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Abstract

Roots are fundamental to PSFs, being a key mediator of these feedbacks by interacting
with and affecting the soil environment and soil microbial communities. However, most PSF
models aggregate roots into a homogeneous component or only implicitly simulate roots via
functions. Roots are not homogeneous and root traits (nutrient and water uptake, turnover rate,
respiration rate, mycorrhizal colonization, etc.) vary with age, branch order, and diameter. Trait
differences among a plant’s roots lead to variation in root function and roots can be
disaggregated according to their function. The impact on plant growth and resource cycling of
changes in the distribution of roots in different functional stages is poorly understood largely due
to the difficulty of manipulating below-ground processes experimentally. An unresolved
question is whether the findings of many PSF models arise due to their simplifying assumptions
about plant root structure.

This dissertation assesses the impact of root heterogeneity on simulated whole-plant
growth and determines the effects of plant allocation strategy, resource availability, and soil
microbial community interactions on the spatio-temporal behavior of root stage distributions of
simulated plants. An additional objective is to determine the importance of root heterogeneity
within PSFs and assess whether PSF model assumptions about roots bias the resulting
implications on plant growth.

To investigate these objectives, a model is developed to simulate growth of a single
perennial woody plant and incorporates explicit root structure and function. A model plant is
disaggregated into above-ground photosynthetic capable biomass (ABG) and below-ground
resource acquiring biomass (roots), with roots having distinct consecutive stages and associated
costs and benefits. Growth and ageing feedbacks are incorporated whereby roots acquire soil
resources, which are used by ABG biomass to produce photosynthate, which is allocated to
maintenance and production of biomass. This framework is used for three successive models
with increasing levels of complexity.
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Chapter 1

Theory and analysis of how different abiotic and biotic factors affect the patterns of
community assemblies is fundamental to community ecology. Explication of these patterns will
provide greater accuracy and precision of projections for species distributions as well as insights
on how community assemblages could change under alternative future conditions. Most work on
plant community assemblages and their associated evolutionary pressures is biased towards
aboveground dynamics, often neglecting below ground ecology (Bever, 2003). Empirical
evidence suggests that changes in soil properties and the dynamics of below ground communities
in response to plants and the successive impact of these changes on plant performance
(collectively called plant-soil feedbacks, PSFs) are a key mechanism of plant community and
evolutionary dynamics (Van der Putten et al., 2013).

Roots are fundamental to PSFs, being one of the key mediators of these feedbacks by
interacting with and affecting the soil environment and soil microbial communities (Kardol et
al., 2015). The chemical and hydrological properties of soil can be modified by roots through
the input and removal of chemical compounds (Read et al., 2003; Inderjit et al., 2011). Roots
are the primary vector by which root symbionts (mycorrhizal fungi, beneficial rhizobia, etc.) and
root pathogenic communities interact with the plants (Mangla & Callaway, 2008; Van der Putten
etal., 2013). Roots can modify soil microbial communities through their exudates (Shi et al.,
2011; Hu et al., 2018) and soil microbial communities likewise alter root properties and their
growth patterns (Bray et al., 2003; Schroeder & Janos, 2004; Wu et al., 2012; Chen et al., 2016).

Unfortunately observing and manipulating below ground dynamics experimentally is
difficult and even more so for mature perennial wood plants. Studies that explore belowground
dynamics of perennial woody plants often focus on saplings and to our knowledge there are few
studies, if any, that attempt to examine the entire root system and associated below ground
dynamics of mature perennial woody plants. Forest studies do not usually differentiate between
individual mature plants, leading to a spatially-averaged view of belowground dynamics.
Furthermore, estimates of rates of root turnover and/or production are difficult to obtain in both
lab and field settings; many methods can provide misleading results or produce widely varying
estimates for the same species (Tierney & Fahey, 2002). The difficulty of manipulating below-



ground processes experimentally enhances the importance of exploring below-ground processes
using models to advance the theoretical foundations (Pierret et al., 2016; Ryan et al., 2016).

Though theoretical models been fundamental in identifying potential novel consequences
of PSFs for a wide variety of plant community and evolutionary dynamics, they nevertheless
make a surprising assumption (Van der Putten et al., 2013). The earliest models defined the PSF
relationship as the process by which a plant alters their soil community and the soil community
in turn alters the growth rate of the plant (Bever et al., 1997). This conceptual framework has
been expanded upon and used to analyze species coexistence (Bever et al., 1997; Kulmatiski et
al., 2008), invasion success (Levine et al., 2006), multitrophic interactions (Meyer et al., 2009),
modifications to community assembly (Jiang & DeAngelis, 2013), dominant plant allocation
strategy (Farrior et al., 2013), and the prevalence of plant traits (Ke et al., 2015). However,
despite their important findings, many PSF models make a simplifying assumption about plant
root structures. Within most individual and community level PSF models, roots are typically
only simulated via functions of nutrient and/or water acquisition, or if the plant is disaggregated,
as a single homogeneous component.

Roots are not homogeneous (Guo et al., 2008a; McCormack et al., 2012), and have been
classified by age, diameter, branch order, etc. A variety of root life history traits have been
correlated with age, branch order, and diameter: 1) root respiration is negatively correlated with
root age (Bouma et al., 2001; Wells & Eissenstat, 2002; VVolder et al., 2005; Ceccon et al., 2016)
and diameter (Makita et al., 2012); 2) nutrient uptake rate is negatively correlated with root age
(Bouma et al., 2001; Wells & Eissenstat, 2002; Volder et al., 2005) and diameter (Pregitzer et
al., 1998); 3) root lifespan is positively correlated with branch order (Guo et al., 2008a) and
diameter (Wells & Eissenstat, 2001; Gill et al., 2002; Joslin et al., 2007) and; 4) mycorrhiza
colonization rates are negatively correlated with branch order (Guo et al., 2008b). The
heterogeneity of traits among roots of different sizes, ages, and branch orders indicates that the
function of roots is likewise heterogeneous.

A functional classification for roots has been employed wherein roots were categorized
into mainly resource acquiring or transport capable roots. Under this classification, the
percentage estimate of net primary productivity used in fine root production and turnover was

reduced by 30 percent suggesting that separating roots into functional classes can improve our



capability to analyze ecosystem properties (McCormack et al., 2016). A functional classification
scheme can be further refined by using a more continuous view of root function with multiple
root stages having varying cost/benefit ratios related to their functions. For example, the rate of
resource acquisition (water and nutrients) is often highest in early stage roots — younger, thinner,
lower branch order — and decreases in later stage roots — older, thicker, higher branch order
(Bouma et al., 2001; Eissenstat & Volder, 2005; VVolder et al., 2005). In contrast, transport
capacity is often lowest in early stage roots and increases for later stage roots (Pregitzer, 2002;
Guo et al., 2008b; Valenzuele-Estrada, et al., 2008; McCormack et al., 2016). It is possible to
categorize an entire plant’s root system into distinct stages with each stage having various
functions and cost/benefit ratios. Categorizing a plant’s entire root system by functional stage
and considering the distribution of roots in those different stages could improve our
understanding of root processes, the factors impacting these processes, and foster a more whole-
plant perspective.

A variety of abiotic and biotic factors affect root growth processes such as root turnover
and production; two process which plants may be viewed as controlling the stage distribution of
roots (Bouma et al., 2001; Eissenstat & Volder, 2005). Soil resource heterogeneity and
interactions with and the effects of soil microbial communities have been observed to alter root
growth patterns. Under alternative spatial arrangements of resources, root systems display
morphological and physiological plasticity (Hutching, & Kroon, 1994; Hodge, 2004; Hodge,
2006; Neatrour et al., 2007). Furthermore, many root systems proliferate into regions of high
resource availability, increasing the production of new roots (Pregitzer et al., 1993; Hodge et al.,
2000; Hodge, 2004). However, this initial benefit of root proliferation into these high
availability regions may be outweighed by senescence after patch depletion and the
overproduction of roots in those high availability patches (Fransen & De Kroon, 2002).
Consequently, the distribution of different root stages may depend on resource heterogeneity and
root foraging behavior.

Root interactions with soil microbial communities and the impact of soil microbial
communities on the soil environment likewise alters root stage distributions. Soil microbial
communities can directly alter root growth rates (Bray et al., 2003; Gronberg et al., 2011;),

morphology (Schroeder & Janos, 2004; Chen et al., 2016), foraging patterns (Chen et al., 2016;



Chen et al., 2018) and architecture (Gronberg et al., 2011; Wu et al., 2012). Additionally, there
is evidence that the growth rate of certain root types may be enhanced or diminished through
interactions with soil microbial communities (Gronberg et al., 2011). Soil microbial
communities indirectly alter root stage distributions by modifying resource availability.
Nitrogen fixing bacteria grant roots access to otherwise inaccessible pools of nitrogen (Wes et
al., 2002) and phosphate solubilizing communities increase availability of phosphorus (Zaidi et
al., 2009). However, soil microbial communities may compete with root for access to resources
which reduces resource availability to plants (Bardgett et al., 2003).

Understanding the factors impacting root stage distributions and analyzing the subsequent
effects of changes to root stage distributions on plant-growth, resource cycling, and root turnover
could elucidate potential mechanisms by which plants respond to abiotic and biotic changes and
alter the soil environment. Variations in the distribution of roots in different stages could result
in changes to the functions provided by the plant’s root system. These changes in the functions
of a plant’s root system can subsequently alter plant growth, success, and root growth patterns.
Perturbations in plant growth processes can impact the plant’s ability to alter the soil
environment which can subsequently change root growth processes, thereby altering the
distribution of roots in different stages. An unresolved question is the impact of abiotic and
biotic factors on root stage distributions and the subsequent effects on plant growth, success, and
growth. Similarly, the impact of changes in root stage distributions on the functions of a root
system and the subsequent effects of these changes on the plant’s ability to alter soil properties is
unknown.

The objective of this dissertation is to assess the impact of root heterogeneity on
simulated plant growth, success, and root growth patterns and to determines the effects of plant
allocation strategy, resource availability, and soil microbial community interactions on the
spatio-temporal behavior of the root stage distributions of simulated plants. An additional
objective is to determine the importance of root heterogeneity within PSFs and assess whether
PSF theoretical model assumptions about roots bias the resulting implications for plant growth.

To investigate these objectives, this dissertation is focused on development of a model
framework for single plant growth simulation that incorporates explicit root structure and

function. A model plant is disaggregated into above-ground leaves, stems, and other supporting



structure biomass (ABG biomass) and below-ground resource acquiring and transport capable
biomass (roots), with root biomass having distinct consecutive stages and associated costs and
benefits. Growth and ageing feedbacks are incorporated whereby roots acquire soil resources,
which are then used by ABG biomass to produce photosynthetic output, and then allocated to
maintenance and to new ABG biomass and root biomass. This framework is used for three
successive models with increasing levels of complexity.

The first model (Chapter 2) using examined the impact of root stage distributions on plant
growth under very simplified assumptions of root growth. The model assumed direct and
unlimited access to all resources and made the common assumption that the sole function of
roots is resource acquisition. The objective of this model was to determine the viability of the
root-stage distribution framework and act as a starting point and provides baseline results for the
more complicated models.

The subsequent model (Chapter 3) incorporated transport capacity as a root function to
examine the impact of incorporating the two root functions or resource acquisition and transport
capacity. This model utilized a spatially explicit 2D soil environment with discrete but
continuously connected cells. Within each cell, root biomass can grow and expand to produce a
root network through which resources and photosynthate are transported. Soil resources are
heterogeneously arrayed with availability impacting both the foraging pattern of the root network
and resource acquisition rate of root biomass in a cell. This model assumes that soil resource
availability is a static environmental variable that does not change in response to root/plant
growth. The objective of this model is to explore the impacts of the root transport capacity and
resource availability on the spatial and temporal stage distribution of roots and overall plant
growth.

The third, and most complex, model (Chapter 4) incorporated the direct and indirect
impact of soil microbial communities on plant growth and root stage distributions. Soil
microbial communities directly impact modeled plant growth by increasing or decreasing the
resource acquisition rate through root biomass and by siphoning off photosynthetic output during
transport. Indirect impacts of the soil microbiota arise through their ability to increase or
decrease resource availability throughout the soil environment. Additionally, resource

availability responds to root acquisition, decreasing as roots acquire resources, ensuring that soil



microbial communities have an impact on the foraging pattern, root stage distribution, and
growth of the simulated plant. Soil resource availability also has natural replenishment and
leeching that affects the availability. The model objective is to assess the impact of soil
microbial communities on plant growth and the spatial and temporal stage distribution of roots.

