with larger seeds typically dispersed by animals, and smaller
seeds dispersed by wind (Westoby et al., 1996).

It has also been suggested that plants may coordinate their strategies across
multiple organs (Reich, 2014). Some studies support this hypothesis,
demonstrating correlations between analogous root and leaf traits such as SRL
and SLA (Withington et al., 2006, Laughlin et al., 2010, Laughlin et al., 2011,
Fort et al., 2012), root and leaf tissue density or dry matter content (Wahl and
Ryser, 2000, Mokany and Ash, 2008, Freschet et al., 2010, Pérez-Ramos et al.,
2012, Craine et al., 2001), or root and leaf nutrient concentrations (Craine et al.,
2005, Kerkhoff et al., 2006, Freschet et al., 2010, Liu et al., 2010, Holdaway et
al., 2011). Other studies have not found correlations between SRL and SLA
(Craine et al., 2005, Tjoelker et al., 2005, Markesteijn and Poorter, 2009, Chen et
al., 2013), root and leaf tissue density (Kembel and Cahill Jr, 2011), or root and
leaf longevity (Withington et al., 2006). Leaf and stem tissue densities have also

been demonstrated to be disconnected in woody species (Baraloto et al., 2010,
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Fortunel et al., 2012, Richardson et al., 2013, Jager et al., 2015). Therefore it
seems that evidence is mixed for above and below ground strategic coordination,

and even disconnections between leaf and stem economic traits are common.

The relevance of roots

Roots are vital components of plant function, responsible for absorbing water and
nutrients from the soil, and yet compared to leaf traits, the adaptive functionality
of root traits is poorly understood. Roots are integral to many soil processes,
including nutrient cycling and carbon sequestration (Jackson et al., 1996,
Eissenstat et al., 2000, Aerts et al., 1992a). Fine roots represent considerable
amounts of global plant biomass (Robinson, 2004), and therefore further
investigation of traits relating to fine root lifespan, turnover, and decomposition
may be crucial for improving global models of carbon release and sequestration.
To date, universal patterns between root morphology and function have yet to be
established.

Although leaves and fine roots are both responsible for resource uptake, the air
and soil environments in which they function are fundamentally different, as are
the physiochemical processes involved in capturing light compared to absorbing
water or soil nutrients. Due to these contrasts, the traits relevant to the leaf
economic spectrum may not necessarily have analogues in root traits, and instead
other traits may be relevant to root foraging strategy (e.g. root-to-shoot ratio,
rooting depth, or root branching intensity). If root strategy is not correlated with
leaf strategy, then it may represent an independent dimension of plant strategy,
which could improve the predictive ability of trait-based models of community
assembly (Laughlin, 2014b).

Fine and coarse roots

The root systems of woody plants are often divided into two functionally distinct
categories, fine and coarse roots. Fine roots are generally defined as falling under
a threshold of diameter, typically 2 mm. An alternative definition is offered by
Eshel and Beeckman (2013), defining fine roots as those which break off from the
root system during mechanical excavation. For the purposes of this thesis | will
use the former definition, however in reality there is a continuum of root

development and function, from young, absorptive fine roots, to older, lignified



and hardened roots (Hishi, 2007), which definitions based on branching order or
diameter class can fail to appreciate (Guo et al., 2008).

Fine roots function to absorb water and soil nutrients, as well as interface with
mycorrhizal symbionts (Brundrett, 1991, Smith and Read, 1996, Ryser, 2006).
Newly grown fine roots often have an epidermis with fine root hairs which
function to increase absorptive area. Root hairs can account from 43% to 96% of
total absorptive length and surface area of woody species, due to their high
surface area to volume ratio (Persson et al., 2002, Guo et al., 2008). There are
several distinct categories of mycorrhizal symbioses; the majority of land plants
form vesicular-arbuscular mycorrhizal symbioses (VAM), and other categories
include ectomycorrhizal (EM), ericoid, and orchid type mycorrhizas (Wang and
Qiu, 2006). Broadly speaking, mycorrhizal symbioses involve the fungal partner
efficiently capturing vital soil nutrients (particularly phosphorus), and providing
these to the plant in exchange for photosynthetic carbon (Aerts and Chapin, 1999,
Brundrett, 2002). Fine roots lack secondary thickening or other physical defence
structures, and are therefore more susceptible to damage from soil pathogens,
grazing invertebrates, or physical factors such as frost or water loss (Eissenstat
and Yanai, 1997).