A summary and comparison of the implications of the three models (Chapter 5) points
out the limitations associated with the assumptions of each of the models. A discussion of how
these models may be applied and expanded is provided along with suggestions for the how
empirical efforts might be undertaken to assess the main results of the models.



Chapter 2

Summary

Roots are important mediators of plant-soil feedbacks, but theoretical models often
aggregate them as a single component or implicitly incorporate them. Roots are not
homogenous and root stages have varying costs and benefits for the plant. Studying
impacts on whole plant growth of alternative root stage distributions and factors affecting
these is complicated. Complexity arises from the multiplicity of interactions and
experimental intractability.

We developed a stage-based root population model with feedbacks between root resource
acquisition and photosynthate production to simulate growth and ageing. An exhaustive
parameter search allows examination of alternative root stage distribution assumptions on
whole plant growth.

The model results indicate: plant size is only positively correlated with the percent of root
biomass in the earliest root stage; low photosynthate allocation to root maintenance
produces the largest plants; and photosynthate production parameters and allocation to
new root growth are the strongest predictors of plant size.

Modeled plant growth is enhanced if root distributions are skewed towards the earliest
stage, arising from the common assumption that a root system’s function is resource
acquisition. The common assumption encourages simplified root perspectives
emphasizing fine roots which is insufficient to adequately project whole plant growth or

simulate developed root systems.

Introduction

Plant-soil feedbacks (PSFs), the changes in soil properties in response to plants and the

successive impact of these changes on plant performance, are a key mechanism used to describe

many aspects of plant community and evolutionary dynamics (Van der Putten et al., 2013).

Plants can alter the chemical and hydrological properties of soil (Read et al., 2003) and the

composition of soil microbial communities (Kourtev et al., 2003; Callaway et al., 2004). Such

changes in soil properties then impact the performance of the plant and its abilities to alter the

soil properties (Van der Putten et al., 2013). PSFs have been used to examine plant coexistence,
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invasion success, trait selection, and other plant community dynamics across a wide variety of
ecosystems and scales (Klironomos, 2002; Kardol et al., 2007; Schweitzer et al., 2014; Van
Nuland et al., 2016). The impact of PSFs are not limited to plants and have been employed to
explore below-ground systems including soil resource cycling, soil carbon sequestration, and soil
microbial community dynamics (Hawkes et al., 2005; Drake et al., 2011; Wardle et al., 2012).

While the above- and below-ground elements of PSF have been documented empirically,
most individual and community level PSF theoretical models focus explicitly on the above-
ground portion of the plant often excluding the below-ground portion and its interactions with
soil microbial communities (Bever, 2003). When plants are disaggregated into components and
roots are explicitly modeled, roots are frequently simulated as a single homogenous element
whose function is resource allocation (Bever et al., 1997; Levine et al., 2006; Jiang &
DeAngelis, 2013; Ke et al., 2015). One approach to analyze the impact of this common root
perspective among PSF models, is to develop a stage-based root demographic model, with
varying cost/benefit ratios for different root stages and feedbacks between root acquired
resources, photosynthate production, and biomass growth. Such a model has not been developed
previously.

Theoretical models have been fundamental in identifying potential novel consequences of
PSFs for a wide variety of plant community and evolutionary dynamics (Van der Putten et al.,
2013). The earliest models defined the PSF relationship as the process by which a plant alters
their soil community and the soil community in turn alters the growth rate of the plant (Bever et
al., 1997). When applied in a two-plant species coexistence model, positive feedback leads to a
loss of plant diversity while negative feedbacks enhance plant diversity.(Bever et al., 1997).
Such a conceptual framework regarding feedbacks has been extended to analyze dynamics for
coexistence models incorporating more than two plants (Kulmatiski et al., 2008). Models have
since suggested PSFs can increase invasion success (Levine et al., 2006), disrupt multitrophic
interactions (Meyer et al., 2009), modify community assembly (Jiang & DeAngelis, 2013), and
shift the prevalence of plant traits (Ke et al., 2015).

An unresolved question is whether the important findings of these and other PSF models
arise due to their simplifying assumptions on plant structure since roots are not explicitly

incorporated. Only one of the PSF models (Meyer et al., 2009) explicitly incorporates roots,



simulating them as a single element. However, roots are not homogenous (Guo et al., 2008a;
McCormack et al., 2012). Observationally, roots have most commonly been classified by age,
branch order, and diameter and these classification schemes have been correlated with many root
life history traits. Branch order and diameter positively correlate with root lifespan (Guo et al.,
2008a; McCormack et al., 2012). Respiration rate is negatively correlated with root diameter in
several tropical tree species (Makita et al., 2012). Differences among roots can also impact their
function such as how nutrient and water uptake rate are negatively correlated with root age in
citrus and apple trees (Wells & Eissenstat, 2002).

A functional classification scheme for roots has been employed to better project
ecosystem properties through the separation of roots into stages based on their role within the
root system (McCormack et al., 2015). This functional classification scheme explored estimates
of net primary productivity (NPP) in ecosystems dominated by perennial plants. By categorizing
fine roots into two categories of mainly uptake capable or transportive roots the percentage
estimate of NPP used in fine root production and turnover was reduced by 30 percent. These
results suggest the separation of roots into functional classes can improve our capability to
analyze ecosystem properties. Such a functional classification can be further refined using a
more continuous view of root function. The rate of resource acquisition (water and nutrients) in
early stage roots — younger, thinner, lower branch order — is often higher than in later stage roots
— older, thicker, higher branch order (Bouma et al., 2001; Eissenstat & Volder, 2005; Volder et
al., 2005). Thus, categorizing a plant’s entire root system by functional stage, and considering
the distribution of roots in different stages, could improve understanding of many root processes
and foster a more whole-plant perspective on individual plant growth.

It has been suggested that overall plant growth is initially enhanced by maintaining a
larger proportion of early stage roots with this proportion decreasing over time (Helmisaari et al.,
2002). Root turnover and production are two process through which plants may be viewed as
controlling the stage distribution of roots (Bouma et al., 2001; Eissenstat & Volder, 2005).
Estimating turnover and/or production and their effects on root distribution changes are difficult
to obtain in both lab and field settings. Some methods may even provide misleading results or
produce widely varying estimates for the same species (Tierney & Fahey, 2002). Consequently,

it is difficult to determine the impacts of trade-offs in senescence scheduling of various stage



roots, its subsequent effects on root stage distribution, and how plant fitness and the individual
growth components that impact plant fitness, respond. The difficulty of manipulating below-
ground processes experimentally enhances the importance of exploring below-ground processes
using models to advance the theoretical foundations (Pierret et al., 2016; Ryan et al., 2016).

To better analyze impacts on the plant soil system arising from the heterogeneous nature
of root systems, we developed a stage-based root population model with feedbacks between root
resource acquisition, above-ground photosynthetic production and subsequent root production
and turnover. To our knowledge, no model has examined the effects of individual plant root
demography on projections of plant growth, resource cycling, plant community dynamics, soil
microbial community dynamics, or plant soil feedbacks. As noted above, many observational
studies have demonstrated different life histories among different root stages (branch order, age,
diameter, etc.). The proposed model simulates a single perennial woody plant over its entire
lifetime with time steps representing a growing season. The plant is separated into above-ground
photosynthetic capable biomass (leaves) and below-ground resource acquiring biomass (roots).
The roots are categorized into distinct successive stages each with their own resource acquisition
rate, maintenance cost, and initial transition rate. The transition rate describes the fraction of root
biomass that transitions between stages and the biomass that does not transition senesces. The
leaves produce photosynthate using the resources acquired by the roots which is then allocated,
based on the plant’s allocation strategy, to new root growth, new leaf growth, and root
maintenance. The amount allocated to root maintenance and the difference between this amount
and the maintenance cost can alter the transition rate for each root stage. The amount allocated to
new root and leaf growth produces new Stage 1 root biomass and new leaf biomass respectively.
Our model can: 1) examine the effects of root stage distributions on carbon cycling, overall
uptake, and whole-plant growth; 2) be applied to identify circumstances in which root
demography significantly impacts plant growth and below-ground interactions; 3) suggest
experiments and observations; and 4) build linkages between individual plant characteristics and

below-ground ecosystem processes.
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Description
The model description format we utilize here follows the Overview, Design Concepts and

Details (ODD) Protocol developed and updated by Grimm and colleagues (2010). This protocol
has been argued as effective to enhance the reproducibility of models, their simulation, and their

analysis, a key concern in current science (Stodden et al., 2014).

MODEL OBJECTIVE

We developed a model to analyze the effects of different root stage distributions on the
above- and below-ground growth of an individual perennial woody plant over its lifetime. An
objective of this model is to determine the effects of different plant allocation strategies on the
long-term behavior of root stage distributions and whether these tend towards stable patterns,

either static or periodic cycles, or have non-periodic fluctuations.

PLANT COMPONENTS
Plant

The mathematical formulation of a plant consists of coupled differential equations for
two main plant components: 1) above-ground photosynthetically capable biomass (leaves); and
2) below-ground resource acquiring biomass (roots). Such a component-based approach to whole
plant growth has been applied in many contexts (McGraw, 1983; De Reffye et al., 1997;
Prusinkiewicz, 1998). This model specifically incorporates heterogeneity in the root component.
Above-ground

In our model, the above-ground biomass (leaves) convert acquired resources into
photosynthate which is used by the plant to produce additional leaf and root biomass and
maintain a portion of the current root biomass. The leaf biomass is composed of a single stage.
The benefit of leaves is their ability to produce photosynthate using the resource acquired by
roots. Our model assumes there is no cost associated with maintaining leaf biomass and leaf
turnover rate remains unchanged throughout a simulation. New leaf biomass is produced
dependent upon the plant allocation strategy and the amount of photosynthate produced in the

previous time step.
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Below-ground

In the model, below-ground biomass (roots) acquire resources which are used by the
leaves to produce photosynthate. Root biomass, R,, is separated into distinct successive stages
with early stage roots representing young, thin, fine roots and later stage roots representing old,
thick, coarse roots. Root benefits are modeled as the ability to acquire soil resources while their
cost is measured in photosynthate needed to maintain the initial turnover rate for a given stage.
The turnover rate of roots in each stage may change during the simulation dependent on the root
maintenance cost and the plant allocation strategy. New root biomass production is dependent on
the plant allocation strategy and the amount of photosynthate produced in the previous step.

Each root stage has its own resource acquisition rate, maintenance cost, and initial
turnover rate (Fig. 1). The resource acquisition rate describes the amount of below-ground
resources (water and nutrients) per unit biomass a stage will acquire during a single time step.
This rate is highest in earlier stages and continuously decreases towards later stages, based on
physiological root data indicating reduced water and nutrient acquisition rates with root age and
increase in woody biomass (Bouma et al., 2001; Wells & Eissenstat, 2002; VVolder et al., 2005).
The maintenance cost describes the amount of photosynthate per unit biomass a stage requires to
maintain the initial turnover rate. The cost follows a similar trend as resource acquisition rate, as
data indicate that root respiration rate decreases with root age (Bouma et al., 2001; Wells &
Eissenstat, 2002; VVolder et al., 2005; Makita et al., 2012; Ceccon et al., 2016). The initial
transition rate describes the fraction of root biomass that will transition if the maintenance cost is
exactly met (transition is defined to be one minus the turnover rate). The transition rate is lowest
for earlier stages (high turnover rate) and continues to increase towards later stages (low turnover
rate) (Bouma et al., 2001; Joslin et al., 2006; Yao et al., 2006; Guo et al., 2008a; McCormack et
al., 2012).

ENVIRONMENT

There is no spatially explicit soil environment included in this model. The plant is
assumed to have direct and unlimited access to all soil resources (water and nutrients). Similarly,
the plant is assumed to have direct and unrestricted access to sunlight needed to produce
photosynthate.
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Figure 1: The qualitative relationship between root stage and function.

The qualitative relationship between root stage and resource acquisition rate, maintenance cost, and transition rate.
The resource acquisition rate and maintenance cost are measured per unit of root biomass in each stage. The
transition rate represents the fraction of root biomass in each stage that will transition if the maintenance cost of the
roots in that stage is met. Transition rate is defined as one minus the turnover rate.
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ORDER OF EVENTS

The model utilizes individual time steps representing one growing season for the plant
(assumed to represent one year). At the start of a time step (growing season) the plant uses
photosynthate stored from the previous time step to produce new root and leaf biomass.
Following this, the roots acquire soil resources which are in turn used by the leaves to produce
photosynthate. The photosynthate is then allocated according to the plant’s allocation strategy.
The allocation strategy does not change within a simulation and allocates photosynthate to new
leaf growth, new root growth, and root maintenance. The amount of photosynthate allocated to
root maintenance alters a stage’s initial transition rate. If the maintenance allocation is more than
a stage’s cost, then a larger fraction of root biomass will transition to the consecutive stage.
Conversely, if allocation to maintenance is less than a stage’s cost, a smaller fraction of root
biomass will transition to the next stage. The remaining photosynthate (allocated to new leaf and
root growth) is stored for use in the following time step (growing season). After storing

photosynthate, the growing season ends (Fig. 2).

GROWTH AND AGEING

Growth and ageing of each root stage arises from photosynthate allocation and thus is
part of a feedback cycle whereby roots acquire resources which are then used by the leaves to
produce photosynthate. Photosynthate is allocated to new root growth, root maintenance, and
new shoot growth. Photosynthate allocated to root maintenance is used in the time step in which
it was produced (Fig. 3).

Photosynthate, P;, produced during time step i is determined by a rectangular hyperbola
with variables of leaf biomass, L;, and acquired soil resources, N;, and parameters a, 8, and y
(Eq. 1). The parameters a increases or decreases the photosynthate produced while g and y alter
the importance to photosynthate production of acquired soil resources and leaf biomass
respectively.

P = aN;L; Eq. 1
TOBR +yL
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Figure 2: Order of Events for Model 1.

The order of events for one time step (assumed to represent one growing season). At the beginning of a time step,
photosynthate from the previous time step is used to produce new root and leaf biomass. The roots acquire resources
which are used by the leaves to produce photosynthate. This photosynthate is allocated to new root growth, new leaf
growth, and root maintenance. The photosynthate allocated to root maintenance is used in the current time step and
determines the new transition rate for each stage of roots. Based on this updated transition rate, root biomass
transitions between the stages (biomass that does not transition senesces). Photosynthate allocation to new root and
leaf growth is stored for the following season.

Plant Components £illacatad
/ photosynthate
/Leaf Biomass Root Biomass Photosynthate
Above ground Below g.;r'ound. resource Allocated to:
photosynthetic acquiring biomass 1) Root Growth
biomass Stage 1 root biomass 2) Root Maintenance

. 3) Leaf Growth
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Single Stage .

\

Stage N root biomass

VANG

Acquired
resources and
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Figure 3: Components of a Simulated Plant.

A simulated plant is composed of leaf biomass (single stage) and root biomass (composed of multiple stages). The
roots acquire resources which are used by the leaf biomass to produce photosynthate. This photosynthate is allocated
to three components; 1) new root growth; 2) root maintenance; 3) and new leaf growth. Photosynthate allocation to
root maintenance is used in the current time step to maintain some of the current root biomass by transitioning a
proportion of root biomass in each stage to the subsequent stage. Photosynthate allocation to new root and leaf
growth is used in the following time step to produce new Stage 1 root biomass and leaf biomass respectively.
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Photosynthate allocated to root maintenance alters the transition rate for each root stage.
Although each root stage has an initial turnover rate, this rate can be influenced by the amount of
photosynthate allocated to root maintenance. The photosynthate allocated to root maintenance is
distributed to each stage based upon the biomass in each stage. If a stage receives an amount of
photosynthate equal to its maintenance cost, the transition rate will not change from the stage’s
initial transition rate. If a stage receives less photosynthate than its maintenance cost, then the
stage will have a lower transition rate than its initial rate. In contrast if a stage receives more
photosynthate, the stage will have a higher transition rate. The updated transition rate, T; ,,,
during time step i for Stage n is determined by a logistic equation with the stage’s initial
turnover rate, 7,,, and the stage’s difference between photosynthate maintenance allocation M; ,,
and maintenance cost C,, (EqQ. 2).

1 Eq. 2

L () ()

The new transition rate determines the percentage of root biomass in each stage that will

Ti,n =

transition to the consecutive stage. The transition rate for the last stage describes the percentage
of biomass that will remain in the last stage. The biomass in each stage that does not transition
senesces and is lost from the root system. The transition rate for leaf biomass does not change
during a simulation and describes the fraction of leaf biomass that survives to the next time step.
Photosynthate allocated to new root growth and new leaf growth is stored until the
following season. New root biomass always starts as Stage 1 biomass. New Stage 1 biomass
production is a function of photosynthate allocation, photosynthate produced in the previous time
step, and root biomass conversion rate. There is no distinction as to which stage produces the
new Stage 1 biomass. For leaf biomass, as there are no stages, new biomass is simply added to
the current leaf biomass and is a function of photosynthate allocation, photosynthate produced in

the previous time step, and leaf biomass conversion rate.

PARAMETER SPACE SEARCH
A parameter space search was conducted to determine the impact of parameters affecting
plant allocation strategy (e.g. allocation of photosynthate to new root growth, new leaf growth

and root maintenance), conversion rates of photosynthate to root and leaf biomass, and
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photosynthate production on root stage distribution. The range of values used in the parameter
space search can be found in (Table 1). The set of values used produced approximately 295

million simulations.

INITIALIZATION

Each simulation began with one unit of biomass in each of the five root stages for a total
of five units of root biomass. The leaf biomass was set at five units of biomass, so initially each
plant has 10 units of biomass. Although biomass from the previous time step is needed to
produce new leaf and root biomass at the start of a time step, the initial time step has no previous
time step and so the previous step’s photosynthate is determined by the initial root and leaf
biomass. The leaf turnover rate and allocation strategy are determined by the parameter set used
for that simulation which also specifies the relationships between root stage and resource
acquisition rate, maintenance cost, and initial transition rate. These relationships are qualitatively
described above (early stages: high acquisition and maintenance, low transition; late stages: low
acquisition and maintenance, high transition) with a form for each which is linear, concave or

convex.

ANALYSIS

A parameter space search was conducted in MATLAB 2018a to analyze the effects of
different parameter sets on the model outcomes. The range of values used in the parameter space
search can be found in (Table 1). The model was run for 100 time steps after which the outputs
were analyzed. The outputs include root biomass in each stage, leaf biomass, and time step of
death if applicable. The parameter space search was also run for 50 and 200 time steps with no
significant differences in the resulting analyses.

Of the 295 million simulated plants, approximately 55 million of the plants had a final
total biomass greater than their initial biomass; meaning that approximately 19 percent of
simulations resulted in growing plants while the other 81 percent resulted in dying or dead

plants. All analyses were conducted on the surviving plants.
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Table 1: Parameter Space Search Components.
The parameters, their description, and their values used in the parameter space search.

photosynthesis

Parameter | Description Range of VValues
start : step : end
Roots n Number of root Stages 5
Resource uptake functional form
Nn linear, convex, concave
for Stage n
Root : i
) Maintenance cost functional form
Cost/Benefit C, linear, convex, concave
) for Stage n
Ratlo -, . - . -
Initial transition rate functional
Tn linear, convex, concave
form for Stage n
Leaves T, Transition rate for leaf biomass 05:01:1
Percent of photosynthate allocated _ _ _
G 0.033: 0.033: 0.933
to new root growth
Allocation Percent of photosynthate allocated _ _ _
M ] 0.033: 0.033: 0.933
Strategy to root maintenance
Percent of photosynthate allocated _ _ _
S 0.033: 0.033: 0.933
to new leaf growth
Photosynthate conversion rate for
) 6y ] 0.75: 0.05: 1
Conversion root biomass
Rates Photosynthate conversion rate for
o, ) 0.75: 0.05: 1
leaf biomass
Multiplicative constant of
a ) 06:02:14
photosynthesis
Photosynthesis Importance of resources in
] p ] 0.6:02:1.4
Production photosynthesis
Importance of leaf biomass in
y 06:02:14
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Results
Frequency of Root Stage Distributions. Overall, the frequency of root biomass is

bimodally distributed for root stages 1 and 5. Of the surviving plants, approximately 75 percent
had 50 percent or more of their root biomass contained in Stage 1 with 55 percent having 99
percent or more root biomass in Stage 1. Approximately seven percent of surviving plants had
less than one percent of root biomass in Stage 1 (Fig. 4a). Over 80 percent of all surviving plants
had less than one percent of their root biomass contained in Stages 2, 3, and 4 (Fig. 4b).
Approximately 20 percent of surviving plants had 50 percent or more of their root biomass
contained in Stage 5 with approximately 7 percent of plants having 99 percent or more root
biomass in Stage 5 (Fig. 4b).

Effects of Root Stage Distribution on Plant Growth. Plant biomass was largest for
those with a root stage distribution skewed towards Stage 1 (Fig. 5a). The largest plants maintain
a root stage distribution with 100 percent of their root biomass in Stage 1. Plants with 100
percent of root biomass in Stage 1 have a mean Logio plant biomass of 17.3 (Fig. 5b). Biomass
is positively correlated with the percent of root biomass maintained in Stage 1 (Fig. 5a) while
biomass in all other stages is negatively correlated with the percent of biomass in the stage, with
no plants maintaining more than 50 percent of their root biomass in Stage 2, 3 or 4 (Fig. 5c).

Frequency of Allocation Strategy. The most frequent proportion of photosynthate
allocated to new root growth is centered around 0.366. The most frequent proportion of
photosynthate allocated to root maintenance, is the minimum amount of 0.033. The frequency of
allocation to root maintenance decreases as the proportion allocated to this component increases.
The most frequent proportion of photosynthate allocated to new leaf growth is centered around
0.333. The most frequent proportion of photosynthate allocated to a single component is 0.033
allocated to root maintenance; approximately 11 percent of all surviving plants used this
allocation strategy. The frequency of allocation to a single component is only negatively related
with the proportion of photosynthate allocated to root maintenance (Fig. 6a).

The most frequent allocation of photosynthate strategies leading to plant survival, occur
when allocation to root maintenance is low with the remaining allocation split relatively equally
between new root growth and new leaf growth. The least frequent strategies leading to plant

survival are those in which allocation to root maintenance is high (Fig. 6b).
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Figure 4: Relative Frequency of Root Stage Distributions.

The relative frequency of the percent of root biomass in Stage 1 (a) and Stages 2, 3, 4, and 5 (b). Bars represents an
aggregate of plants within 1 percent span and an inclusive lower and exclusive upper bound; the last bar has an
inclusive upper bound. Approximately 56 percent of all surviving plants had 99 percent or more biomass in Stage 1
(). No surviving plants had more than 60 percent of root biomass in Stages 2, 3, or 4 respectively (b).
Approximately 80 percent of surviving plants had less than 50 percent of their root biomass in Stage 5 (b).
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Figure 5: Relationship of Plant Biomass and Root Stage Distribution.

Mean Log10 plant biomass response to the percent of root biomass in Stage 1 (a, b) and Stages 2, 3, 4, and 5 (c) for
surviving plants with 1 standard deviation error bars. Teal bars represent mean Log10 plant biomass within a 1
percent span and an inclusive lower and exclusive upper bound; the last bar has an inclusive upper bound (a, ¢). An
exclusive upper bound for the percent of root biomass in Stage 1 adds an additional bar representing those plants
with 100 percent of root biomass in Stage 1 (b). The percent of root biomass in Stage 1 is positively correlated to
plant biomass (a) and plants with 100 percent of root biomass in Stage 1 have the largest mean Log-10 plant
biomass (b). The percent of root biomass in Stages 2, 3, 4, and 5 are negatively correlated with plant biomass (c).
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Figure 6: Frequency of Allocation Strategy.

The relative frequency of the proportion of photosynthate allocated to each allocation component, new root growth,
root maintenance, and new leaf growth (a), and the allocation strategy employed (b) for the surviving plants. The
most frequent proportion allocated to each component occurs at 0.3667, 0.033", and 0.333 respectively (a). The most
frequent allocation strategies have a low proportion allocated to root maintenance and relatively equal proportion
allocated to new root growth and new leaf growth (b).
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Effects of Allocation Strategy. The proportion of photosynthate allocated to new root
growth that leads to the largest plant biomass is centered around 0.400 with a gradual decrease
in plant biomass as the proportion allocated increase and decreases. The best fit quadratic
equation islog;o y = —21.46x% + 21.20x + 0.35 and has a maximum at a proportion of 0.494.
The proportion of photosynthate allocated to root maintenance that leads to the largest plant
biomass is 0.033 and plant size decreases as the proportion allocated increases. The best fit
quadratic equation is log,;oy = —1.06x% — 4.84x + 5.76 and has no maximum within the
bounds. The proportion of photosynthate allocated to new leaf growth leading to the largest plant
biomass is centered around 0.433 with a gradual decrease in plant biomass as the proportion
allocated increases or decreases. The best fit quadratic equation is log,,y = —22.17x? —
19.22x + 1.41 and has a maximum at a proportion of 0.434 (Fig. 7a).