Most fine roots do not undergo secondary thickening, but senesce and decay,
making them more like leaves than twigs or branches (Eissenstat and Achor,
1999). The fine roots that do undergo secondary thickening and lignification
function as robust “pipes”, transporting nutrients and water from the fine
absorptive roots to the main stem, and anchoring the plant in the soil (Gregory,
2006). Due to these functional requirements, coarse roots typically resemble
woody stems or branches, reflected in their functional traits (Fortunel et al., 2012,
Fortunel et al., 2014).

The absorptive functions and inherent susceptibilities of fine roots mirror those of
leaves, and therefore there may be a similar economic spectrum in roots, relating
to investment in root structural integrity and the resulting root longevity.
However, research investigating root traits and strategies has lagged behind that of
above ground organs, due to the fundamental differences and difficulties between

sampling plant material from above vs. below ground.



Root sampling

Studying root traits in the field poses several logistical and methodological
difficulties when compared to sampling leaf or stem traits. The primary difficulty
is that the surface soils of productive ecosystems are typically densely packed
with inter-woven roots, which may originate from several individuals of as many
species. Such a density of interwoven roots can make a definitive identification of
species and individual plant of origin a tedious task. This can be avoided by
sampling in mono-species stands, although these are more typical of herbaceous
communities compared to woody communities. Forest root samples are typically
taken near to a desired species, and traced back through the soil to confirm the
individual of origin. Preparing root samples for analysis typically requires
thorough washing in order to remove any attached soil. Depending on the
remoteness of the study site, access to sufficient quantities of clean water may be
unfeasible. In situations such as these, the best alternative is to store the samples
in a cool, air-tight container, keeping them hydrated and fresh until washing can
be performed. Trait measurements of fine roots may become unreliable if the
sample has deteriorated or decomposed, and therefore fresh measurements are
always preferable. The equipment used to measure root length (a digital scanner)
is typically fairly bulky, and may be unsuitable for transporting to or operating in
remote areas. Despite advances in engineered solutions to root sampling, field
sampling equipment can be large and difficult to transport, and still faces
difficulties such as cutting through rocky soils and tough, woody roots (Sochacki
et al., 2007).

As an alternative to field root sampling, several recent studies have utilised traits
of glasshouse grown plants glasshouses (Cornelissen et al., 2003a, Mokany and
Ash, 2008, Laughlin et al., 2011, Wishart et al., 2013, Birouste et al., 2014).
Growing plants in a glasshouse allows researchers to control environmental
factors, including light, water, and nutrient availability, as well as preventing
herbivory and monitoring for disease. Glasshouse-based growth can also facilitate
the root washing process by allowing the choice of an easily washed soil medium
and providing easy access to root washing water, thereby avoiding damage to root

systems and maximising the accuracy of root trait measurements.



Trait plasticity

Plants are known to alter their trait expression to better adapt to the local
environment, a phenomenon known as trait plasticity (Bradshaw, 1965). By
controlling environment factors in the glasshouse environment, researchers can

alter factors individually, and assess the plastic responses of species’ traits.

SLA has been well documented to respond to light availability (Meziane and
Shipley, 1999, Valladares et al., 2000a, Valladares et al., 2000b, Meziane and
Shipley, 2001, Rozendaal et al., 2006, Lusk et al., 2008), and leaf traits also
respond to nutrient availability (Meziane and Shipley, 1999, Knops and Reinhart,
2000, Navas and Garnier, 2002). SRL has been demonstrated to respond to
nutrient availability in some studies (Clemensson-Lindell and Asp, 1995, Hill et
al., 2006, Kalliokoski et al., 2010), but not in others (Boot and Mensink, 1990,
Cromer and Jarvis, 1990, Borken et al., 2007, Kalliokoski et al., 2010). Root-to-
shoot ratio has been widely shown to respond to both light and nutrient limitation,
as plants increase their relative biomass allocation to the organ responsible for up-
taking the limiting resource, forming a functional equilibrium and effectively co-
limiting resources (Brouwer, 1962, Aung, 1974, Chapin Il1, 1980, McGraw and
Chapin, 1989, Cromer and Jarvis, 1990, Garnier, 1991, Schippers and OIff, 2000,
Mdiller et al., 2000, Dyer et al., 2001, Hill et al., 2006, Louw-Gaume et al., 2010,
Grassein et al., 2010). Recent research by Freschet et al. (2015) shows that plants
typically respond to light limitation by adjusting morphological traits such as
SLA, but that responses to nutrient limitation are typically in the form of

increased root biomass allocation, rather than modification to SRL.