The allocation strategies producing the largest plants are associated with a low proportion
of photosynthate allocated to root maintenance and the remaining proportion split relatively
evenly between new root growth and new leaf growth. Plant biomass decreases with allocation
strategies heavily skewed towards or away from new root growth or new leaf growth though
strategies heavily skewed towards new root growth produce larger plants than one heavily
skewed away from new root growth. Plant biomass increases with allocation strategies that are
skewed away from root maintenance (Fig. 7b).

Regression Tree Analysis. Regression tree analysis indicates the parameters with the
largest impact on plant size are those associated with photosynthate production and the
proportion of photosynthate allocated to new leaf growth. The strongest predictor of plant size is
the multiplicative constant on photosynthate production, e, with larger values increasing the
amount of photosynthate produced. The other main predictors of plant size are allocation to new
root growth, and the effect of acquired soil resources on photosynthate production, £, with

smaller numbers reducing the amount of photosynthate produced (Fig. 8).

Discussion
The model results demonstrate how root stage distribution impacts plant size, the proxy

used for overall plant success. Plant size is positively correlated with the proportion of root

biomass in the earliest stage and negatively correlated with the proportion of biomass in all other
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Figure 7: Relationship of Plant Biomass and Allocation Strategy.

Mean Log10 plant biomass response to the proportion of photosynthate allocated to each individual component, new
root growth, root maintenance, and new leaf growth with 1 standard deviation error bars (a), and to the allocation
strategy employed (b) by the surviving plants. The best fit quadratic equations (black curves) for new root growth
and new leaf growth have maximums at approximately 0.49 and 0.43 respectively and the maximum for root
maintenance is beyond the bounds (a). The largest plants are associated with low allocation to root maintenance and
relatively equal allocation to new root growth and new leaf growth (b).
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Figure 8: Regression Tree Analysis.

Regression tree analysis of all parameters for surviving plants. The multiplicative constant on photosynthate
production, allocation to new root growth, and the importance of acquired resources on photosynthate production are
strong predictors of surviving plant biomass.
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stages (Fig. 5). Furthermore, the results indicate that of the surviving plants, a majority had a
root stage distribution with more than 99 percent of root biomass in Stage 1 (Fig. 4). Thus, the
model suggests only the earliest root stage is important for plant growth. This contrasts to field
experiments and observations which indicate a majority of root biomass is not fine root biomass
(Hendrick & Pregitzer, 1992; Vogt et al., 1995; Helmisaari et al., 2002; Claus & George, 2005).
The model developed here provides a means to determine the underlying mechanism that
encourages plant growth when a majority of root biomass is in Stage 1.

The model results regarding high amounts of root biomass in the earliest stage roots can
be explained by the importance of allocation strategy on plant growth. The allocation strategy
describes the proportion of photosynthate allocated to each of the three components, new root
growth, root maintenance, and new leaf growth. Strategies too heavily favoring any of the three
allocation components produced small plants or those that did not survive. It would be expected
that strategies with very little allocation to any of the three allocation components would likewise
produce small plants. However, the largest plants are associated with strategies for which
allocation to root maintenance is almost at a minimum and allocation to root growth and leaf
growth are generally equal. Furthermore, the best fit quadratic equation for allocation to root
maintenance has a maximum proportion of less than zero suggesting root maintenance does not
confer a benefit for the plant and allocation to maintenance can even be disadvantageous for the
plant. The model structure and assumptions lead to the implication that plants derive no benefit
from maintaining a developed root system.

The extremely low allocation to root maintenance indicates most of the surviving plants
had nearly complete root turnover every growth season. A low proportion of photosynthate to
root maintenance results in the photosynthate cost of maintaining root biomass not being met. If
the cost of maintaining roots is not met, the transition rate for root biomass moving between
stages is decreased and most of the root biomass senesces instead of transitioning. Consequently,
a low allocation to root maintenance results in root stage distributions that cannot maintain later
stage root biomass because so little root biomass transitions to the later stages.

It may seem detrimental for the plant to have nearly its entire root system turnover every
season, but the model assumptions allow the plant to still produce new root biomass in the

following season. Photosynthate is stored between seasons and it is only the previous season’s
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photosynthate that determines the amount of new root growth. Having no root biomass at the end
of a season does not constrain the ability of the plant to produce new root biomass in the coming
season. Since all new root growth always starts as the earliest stage biomass, a plant’s root stage
distribution becomes skewed towards the earliest stage. This explains the model result of a
highly skewed root stage distribution but does not indicate how the model assumptions lead to
the lack of necessity for the plant to maintain later stage roots.

The model makes the common assumption that the only functions of roots are to acquire
water and nutrients, collectively called resources in the model, and thus the only benefit a plant
gains from its root biomass is the acquisition of resources. The cost associated with maintaining
root biomass produces a cost/benefit ratio for each root stage. Although the earliest roots have
the highest resource acquisition rate, they also have the highest cost and, depending on the exact
stage to function relationship, its cost/benefit ratio could be higher than other stages. However,
the ratio for each root stage is irrelevant in this model, because the plant incurs no growth
penalty for not paying the cost of maintaining root biomass. The plant can still produce new
biomass without any other root stage biomass present. With effectively no cost, the cost/benefit
ratio instead becomes a measure of benefit and the stage with the highest benefit is the driving
factor in the model. Thus, the earliest stage roots, the stage with the highest resource acquisition
rate, is the most important driver of plant growth. Similarly, there is no advantage for the plant to
maintain later root stages because all other stages have a lower resource acquisition rate. The
assumption has the consequence of making the earliest stage the most important, but also making
all other root stages completely irrelevant.

Our main model result provides novel insight about root demographic and its impact on
plant allocation strategies because it suggests only including the function of resource acquisition
for roots is not sufficient to realistically simulate a developed root system. Furthermore, it
suggests that models which only consider fine roots of an entire root system, for which Stage 1
root biomass is representative, do not accurately simulate the growth and ageing dynamics of a
root system. Consequently, modeling roots through the singular function of resource acquisition
or assuming only fine roots matter ignores the impact of a majority of root biomass on plant

growth and the associated root system dynamics.
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Modelling roots in such a manner is common practice among many individual and
community level plant soil feedback models. For example, Farrior et al. (2013) developed a
model to predict the dominant plant allocation strategy but only simulated the root system as fine
roots and their function was resource acquisition. It is not clear from their model whether, if
other root functions were included, the dominant allocation strategy would change. Similarly,
addition of other types of roots could lead to very different allocation conclusions. These issues
arise in the many other plant growth models discussed in the introduction for which the
implications of ignoring additional root functions and root heterogeneity on model allocation
results are expected to be considerable.

The model results indicate that to account for observed developed root systems, models
should include additional roles for roots beyond resource acquisition and ensure later stage root
biomass continues to provide a benefit for the plant. McCormack et al. (2015) demonstrate that
classifying roots into mainly resource acquisition or transportive can improve our understanding
of many root processes. Consequently, transport capacity is a natural function to include. The
additional role for roots could ensure later stages continue to provide a benefit as later stage roots
— older, thicker, higher branch order, etc. — often have more transport capacity than earlier stage
roots (Guo et al., 2008b; Kong et al., 2010). Another assumption that could more realistically
simulate observed root systems could be to include a heterogeneous resource environment. The
model assumed roots had continued and unrestricted access to resources, but foraging strategy is
known to influence fine root demographics (Paula & Pausas, 2011; Li et al., 2012).
Consequently, resource foraging could favor plant allocation strategies that maintain a more
developed root system. In combination, both a heterogeneous resource environment and a
transportation role for roots could sure ensure there is an advantage for maintaining later stage
root biomass and a disadvantage for not favoring a developed root system.

Incorporation of root stage distributions suggests root stage distribution does impact plant
growth, with a heavily first stage skewed distribution being most beneficial. Similarly, allocation
strategy impacts both root stage distribution and root growth with low allocation to root
maintenance being favored. Under the model assumptions, early stage biomass is most important
for plant growth. The model’s early root stage favorability could be the result of the common

single-function view of roots as only resource gatherers. This view increases the importance of

27



fine roots to the exclusion of all other later stages. Consequently, our results suggest models with
resource acquisition as the sole function of roots or an exclusively fine-root perspective may lead
to results that are not appropriately realistic to apply to whole-plant growth and be misleading
regarding evolutionary implications of various growth strategies.
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Chapter 3

Introduction
Roots are key mediators of plant-soil feedbacks (PSF) as roots interact with and affect

both the soil environment and soil microbial communities (Kardol et al., 2015). Roots are not
homogeneous, and their impact on the soil environment and soil microbial communities may be,
in part, dependent on their age, diameter, and branch order (Guo et al., 2008b; Ceccon et al.,
2016). Many root traits are correlated with these classifications; 1) root respiration is negatively
correlated with root age (Bouma et al., 2001; Wells & Eissenstat, 2002; Volder et al., 2005;
Ceccon et al., 2016) and diameter (Makita et al., 2012); 2) nutrient uptake rate is negatively
correlated with root age (Bouma et al., 2001; Wells & Eissenstat, 2002; VVolder et al., 2005) and
diameter (Pregitzer et al., 1998); 3) root lifespan is positively correlated with branch order (Guo
et al., 2008a) and diameter (Wells & Eissenstat, 2001; Gill et al., 2002; Joslin et al., 2007) and,;
4) mycorrhiza colonization rates are negatively correlated with branch order (Guo et al., 2008b).
Consequently, the heterogeneity of traits among roots of different sizes, ages, and branch orders
indicates the function of roots is likewise heterogeneous.

Many individual and community level PSF theoretical models tend to ignore the
heterogeneity among both root traits and functions, opting instead to incorporate roots through
functions that affect plant processes, most often nutrient and/or water acquisition or, if the model
plant is disaggregated, as a single homogeneous component (Bever et al., 1997; Rastetter et al.,
2001; Levine et al., 2006; Meyer et al., 2009; Farrior et al., 2013; Jiang & DeAngelis, 2013; Ke
et al., 2015). Consequently, models may be ignoring a key aspect of below-ground dynamics by
not including the heterogeneity of root traits, their functions, and subsequent impact on the
abiotic and biotic conditions of the soil environment. However, incorporating roots with varying
rates of transition between root sizes, maintenance cost, and rates of resource acquisition may not
accurately simulate a developed root system The common individual and community level PSF
model assumption that the function of roots is to acquire nutrients and water (we collectively
refer to this as resource acquisition) may inadvertently favor fine roots because these roots are
responsible for a majority of the acquired resources (Hendricks et al., 1993). Incorporating
additional root functions in models could enhance the realism of assumptions about function by

ensuring that later stage roots continue to provide a benefit to the plant.
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One additional root function that could be incorporated is transport capacity. It has been
suggested that fine roots can be categorized into either mainly resource acquiring or transportive
roots and doing so improves our understanding of root dynamics (McCormack et al., 2016).
Transport capability is often higher in later stage roots — thick, older, woody roots — than in
earlier stage roots (Pregitzer, 2002; Guo et al., 2008b; Valenzuele-Estrada, et al., 2008;
McCormack et al., 2016). We suggest that incorporating resource acquisition and transport
capacity as well as the varying tradeoffs between mainly resource acquiring and transport
capable roots can ensure models are not favoring fine roots to the exclusion of all other roots,
better capture root dynamics, and provide a more realistic means to assess the impact of roots on
integrated whole plant function.

Under alternative spatial arrangements of resources, root systems display morphological
and physiological plasticity (Hutching, & Kroon, 1994; Hodge, 2004; Hodge, 2006; Neatrour et
al., 2007). Consequently, the distribution of different root stages with different rates of resource
acquisition and transport capacity and the subsequent long-term impact on whole-plant growth of
the dynamics of root stage distribution may depend on resource heterogeneity and root foraging
behavior. When encountering regions of high resource availability, many root systems often
proliferate into the region, elongating individual roots (Leyser & Fitter, 1998; Zhang et al.,
1999), and/or increasing the production of new roots (Pregitzer et al., 1993; Hodge et al., 2000;
Hodge, 2004). While proliferation into a region of high availability may confer an initial benefit,
this benefit could be outweighed by costs of root maintenance and senescence after patch
depletion and the overproduction of roots in those high availability patches (Fransen & De
Kroon, 2002). Accurately assessing the distribution of roots in different functional stages and
the long-term impact of abiotic factors on this distribution is experimentally and observationally
difficult (Pregitzer, 2002; Pierret et al., 2016; Ryan et al., 2016). Due to this difficulty, models
that account for root heterogeneity provide a means to compare and assess alternative hypotheses
for the detailed impact of roots on plant-soil feedback.

Our objective is to analyze the impact of incorporating two root functions (resource
acquisition and transport capacity) on root stage distributions, root growth, and root dynamics in
a simulated plant and the impact of resource heterogeneity on root stage distributions and the

subsequent long-term impact on whole-plant growth, to address these challenges, we developed a
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stage-based root population model with feedbacks between root resource acquisition, above-
ground photosynthetic production and subsequent root production and turnover. The model
simulates a single woody perennial over its entire lifetime with each time step representing one
growing season. The simulated plant is separated into an above-ground photosynthetic capable
component (ABG) and a below-ground component (roots). Resources acquired and transported
by the roots are used by ABG biomass and the resulting photosynthate is then allocated to root
growth, root expansion, root maintenance, and ABG growth.

Root biomass is separated into distinct consecutive stages with each root stage having its
own transport capacity, resource acquisition rate, transition rate (turnover), and maintenance
cost. Acquisition rate and maintenance are assumed to be relatively higher for early stage roots,
and turnover and transport capacity are assumed to be higher for later stage roots. Roots expand
into a 2-dimensional soil space composed of individual cells with each soil environment cell
having its own resource availability. As the plant grows, root biomass expands into neighboring
cells, producing a root network through which acquired resources will be transported from the
roots to the ABG biomass and photosynthate will be transported from the ABG biomass to the
roots. Our model is useful to 1) examine the impact of incorporating two root functions on root
stage distribution and plant root growth; 2) examine the effects of root stage distribution on
overall resource uptake and root growth; 3) identify the impacts of alternative resource
availability patterns on root stage distribution and the associated effect on root growth; and 4)
build linkages between individual plant characteristics and below-ground ecosystem processes.
The model we develop is the first to incorporate general properties of root heterogeneity as it
impacts these various aspects of plant processes. Although there have been very detailed below-
ground models for specific root systems, particularly in an agricultural context (Drouet & Pages,
2003; King et al., 2003; Yang et al., 2004; Bigham & Wu, 2011; Garré et al., 202) these lack the

generality needed to investigate key questions about plant-soil feedbacks.

Methods

The model description format follows the Overview, Design Concepts and Details (ODD)
Protocol developed and updated by Grimm and colleagues (2010). This protocol is effective in
enhancing the reproducibility of models, their simulation, and their analysis, a key concern in

current science (Stodden et al., 2014).
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MODEL OBJECTIVE

This model explores the effects of different root stage distributions on the above and
below ground growth of a perennial woody plant over its lifetime. One objective is to determine
the effects of incorporating, resource acquisition and transport capacity on the root-stage
distribution, whole-plant growth, and alternative allocation strategies. Another objective is to
assess the impact of alternative spatial patterns of soil resource availability on the long term

spatial and temporal behavior of root stage distributions and whole-plant growth.

PLANT COMPONENTS
Plant

A simulated plant is composed of above-ground photosynthetic capable biomass, leaves,
stems, and supporting structure (called ABG for above-ground biomass) and below-ground soil
resource acquiring and transport capable biomass (roots). The plant exists in a 2-dimensional
soil environment within which root biomass can grow and expand producing a root network.
This biomass of the root network acquires a single soil resource, representing necessary nutrients
and water, arrayed heterogeneously throughout the soil environment and transports the acquired
resource to the ABG biomass. ABG biomass uses the transported resource to produce
photosynthate which is allocated to each component to produce new ABG biomass, new root
biomass, expand the root network, and maintain some of the current root biomass. Plants
maintain an allocation strategy wherein some proportion of photosynthate is allocated to new
root growth, root expansion into the soil environment, root maintenance, and new ABG growth.
ABG biomass is represented by a single stage whereas roots are separated into distinct
consecutive stages with each stage having a different cost/benefit ratio and initial transition rate
to the next stage. Such a component-based approach to whole plant growth has been applied in
many contexts (De Reffye et al., 1997; McGraw, 1983; Prusinkiewicz, 1998), though our

emphasis is on considering heterogeneity in roots.

Above-ground component (ABG)
The above-ground biomass, leaves, stems, and supporting structure (ABG) converts

acquired and transported resource into photosynthate which is then used by the plant to produce
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additional ABG and root biomass and maintain a proportion of the current root biomass. ABG
biomass is composed of a single stage. The benefit produced by ABG biomass is its
photosynthetic capability. The model assumes the cost associated with ABG biomass
maintenance is implicit in the amount of photosynthate produced per unit of ABG biomass. If
maintenance cost was explicitly included, the amount of photosynthate produced per unit of
ABG biomass would increase, but then effectively decrease once the maintenance cost is
considered. New ABG biomass production is dependent on the proportion of photosynthesis

produced in the previous step allocated to new ABG growth.

Below-ground component

The below-ground biomass (roots) acquire the soil resource, transport the acquired
resource to ABG biomass and, transport photosynthate from ABG biomass to the roots. Root
biomass (R) is separated into distinct consecutive stages (there are 5 stages denoted with i) with
young, thin, fine roots representing early stage roots and old, thick, coarse roots representing
later stage roots. Root biomass exists in a 2D soil space composed of cells with each cell having
its own root-stage distribution and within which root biomass can expand. There is a limit on the
total root biomass allowable in each spatial cell. As root biomass expands into the soil space,
more cells become occupied with root biomass and this collection of root-occupied cells
produces a root network through which the acquired resource and photosynthate are transported.

Each root stage has its own soil resource acquisition rate (a;), transport capacity (p;),
photosynthate maintenance cost (c;), and initial transition rate (6;) (Figure 9). Soil resource
acquisition rate is the amount of a soil resource a unit of biomass in each root stage can acquire
in a time step and is high for early stage roots and decreases as root stage increases (though this
rate is modified by resource availability). Transport capacity is the amount of the soil resource
or photosynthate a unit of biomass in each stage can transport and is low for early stage roots and
increases as root stage increases. Photosynthate maintenance cost is the per unit biomass
photosynthate cost of maintaining the initial transition rate for each stage and is high for early
stages and decreases as the root stage increases. The initial transition rate gives the fraction of
root biomass in a stage that will transition to the next consecutive stage during each time step

and is low for early stages and increases as root stage increases. The transition rate includes the
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Figure 9. The qualitative relationship between root stage and function
Resource acquisition rate, maintenance cost, initial transition rate, and transport capacity vary across root stage. The
exact relationship may be variable, but the qualitative relationship is the same for each root cost/benefit function.
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turnover rate of each root stage, as the biomass that does not transition senesces; in this view
early stage roots have a high turnover rate and later stage roots have a low turnover rate. The
transition rate is modified by the amount of photosynthate allocated to maintenance a root stage
receives. Together these four functions of resource acquisition rate, transport capacity,
photosynthate maintenance cost, initial transition rate characterize the cost/benefit ratio of each

root stage.

ENVIRONMENT

The soil environment consists of a 2-dimensional spatial grid within which the plant’s
roots can grow and expand. Each cell has a finite amount of space and is characterized by the
amount of the single soil resource available and whether the cell is currently occupied by root
biomass. A cell occupied by root biomass, a root-occupied cell, is also characterized by the
amount of root biomass in each stage and the direction and number of root-occupied cells it is
connected to. Adjacency between cells is determined by the Von Neuman Neighbourhood (up,
down, left, and right). The connections between root-occupied cells creates a network that is
used during the transport of acquired resources from the roots to ABG biomass and of
photosynthate from ABG biomass to the roots. A root network can only expand by one cell
leftwards, rightwards, or downward at each time step and so the maximum width and depth of
the soil environment is constrained by the number of time steps. The root network can expand
into a cell that is above a currently occupied cell, but because the central root cell is at the
shallowest row in the soil environment, the entire root network cannot expand any further
upwards. The width of the modeled soil environment is twice the number of time steps plus the
width of the initial root network, and the depth is the number of time steps plus the depth of the
initial root network. Furthermore, certain cells are beyond the expansion range of the root
network given the constraints on adjacency and the number of time steps and so are not tracked
(Figure 10).

The resource availability in each cell alters the total amount of the resource a root-
occupied cell can acquire. The amount of the resource available in a cell constrains the amount
that is actually available to the root biomass. The root-available amount of the resource is given

by Eq. 3 where q; is the acquisition rate of the soil-resource for root stage i and i, is the
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Figure 10. Soil Environment

The soil environment with heat map soil-resource availability (green - yellow) and the initial root network indicated
by the orange highlighted cells. Although the environment is a 2-D grid, only a certain portion of the grid is tracked
(highlighted in blue) given the expansion and time step constraints of the model.
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availability of the resource in root-occupied cell A and is always less than the actual amount of
the resource in a cell.

max(a;) X Y, Eq. 3
* 7 max(a) + ¥z
Resource acquisition by a root-occupied cells is the minimum of its acquisition rate and root-
available amount. There is no response of resource availability change due to resource
acquisition by a root-occupied cell. The pattern of resource availability is established during
model initialization and remains the same throughout the simulation.

A simulation is initialized with nine root-occupied cells and the corresponding network
connecting them (see initialization for more information). This initial root network is centered
on one cell, the central root cell, that is the connection between the entire root network and the
above-ground component of the plant. The transport of the resource and photosynthate between
ABG biomass must flow through this central root cell and so, any root-occupied cell that is not
connected to the central root cell via the root network will completely senesce. As a simulation

progresses and the plant grows, root-occupied cells will initially start connected to the root

network and therefore to the central root cell.

GROWTH, EXPANSION, AND AGEING

As a simulation progresses, the plant can grow new biomass, expand the root network
into unoccupied cells, and will have some of its existing biomass age and senesce. The processes
involved in this are dependent on the photosynthate produced by the plant and the allocation
strategy of the plant. This dependency creates a feedback whereby roots acquire resources which
are used by ABG biomass to produce photosynthate which is then allocated to the growth and
ageing processes. This allocation can in turn alter the amount of root and ABG biomass which

can alter the amount of photosynthate produced.

Photosynthate Production

Photosynthate production is determined by a rectangular hyperbola using current ABG
biomass and amount of each soil resource the central stem of the plant received. The amount of
photosynthate, P;, produced during time step t with ABG biomass, L;, amount of resource

transported to ABG biomass, Q,, and parameters a, 5, and y is given by Eq. 4.
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p = aLtQt Eq. 4
a BL: + v€,

The parameter a increases or decreases the photosynthate produced while g and y alter the

importance of current ABG biomass and the soil resource respectively.

Allocation Strategy

The plant allocates photosynthate to four components: new ABG growth, new root
growth, root expansion, and root maintenance. The proportion of photosynthate allocated to
each component, the plant’s allocation strategy, is established during initialization and remains
the same throughout the simulation. New ABG growth, new root growth, and root expansion
add new biomass to the plant with the former adding new ABG biomass, and the latter two
adding new root biomass. In contrast, root maintenance determines the amount of root biomass
the plant maintains between steps by altering each root stage’s transition rate. Only root
maintenance uses photosynthate during the time step it was produced, while new ABG growth,

new root growth, and root expansion use photosynthate stored from the previous season.

Relative Importance

The relative importance of cells is used when determining the amount of photosynthate
each cell is intended to receive during new root growth, root network expansion, and root
maintenance. Each cell’s relative importance is determined by summing the importance criteria,
of the current allocation strategy component, for each cell and then dividing by the total sum
across all cells in consideration. For new root growth the importance criteria calculated for each
of the root-occupied cells are: 1) the amount resources acquired in the previous step, 2) soil
resource availability and, 3) the remaining available space. For root network expansion, the
importance criterion calculated for each unoccupied cell immediately adjacent to a root-occupied
cell is: 1) soil resource availability. For root maintenance the importance criteria calculated for
each of the root-occupied cells are: 1) the amount resources acquired in the previous step, 2)
amount of resource lost during transport, 3) amount of photosynthate lost during transport, and 4)

and the total maintenance cost of the root biomass in the cell.
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Root allocation components

New root growth and root expansion add stage 1 root biomass and root maintenance cost
alters the proportion of biomass that transitions from one stage to the next (and therefore the
proportion that remains between time steps). The relative importance of each cell under
consideration is used to determine the amount of photosynthate each cell intended to receive.
Photosynthate is then transported from the ABG biomass to the root-occupied cells via the root
network and stage 1 root biomass is grown or transition rate is updated.

For root maintenance, once a cell receives photosynthate, it is partitioned to each root
stage based on the maintenance cost of that stage. The updated transition rate, 0, ; ;, during time
step t in root occupied cell A for root stage i is determined by a logistic equation (Eq. 5) with the
stage’s initial turnover rate, 6;, and the received amount of photosynthate, M; ; ; and
photosynthate maintenance cost C; , ;. The functional form chosen for transition rate update,
guarantees the following behaviour arises; 1) if a stage receives less photosynthate than its
maintenance, the transition rate decreases, 2) if a stage receives the same photosynthate as its
maintenance cost, the transition rate remains the same and, 3) if a stage receives more
photosynthate than its maintenance cost, the transition rate increase.