Understanding and quantifying species’ responses to limiting resources has
applications for cross-study trait comparisons or pooling data, as it reveals which
traits are relatively constant regardless of environmental factors, and which traits

can be strongly affected by differences between experimental conditions.
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1.1 Chapter overviews

Chapter One:

This chapter introduces the theoretical concepts around which the subsequent
chapters are based, including root function, environmental filtering, plant
functional traits, plant strategy, and phenotypic plasticity.

Chapter Two: A multi-trait test of the whole-plant economics spectrum

This chapter introduces further literature relevant to root traits and their
relationships to plant foraging strategy. The objectives of this chapter involve
investigating the relationships between seedling and juvenile traits of the same
species, the dimensions of trait variation present across species, and how
community weighted mean traits vary along a strong soil fertility gradient. |
measured root, leaf, and stem traits measured on seedlings of 66 New Zealand
native tree species, and combined this with data from the literature on adult traits
and relative abundances along a measured soil fertility gradient at Puketi forest. |
used linear regressions to compare seedling and adult traits, PCA and ordination
to assess the dimensions of trait variation across species, and linear regressions of
community-weighted mean (CWM) traits vs. the principal component of soil

fertility attributes.

My results showed that seedling morphology traits are generally well correlated
with adults, but tend to be oriented towards a more “acquisitive” growth strategy,
suggesting that species may down-regulate their growth as they develop into
adults. PCA results showed that dry matter content was positively correlated
across leaves, roots, and stems, and negatively associated with root nitrogen
concentration and relative growth rate, suggesting that at least as seedlings, traits
associated with a fast or slow growth strategy are co-ordinated across leaves,
roots, and stems. Root diameter and SRL were independent from this first axis of
fast-slow growth, suggesting that SRL does not have a direct effect on seedling
growth rates and nutrient foraging. A third axis of variation was also identified,
influenced strongly by root phosphorus and nitrogen concentrations, but this axis
was difficult to interpret in the context of plant strategy. Regression analysis of
CWM traits vs. soil fertility showed that the traits that made up the first
“economic” PCA axis were strongly related to the soil fertility gradient,

particularly stem dry matter content. Neither root diameter nor SRL were
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significantly related to soil fertility, supporting the conclusion that SRL is not
adaptive to nutrient foraging ability in these species.

Chapter Three: The effects of soil fertility on intraspecific trait plasticity

This chapter introduces further literature relevant to phenotypic plasticity of plant
organs and functional traits in response to nutrient availability. The objectives of
this chapter were to investigate whether the availability of nutrients in a potting
medium affects trait expression in tree species, and similarly whether the method
of fertiliser application affects trait expression. | grew four species representative
of native New Zealand trees, under three nutrient availability treatments: low,
monthly pulse, and slow release. My results showed that root-to-shoot ratio,
relative growth rate, and root nutrient concentrations were the most affected traits,
and that morphological traits were not strongly affected by nutrient availability.
Slow release and pulse treatments were typically similar, and both were
significantly different to low nutrient treatment. The few differences | observed
between slow release and pulse were possibly due to differences in total nutrient
availability, rather than mode of application. Together these results suggest that it
is practical to compare or pool morphological trait data between and among
studies, so long as plants were raised in environments conducive to growth.
However, care should be taken when comparing organ nutrient concentrations,
root-to-shoot ratios, or relative growth rates, as these can be strongly influenced

by soil fertility.

Chapter Four: Synthesis
This chapter summarises the main observations of chapters two and three,
suggests applications for these findings, and recommends further research to build

upon and strengthen these conclusions.
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