1 Eq.5

1-6;
1n<—‘)— Meai—Ceai
1 +e 9i ( t,Al t,l,t)

et,/l,i =

The new transition rate determines the percentage of root biomass in each stage that will
transition to the consecutive stage. The transition rate for the last stage describes the percentage
of biomass that will remain in the last stage. The biomass in each stage that does not transition,

senesces and is lost from the root community.

TRANSPORT

A key function of roots is to transport resources acquired by root biomass and of
photosynthate produced by ABG biomass. The transport of the resource acquired and
photosynthate occurs within the root network with resource transport flowing from the roots to
ABG biomass and photosynthate transport flowing from ABG biomass to the roots. Each root-
occupied cell has a total transport capacity determined by the amount and stage distribution of

root biomass in the cell. A cell’s total transport capacity determines the absolute maximum
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amount of a resource or photosynthate that can be transported through it. Any amount of
resource or photosynthate that is transported through a root-occupied cell that is greater than a
cell’s total transport capacity is assumed lost (e.g. leached from the root network). Because all
transport flows through the central root cell, it is possible to determine the absolute maximum
amount of the resource that can be transported and the absolute maximum amount of
photosynthate that can flow to the root network. The absolute maximum amount of the resource
and photosynthate that can be transported is given by taking the maximum amount of cell space,
¢, and multiplying by the greatest transport capacity across all root stages

Pmax = ¢ - max(p;) Eq. 6
The transport capacity, per unit of root biomass, is assumed to be the same for the soil-resource

and photosynthate.

Soil Resource Transport

The transport of acquired soil resource begins from the farthest root-occupied cells (those
with the longest path to the central root cell) and flows towards the central root cell. At the start
of resource transport, all root-occupied cells that are equally farthest from the central root cell
transport the amount of the current resource they acquired to their next closest neighbor in the
root network. Upon receiving all neighbor’s transported resources, the total transport capacity of
the receiving root-occupied cells is applied. Any amount of resource over a root-occupied cells
transport capacity is lost from the cell. After the transport capacity is applied, the receiving cells,
as well as any other root-occupied cells that are the same distance from the central root cell,
transport their acquired resources, and their received resources if applicable, to the next closest
neighbor. As a result of this method of transport, the root-occupied cells at confluences between
network branches simultaneously receive their neighbors transported resources. This process
continues until reaching the central root cell and the resource is then transported to the ABG
biomass.
Photosynthate Transport

Transport of photosynthate begins at ABG biomass and flows outward across the root
network. Each root-occupied cell is intended to receive some amount of photosynthate. A root-

occupied cell may receive less than its intended amount based on its location in the root network,
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the total transport capacity of the root-occupied cells “upstream”, and the total amount of
photosynthate produced. Transport begins when photosynthate is moved to the central root cell
which takes as much of its intended amount of photosynthate as possible. After taking its
intended amount photosynthate (or as much as possible), the central root cell’s transport capacity
is applied with any amount over the capacity being lost. The remaining photosynthate is
transported to the next root-occupied cell or cells. If a root-occupied cell is the confluence
between branches in the root network, the amount of photosynthate transported to the root-
occupied cells at the start of the branch is proportional to the sink strength of the intended
amount of all root-occupied cells along each branch. Any root-occupied cell that receives
photosynthate first takes as much of its intended amount of photosynthate as possible and then its
transport capacity is applied. This process continues until all cells have received photosynthate

or the amount being moved is reduced to zero.

ORDER OF EVENTS

The model time steps represent one growing season for the plant (assumed to represent
one year for the woody plants under consideration). At the start of a time step (growing season)
the plant uses photosynthate stored from the previous time step to produce new ABG biomass
and new root biomass in already occupied cells. After new ABG and new root growth, the root
network further expands into the soil space by occupying immediately adjacent unoccupied cells.
Following this, all root-occupied cells acquire the soil resource which is in turn transported to the
above-ground portion of the plant using the root network. Once the acquired resources are
transported to ABG biomass, photosynthate is produced. This photosynthate is then allocated
according to the plant’s allocation strategy to new ABG growth, new root growth, root
expansion, and root maintenance. The amount of photosynthate allocated to root maintenance is
transported to the root-occupied cells at which point, the root biomass of all root-occupied cells
transitions and senesces. The remaining photosynthate (allocated to new ABG, root growth, and
root expansion) is stored for use in the following time step (growing season). This ends the

growing season (Figure 11).
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PATCHINESS METRIC

There are a variety of metrics used to quantify the patchiness of spatial patterns of
resources, land use, plant coverage etc. on landscapes (Palmer. 2002; Herold et al., 2003). These
metrics are usually omnidirectional and viewing the landscape from any direction yields the
same metric. Unfortunately, the spatial arrangement of soil resources in the soil environment
within which plants grow and expand is not unidirectional; plant directional growth in the soil
environment is constrained. Furthermore, the spatial arrangement of soil resources within two
soil environments may have the same patchiness metric, but the distances between areas of
high/low availability and initial root network may be different within the soil environments.
Without accounting for directionality, the metrics would not distinguish between soil
environments where high availability patches are far from or close to the initial root network
which could have drastic impact on overall root and plant growth. Consequently, the standard
metrics of patchiness cannot be used here.

A new patchiness metric was devised for use with this model that accounts for the
direction of resource availability and how availability changes across the distance from the
central root network. The novel patchiness metric produces two values, 1) the measure of
patchiness; the linearity of resource availability and 2) the direction of change in resource
availability as the distance from the initial root network increases. Soil environment patchiness
ranges between 0 and 1 and soil environment “direction” has no boundaries. The qualitative
description of each metric can be found in Table 2. More details about this metric can be found

in the supplement.

PARAMETER SPACE SEARCH & EXPERIMENTS

A parameter space search was conducted to determine the impact of alterative plant
allocation strategies, soil resource patchiness patterns, and root cost/benefit functions, on overall
root growth and root stage distributions. The values used in the parameter space search can be

found in table (Table 3). The set of values resulted in 450,000 simulations.
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Figure 11. Order of Events

The order of events within a single time step. A time step represents one growing season and starts with new root
growth, root network expansion, and ABG growth. After growth, resources are acquired by the roots and then
transported to the ABG biomass via the root network. Once the ABG network receives the resources, photosynthate
is produced and allocated to the four components. Photosynthate allocated to root maintenance is used to determine
the proportion of root biomass in each stage in each root-occupied cell that will transition or senesce.

Table 2. Soil Environment Metrics.

Metric Value

m<«<Q0

m> 0

Interpretation of values for patchiness metric and patchiness direction calculated for the soil environment.

Description

On average, the availability of soil resources is not linearly
uniform and is assumed to be more random

On average, the availability of soil resources is linearly
uniform

On average, the availability of soil resources decreases with
distance from the central root cell (more resources are close
to the initial root network)

On average, the availability of soil resources does not
change with distance from the central root cell

On average, the availability of soil resources increases with
distance from the central root cell (more resources are far
from the initial root network)
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Table 3. Parameter Space Search Values
The parameter ranges and values used for each of the parameters explored within the parameter space search. The
numbers correspond to the relative parameter importance estimates in Figure 16.

Model . Range of VValues
# Description -
Component Min Max
Root 1 | Maximum per unit maintenance cost 5 10
Cost/Benefit 2 | Maximum per unit biomass transport capacity 10 200
Ratio 3 The functional form of relationship between root | convex, linear, or
stage and transport capacity concave
.| 4 | Multiplicative constant of photosynthesis 1 10
Photosynthesis - -
Production 5 | Importance of resources in photosynthesis 0.1 2
6 | Importance of ABG biomass in photosynthesis 0.1 2
ABG 7 | ABG transition rate 0.5 1
8 | Proportion allocated to new root growth 0.02 0.94
. 9 | Proportion allocated to root expansion 0.02 0.94
Allocation . -
10 | Proportion allocated to root maintenance 0.02 0.94
11 | Proportion allocated to new ABG growth 0.02 0.94
Soil 12 | Soil resource availability patchiness 0 1
Availability
Pattern 13 | Soil resource availability “direction” ~-900 | =1000
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INTIALIZATION
Each simulated plant began with a root network composed of nine root occupied cells

(Figure 10), each with one unit of biomass and nine units of above ground biomass. The

biomass of the initial root network was distributed such that that 2/9 of root biomass was in

stages 1, 2, 3, and 4, and 1/9 of root biomass was in stage 5. The soil environment within which

the plant and its accompanying root network will grow used a predetermined soil resource
availability pattern with a given patchiness and direction that remained static throughout a
simulation. Each cell within the soil space has a maximum capacity of 100 units of root
biomass.

The plant’s allocation strategy, ABG turnover rate, and the relationships between root
stage and resource acquisition rate, and initial transition rate, and transport capacity are all
determined by the parameter set used for the simulation.

At the start of a simulation, the initial root and ABG biomass is used to determine the
amount of photosynthate produced in the previous step because there was no previous step. This
photosynthate is allocated according to the plant allocation strategy and is used to start the first

growth phase of a simulation.

ANALYSIS

A parameter space search was conducted in MATLAB 2019a using computing clusters at
the University of Tennessee, Knoxville Advanced Computing Facility to analyze the effects of
different soil resource availability patterns and parameter sets on the model outcomes. The
parameter space search consisted of 450,000 simulations wherein each simulation was run for
50-time steps after which the outputs at the end of a simulation was obtained. The parameter
space search conducted using the ACF consisted of 300 jobs each with 1500 parameter sets using
between 16 and 24 cores per job submission. Each job took on average approximately 23 hours
to complete for a total of 6,900 computing hours.

Prior to this final parameter space search, 8 previous parameter space searches were
conducted to narrow the range of values and eliminate parameters that had little to no effect on
model outputs. Combined, these 6 initial parameter space searches contained approximately 4.5
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million simulations each with a unique parameter set consisting of approximately 65,000
computing hours.

Of the 450,000 simulated plants produced in this parameter space search, approximately
263,000 of the plants had a final total biomass greater than their initial biomass; meaning that
approximately 58 percent of simulations resulted in surviving plants. The outputs of each
simulation were obtained by averaging the model outputs at the beginning and end of only the
last time step. All analyses were conducted using these averaged outputs of the surviving plants
using MATLAB 2020a.

Results
PLANT SUCCESS

For the purposes of this model, plant success is defined using two metrics: (i) total plant
biomass in the last time step or (ii) root network size in the last time step. Last time step total
plant biomass is positively correlated with last time step root biomass and is used as the metric of
plant success in lieu of total plant biomass. However, there is no correlation of last time step
total plant biomass with last time step root network size and thus we utilize last time step root
network size is an alternative metric of plant success since it is not correlated with the first

metric.

ROOT STAGE DISTRIBUTION

Of the surviving plants, none had more than 80% of root biomass in the first stage or had
less than 25% of root biomass in the first stage. No surviving plant had more than 70% of root
biomass in the last stage or had less than 5% of root biomass in the last stage. Of the surviving
plants, the most frequent distribution (=30% of plants) had a root stage distribution with 30-35%
of root biomass in the first stage and 50-55% of root biomass in the last stage. The 3 most
common root stage distributions, accounting for approximately 65% of surviving plants,
maintained 30-40% of root biomass in the first stage and 45-55% of root biomass in the last
stage (Figure 12a).

Overall, despite the generality of the model, there were an extremely narrow ranges of

root stage distributions maintained by plants that produced the most root biomass or the largest
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root network. On average, those plants that maintained root stage distributions outside of the
narrow ranges produced much less biomass or much smaller root networks respectively.
However, there are different constraints on the root stage distributions that were maintained by
plants that produced the most root biomass compared to those plants that produced the largest
root networks.

Plants the produced the most root biomass maintained a bimodal root stage distribution
with nearly all root biomass balanced between the first and last stage, though the proportion in
the last stage was slightly greater than the proportion in the first stage. On average, those plants
that maintained a distribution of 40-45% of root biomass in the first stage and 45-50% of root
biomass in the last stage produced the most root biomass. The 4 root stage distributions
maintained by plants that produced the most root biomass had between 35-45% of root biomass
in the first stage and 40-55% of root biomass in the last stage. Of the 4 root stage distributions
maintained by plants with the least root biomass, 3 distributions had between 80-90% of root
biomass in the first stage and 0-10% of root biomass in the last stage with the other having
between 35-40% of root biomass in the first stage and 55-60% of root biomass (Figure 12b).

In contrast to the plants with the most root biomass, the plants with the largest root
networks maintained heavily first stage skewed distributions. The plants with the largest root
networks maintained a root stage distribution of 80-85% of root biomass in the first stage and 5-
10% of root biomass in the last stage. The 4 root stage distributions maintained by plants that
produced largest root networks had between 75-90% of root biomass in the first stage and 5-15%
of their root biomass in the last stage. The plants that produced smallest root network
maintained a root stage distribution of 25-30% of root biomass in the first stage and 30-35% of
root biomass in the last stage. However, there was no similarities among root stage distributions
maintained by plants that produced the smallest root networks. The root stage distributions
maintained by plants with the smallest root networks were, from smallest to largest, 1) 25-30%
and 30-35%, 2) 35-40% and 25-30%, 3) 25-30% and 65-70%, and 4) 50-55% and 35-40% in the

first and last stages respectively (Figure 12c).
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Figure 12. Root Stage Distributions

The relative frequency (a), the units of root biomass (b), and the size of the root network (c), of plants that
maintained a given root stage distribution. For surviving plants, the proportion in the first and last stage accounted
for a majority of root biomass and so the proportion in these two stages is considered representative of the
distribution.
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ALLOCATION STRATEGY

The most frequent allocation strategies of surviving plants had a relatively balanced
allocation strategy. As allocation strategies became more skewed towards one component, the
frequency of the strategy decreased. Similarly, as allocations became more skewed away from
one component the frequency of allocations decreased. However, allocation strategies skewed.
away from aboveground (ABG) growth remained relatively frequent compared to strategies that
were skewed away from the other 3 components (Figure 13a). The allocation strategies used by
plants that had the most root biomass slightly favored allocation to root maintenance with
relatively balanced allocation to the other 3 components. The 4 allocation strategies used by
plants that had the most root biomass allocated between 40-60% of photosynthate too root
maintenance. Similarly, those 4 strategies had a balanced allocation to the other components. In
contrast, those strategies used by plants that had the least root biomass were skewed away from
root maintenance in favor of the other strategies. Similarly, plants with allocation strategies that
too heavily favored root maintenance produced very little root biomass (Figure 13b).

The allocation strategies used by plants that produced the largest root networks were
heavily skewed away from maintenance. The 4 allocation strategies used by plants with the
largest root networks allocated between 0-40% of photosynthate to root maintenance.
Furthermore, the allocation strategies used by plants with the largest root networks also favored
new root growth or root expansion with the remaining photosynthate being allocated to ABG
growth (Figure 13c).

Allocation strategies used by plants that maintained the highest proportion of root
biomass in the first stage were heavily skewed away from maintenance. Furthermore, the
strategies used by plants with the highest proportion of biomass in the first stage allocated
photosynthate to new root growth and/or root expansion in lieu of the other 2 components
(Figure 14a). In contrast, those strategies used by plants that maintained the highest proportion
of root biomass in the last stage favored root maintenance and limited allocation to new root
growth (Figure 14b). However, the variation in the proportion of root biomass the first and last
stages for a given allocation strategy was limited with the proportion in the first stage ranges

between 0.65-0.78 and the proportion in the last stage ranges between 0.07-0.17. Nevertheless,
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Figure 13. Allocation Strategy and Plant Growth

Allocation to 3 components with allocation to the fourth component found by subtracting allocation from 1. Note
that due to the visualization and the discretization of allocation strategies, the sum allocated to all components may
appear greater than 1. The frequency of allocation strategies of surviving plants (a), the allocation strategy used by
plants that produced differing amounts of root biomass (b), and the allocation strategy used by plants that produced
the different size root networks (c).
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Figure 14. Allocation Strategy and Root Stage Distributions
Allocation to 3 components with allocation to the fourth component found by subtracting allocation from 1. Note

that due to the visualization and the discretization of allocation strategies, the sum allocated to all components may
appear greater than 1. Allocation strategies used by plants with varying proportions of root biomass in the first stage
(a) and allocation strategies used by plants with varying proportions of root biomass in the last stage (b).
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the ranges of proportion in the first and last stage indicate that a majority of root biomass was

maintained in either of these two stages regardless of the strategy.

MAXIMUM TRANSPORT CAPACITY

Maximum transport capacity is positively correlated with root biomass and network size.
There is no correlation between maximum transport capacity and the proportion of biomass in
the first or last stage. However, when maximum transport capacity is extremely low, ANOVA
analysis (available in the supplement) indicates there is a significant decrease in the proportion of
biomass in the first stage and a significant increase in the proportion of biomass in the last stage

compared to when maximum transport capacity is higher (Figure 15).

SOIL ENVIRONMENT PATCHINESS and DIRECTION
There is no correlation of soil environment patchiness or soil environment direction with

root biomass, network size, nor root stage distribution.

PARAMETER IMPORTANCE ESTIMATION

Parameter importance estimation was conducted using the predictorimportance function
(which estimates the predictor importance using an ensemble of decision trees) within MATLAB
2020a. For root biomass, root network size, proportion of biomass in the first stage, and
proportion of biomass in the last stage, the most important parameter was maximum transport
capacity with a relative importance of 0.47, 0.55, 0.39, and 0.26 respectively. The components
of the allocation strategy, when individual relative importance is combined, are the second most
important parameter, though allocation to maintenance is consistently higher than the other 3
components. Individually, allocation to maintenance is the second most important parameter for
root biomass, size of root network, and proportion of biomass in the last stage, but is third for the
proportion of biomass in the first stage. For the proportion of biomass in the first stage, the
maximum maintenance cost is the second most important parameter. Of all components, soil
environment patchiness ranked consistently low in relative importance and had no importance

for proportion in the first or last stage. Similarly, soil environment direction is consistently
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Figure 15. Impact of Maximum Transport Capacity

The relationship between maximum transport capacity (the upper bound of the relationship between root stage and
capacity and the per unit transport capacity for the last stage) and root biomass (a), root network size (b), proportion
of root biomass in the first stage (c), and proportion of root biomass in the last stage (d).

Relative Parameter Importance Estimation
Last Step Root Biomass Lasl Step S|ze of Root Network

a os —— b os , ‘
@ L)
204 ©
£ o4}
g03 g
E E
@02 14
> >
5 502
[ [
x 0.1 o

0 0

1 2 3 4 5 6 7 8 9 10 11 12 13 2 3 4 5 6 7 8 9 10 11 12 13
Parameter Parameter
Last Step Proportion in Stage 1 Last Sle Pro ortlon |n Sta e5

C 04 P p . PO T ,g . d 0.3 . p P 9 ,
g g
g 0.3 g
5 5 0.2F
[=} [=1
Eoz E
(o) [
- 01 o
o 4

0 0

1.2 3 4 5 6 7 8 9 10 11 12 13 1.2 3 4 65 6 7 8 9 10 11 12 13
Parameter Parameter

Figure 16. Parameter Importance Estimation

The relative importance of parameters for root biomass (a), root network size (b), proportion of biomass in the first
stage (c) and proportion of biomass in the last stage (d). Parameter number 2 is the maximum transport capacity and
parameter number 10 is the proportion of photosynthate allocated to root maintenance. The parameters associated
with each number can be found in Table 3.
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ranked as one of the least important parameters though it is always ranked above soil

environment patchiness (Figure 16).

Discussion
The model results suggest root stage distribution impacts root biomass and root network size, our

two proxies for plant success. Those plants that maintained less than 45 percent of their root
biomass in the first stage and between 40 and 60 percent of biomass in the last stage had the
most root biomass (Figure 12a). Similarly, of the surviving plants, the most frequent root stage
distributions were skewed towards the last stage with the most common distribution having
between 50-55 percent of root biomass contained in the last stage and 35-50 percent of root
biomass contained in stage 1 (Figure 12b). These results are consistent with field experiments
and observations which have indicated that a majority of root biomass is contained in later stage
roots (Hendrick & Pregitzer, 1992; Vogt et al., 1995; Helmisaari et al., 2002; Claus & George,
2005). In contrast, plants that produced expansive root networks maintained root stage
distributions that were heavily first-staged skewed. The plants with the largest root networks,
maintained a large majority (70+ percent) of root biomass in the first stage and less than 15
percent of root biomass in the last stage (Figure 12c). The differences in root stage distributions
maintained by plants that produced the most root biomass or largest root networks may indicate
tradeoffs among root stages with certain stages being favored under alternative root growth
patterns. Although root stage distribution may impact root biomass, survival, and root network
size, the distribution maintained by plants could be a result of the allocation strategies that better
supported root growth, survival, or root network expansion.

Within the model, allocation strategies are simulated by the proportion of photosynthate
allocated to four components (new root growth, root expansion, root maintenance, and ABG
growth). Any amount of photosynthate allocated to one component cannot be allocated to
another and represents tradeoffs in the growing strategy of the simulated plants. The impact of
these tradeoffs can be seen in the different strategies used by plants that survived, produced the
most root biomass growth, grew the largest network, and maintained different root stage
distributions (Figure 13). The most frequent strategy of the surviving plants was a relatively
balanced allocation to each of the components (Figure 13a) whereas those plants that produced

the most root biomass slightly favored root maintenance with a balanced allocation to the other
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three components (Figure 13b). Those strategies used by plants with the largest root networks
severely limited allocation to root maintenance and favored either new root growth or root
expansion (Figure 13c). Allocation strategies used by plants that maintained the largest
proportion of first stage biomass limited allocation to root maintenance (Figure 14a) whereas the
strategies of plants with the largest proportion of last stage biomass favored maintenance
increased maintenance (Figure 14b). These results are consistent with previous work that
suggests allocation strategies are key drivers of plant success (Doust, 1989; Schaffer & Fox,
1989; Weiner, 2004) and indicate that tradeoffs in growing strategies produce plants with
different growth patterns, and root stage distributions.

Although allocation strategies are key drivers, parameter importance estimation indicates
that transport maximum is the largest driver plant performance and root stage distribution.
Maximum transport capacity (the upper bound of the relationship between root stage and
capacity and the per unit transport capacity for the last stage) was found to be the most important
parameter for root biomass, root network size, and root stage distribution (Figure 16). Root
biomass and root network are positively correlated with transport capacity (Figure 15a & b) most
likely resulting from the increased ability of the root network to transport resources and
photosynthate. However, maximum transport capacity is not correlated with the proportion of
biomass in the first and last stage (Figure 15¢ & d). This suggests that although maximum
transport capacity is important for plant success it does not alter the relative importance of each
root stage within the simulated plant.

It has been suggested that soil resource heterogeneity may alter the relative importance of
each root stage resulting from the morphological and physiological changes in root systems in
response to soil heterogeneity (Hodge, 2006; Neatrour et al., 2007). The changes in root stage
distributions are the result of variations in root foraging patterns and root production rates under
alternative spatial arrangements of soil resources (Pregitzer et al., 1993; Hodge et al., 2000;
Hodge, 2004). Contrary to previous work, the model results suggest there is no effect of soil
environment patchiness nor soil environment direction (indicating how availability changes with
increasing distance from the initial root network) on root biomass, network size, nor root stage
distribution. However, this could be a result of the model assumption that the soil environment

is static, and that resource availability does not respond to root resource acquisition.
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The morphological and physiological changes in root systems in response to soil resource
heterogeneity are not only a result of differences in resource availability in space, but also in
time (Fransen & De Kroon, 2002). When a root network encounters regions of high availability,
roots proliferate into the region, but only do so until resource availability diminishes. Once
resource availability has decreased, root production is slowed and root biomass in that region
may senesce (Fransen & De Kroon, 2002). Without a response to resource acquisition by roots,
resources will not diminish over time and so the changes to root production may remain.
Similarly, the impact of low soil resource availability around the initial root network may be
diminished as the resource availability, though low, is infinitely available to the root network and
would also not decrease as roots acquire additional resources. This result indicates that including
only one the spatial aspect of soil resource heterogeneity may not be enough to assess the impact
of soil resource heterogeneity on root stage distribution or metrics of plant success.

The main model results provide insights on the impact of root stage distributions on plant
success and suggests that different root stage distributions support alternative plant growth
patterns. Plants that survived, produced the most biomass, and produced the largest root
networks maintained different root stage distributions. Similarly, plant allocation strategies that
lead to plants with more root biomass growth or larger root networks likewise resulted in plants
that maintain different root stage distribution. This suggests that plant allocation strategies may
alter root stage distributions which may better support alternative growth patterns of the
simulated plant. Together, these results indicate that incorporating multiple root stages and
allocation strategies may provide a better method of simulating root dynamics and its resulting
impact on plant growth patterns.

Future models could benefit from including root stage distributions and various
allocations strategies. By incorporating these components, models could better simulate root
dynamics and provide a more complete examination of the causal effects of allocation strategies.
Without root stage distributions in models, allocation strategies only alter root growth rates
which does not capture the connecting impact of variations in root growth rate to changes in root
stage distribution and the subsequent changes in plant growth patterns. The model suggests that
not only do allocation strategies lead to plants with different growth patterns but also to plants

that maintain different root stage distributions. Furthermore, the alterations in roots distributions
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due to alternative allocation strategies could impact other plant-soil feedback dynamics such as
mycorrhiza colonization rates (Majdi et al., 2001; Guo et al., 2008Db), soil resource cycling
(Bouma et al., 2001; Wells & Eissenstat, 2002; Volder et al., 2005) which vary by root stage
Overall, the model provides a novel example of how incorporating root stage
distributions and allocation strategies provide a more realistic method to simulate root dynamics.
Without root stage distributions models may be inadvertently ignoring a key causal effect of
various allocation strategies which could have wider implication on other PSF belowground
dynamics. The model results also suggest that to accurately simulate the impact of soil resource
heterogeneity, both temporal and spatial variations should be incorporated as well as soil
resource response to root resource acquisition. This model serves as a reminder that treating key

complex dynamics as a homogenous component may be missing essential dynamics.
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Chapter 4

Introduction
The interactions between plants and soil microbial communities has long been recognized

as a key driver of overall plant growth, productivity, and success (Kulmatiski, et al., 2008; Van
der Putten et al., 2013). Such communities can modify the ability of roots to acquire soil
resources, alter the supply of nutrients within the soil, and/or siphon resources from the plant.
Nitrogen fixing bacteria fix atmospheric nitrogen providing plants access to an otherwise
inaccessible pool of nitrogen (Wes et al., 2002). Similarly, phosphate solubilizing communities
increase availability of phosphorus by solubilizing phosphates in the soil that were previously
unavailable for acquisition (Zaidi et al., 2009). Mycorrhizae fungi increase the root acquisition
rate of phosphorous (Van Der Heijden et al., 2008), nitrogen (Blicking & Kafle, 2015) and water
(Augé et al., 2004). However, not all microbial communities are beneficial; soil microbial
communities may compete with plants for access to resources thereby reducing resource
availability to plants (Bardgett et al., 2003) or act as pathogens actively siphoning resources
and/or photosynthate (Van Der Heijden et al., 2008).

The ability of soil microbial communities to alter resource availability and resource
acquisition rates underlies their capability to mitigate the impacts of environmental stress on
plant growth (Van Der Heijden et al., 2008; Miransari, 2010; Bennet & Klironomos, 2018).
Under stress conditions mycorrhizae can increase overall surface area of the roots and improve
root resource acquisition (Subramanian et al., 1995). Similarly, under drought conditions,
mycorrhizae can increase the osmotic potential of roots increasing the ability of the root system
to acquire water (Augé et al., 2004). In contrast, in conditions of abundance of key plant
resources, impacts of soil microbial communities on plant growth may be diminished (Schroeder
& Janos, 2004; Nilsson et al., 2007). Though the impact of soil microbial communities on plant
growth varies along environmental gradients (Van Der Heijden et al., 2008), they nevertheless
provide an alternative method by which plants can tolerate stressful conditions (Bennet &
Klironomos, 2018)

The mechanisms through which soil microbial communities impact plant growth or
mitigate soil environment stress directly impact root growth patterns. Soil microbial

communities alter root growth rates (Bray et al., 2003; Gronberg et al., 2011;), morphology

58



(Schroeder & Janos, 2004; Chen et al., 2016), foraging patterns (Chen et al., 2016; Chen et al.,
2018) and architecture (Gronberg et al., 2011; Wu et al., 2012). Furthermore, the growth rate of
certain root types may be enhanced or diminished through interactions with soil microbial
communities (Gronberg et al., 2011). The variations in root growth patterns in response to soil
microbial communities can subsequently alter the distribution of roots of different size, age or
stage classes.

A variety of root traits are correlated with different root classifications: 1) root respiration
is negatively correlated with root age (Bouma et al., 2001; Wells & Eissenstat, 2002; VVolder et
al., 2005; Ceccon et al., 2016) and diameter (Makita et al., 2012); 2) nutrient uptake rate is
negatively correlated with root age (Bouma et al., 2001; Wells & Eissenstat, 2002; VVolder et al.,
2005) and diameter (Pregitzer et al., 1998); 3) root lifespan is positively correlated with branch
order (Guo et al., 2008a) and diameter (Wells & Eissenstat, 2001; Gill et al., 2002; Joslin et al.,
2007) and; 4) mycorrhiza colonization rates are negatively correlated with branch order (Guo et
al., 2008b). The variations of traits among roots of different sizes, ages, and branch orders
indicates that the functioning of roots is likewise variable. If the distribution of roots in different
stages varies in response to interactions with soil microbial communities, the functioning of
entire root system is liable to change as well.

Understanding the impact of soil microbial communities on a plant’s root stage
distribution could elucidate potential mechanisms through which soil microbial communities
alter plant growth, success, and productivity. Unfortunately, explication of the impact of soil
microbial communities on the root stage distribution of the entire root system of a perennial
woody plant is experimentally difficult. Studies that examine the entire root system response to
soil microbial of perennial woody plants are often conducted on seedlings or saplings (Weimken
et al., 2001; Porras-Sorianoa et al., 2009; Mangan et al., 2010a; Mangan et al., 2010b; Gronberg
etal., 2011; Seline et al., 2011; Razouk & Kajji, 2015; Kannenberg & Phillips 2016). Models
exploring plant-soil feedbacks or the impact of soil microbial communities on plant growth tend
to ignore the heterogeneity of root functions and traits usually incorporating roots through a
single function or, if the model plant is disaggregated, as a single homogeneous component
(Bever et al., 1997; Levine et al., 2006; Meyer et al., 2009; Farrior et al., 2013; Jiang &
DeAngelis, 2013; Ke et al., 2015).
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We develop a model simulating the growth of a single perennial woody plant over its
lifetime with biomass separated into photosynthetic capable above ground (ABG) biomass and
below ground resource acquiring and transport capable biomass (roots). The root biomass is
separated into distinct consecutive stages with varying cost/benefit ratios. Feedbacks between
root resource acquisition, above-ground photosynthetic production and subsequent root
production and turnover simulate the growth and aging of the plant. The simulated plant’s root
system expands into a 2-dimensional soil space composed of individual cells with each soil
environment cell having its own resource availability and soil microbial community. The
simulated soil microbial communities can alter soil resource availability, root resource
acquisition rates, and confer a photosynthate cost on the plant. Soil resource availability is
diminished by root resource acquisition and soil microbial communities and is replenished by
external resource deposition, soil microbial communities, and root exudates. The model is
applied to 1) examine the impact of different soil microbial community structure on root stage
distribution and the subsequent effects on plant success and root growth patterns; 2) assess how
plant allocation strategy affects root stage distribution; and 3) identify alternative process though

which soil microbial communities alter plant growth.

Methods

The model description uses the format outlined in the Overview, Design Concepts and
Details (ODD) Protocol developed and updated by Grimm and colleagues (2010). This protocol
is effective in enhancing the reproducibility of models, their simulation, and their analysis, a key

concern in current science (Stodden et al., 2014).

MODEL OBJECTIVE

This model examines the impact of different root stage distributions on the success,
productivity, and growth pattern of a perennial woody plant over its lifetime. One objective is to
assess the impact of soil microbial communities on root stage distributions and the successive
effects of changes to root stage distributions on plant success, total root growth, and root growth

patterns.
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PLANT COMPONENTS

A simulated perennial woody plant is composed of above-ground biomass photosynthetic
capable and structural support biomass (ABG) and below-ground resource acquiring and
transport capable biomass (roots) with each time step representing one growing season. The
simulated plant exists in a 2-D soil environment with heterogeneous variable resource
availability and static soil microbial communities arrayed homogenously throughout. Within the
soil environment, roots can grow and expand producing a root network. The biomass of the root
network acquires a single soil resource, representing necessary nutrients and water, interacts with
soil microbial communities, and transports the acquired resource back to the ABG biomass. The
ABG biomass uses the transported resource to produce photosynthate which is allocated to 1)
new ABG growth; 2) new root growth; 3) expansion of the root network; and 4) maintenance of
current root biomass. Plants maintain a static allocation pattern in which a proportion of
photosynthate that the plant produces is allocated to each of the 4 components. ABG biomass is
represented by a single stage and root biomass is separated into distinct consecutive stages with
young, thin, fine roots representing early stage roots and old, thick, coarse roots representing
later stage roots. Each root stage has its own cost benefit/ratio and initial transition rate (Figure
17) that describes the proportion of root biomass in that stage that will transition to the next
stage. A component-based approach to whole plant growth has been applied previously (De
Reffye et al., 1997; McGraw, 1983; Prusinkiewicz, 1998), though our emphasis is on
heterogeneity among roots. For more details about the components of the simulated plant see

Chapter 3, Description, Plant Components.

SOIL ENVIRONMENT

The soil environment is composed of a 2-dimension spatial grid of individual cells within
which the root network will grow and expand. Each cell is characterized by the amount of
resource available and the composition of the soil microbial community. The cells may become
occupied by root biomass — a root-occupied cell — after which the cell is additionally
characterized by the amount of biomass in each root stage. The adjacency between cells is
defined by the Von Neumann neighborhood (up, down, left, right). The root-occupied cells and

the connections between them create a root network that is used to transport acquired resources
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Figure 17. The qualitative relationship between root stage and function
Resource acquisition rate, maintenance cost, initial transition rate, and transport capacity vary across root stage. The
exact relationship may be variable, but the qualitative relationship is the same for each root cost/benefit function.
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from the roots to ABG biomass and photosynthate from ABG biomass to the roots. Due to
constraints in modelling expansion, the root network can only expand by one cell leftwards,
rightwards, and downwards during each time step. As such, the maximum width and depth of
the soil environment is constrained by the number of time steps. The width of the modeled soil
environment is twice the number of time steps plus the width of the initial root network, and the
depth is the number of time steps plus the depth of the initial root network. Furthermore, certain
cells are beyond the expansion range of the root network, given the constraints on adjacency and
the number of time steps, and so are not tracked (Figure 18A).

A simulation is initialized with nine root-occupied cells and the corresponding root
network connecting them (see initialization for more details). This initial root network has one
root-occupied cell, the central cell, that is the connection between the entire root network and the
ABG biomass. The transport of the acquired resource and photosynthate must flow through this
central root cell and so any root-occupied cell that becomes disconnected completely senesces as
it no longer has access to photosynthate. When a cell becomes occupied, it is connected to an
already occupied cell that is connected to the existing root network and so any newly occupied
cell is likewise connected to the central root cell.

Resource availability

Each cell has its own resource availability that constrains the total amount of the resource
a root-occupied cell can acquire. The amount of resource available to a root-occupied cell
(before modification by soil microbial communities) is given by Eq. 3 where where a; is the
acquisition rate of the soil-resource for root stage i and ¥, is the availability of the resource in
root-occupied cell A.

_ max(q;) XY, Eq. 7
A7 max(a;) + ¥,
This functional form of Eq. 3was chosen to ensure the amount of root-available resource is
always less than the actual amount of the resource in the cell, thus representing an inaccessible
pool of the resource.
The availability of the resource is modified by root resource acquisition, root exudation,

soil microbial communities, and abiotic deposition, leaching, and loss. When a root-occupied
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Figure 18. Soil Environment.

The soil environment with heat map of soil-resource availability (green - yellow), the corresponding components,
and size of the soil environment (a). Although the environment is a 2-D grid, only a portion of the grid is tracked
(highlighted in blue) given the expansion and time step constraints of the model. The abiotic mechanisms that alter
soil resource availability (b). Deposition adds resource to the top row, leaching moves a proportion of the resource
from one cell to the next, and leaching removes some proportion of the resource from the system. The red arrows
indicate a loss of resource.
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cell acquires some amount of the resource, this amount is removed from the cell. During
transport of the resource (see transport for more details) a root may exude the resource that is
beyond its capacity to transport, at which point the amount exuded is added to the availability
within the cells. Soil microbial communities can increase or decrease the availability of the
resource in a cell by a given proportion depending on the community composition. The
availability of the resource is increased by deposition, is moved within the soil environment via

leaching, and is removed from the soil environment through loss (Figure 18B).

Soil Microbial Communities

Each cell has a resident soil microbial community that is a static component of the
environment. There is ample evidence that soil microbial communities can 1) alter resource
availability 2) alter root resource uptake rates, and 3) incur a photosynthate cost upon the roots
(Van Der Heijden et al., 2008). Consequently, the soil microbial communities within the soil
space are modeled by their ability to alter the availability within a cell, alter the root resource
acquisition rate, and/or the siphoning of photosynthate from the root biomass (representing the
cost of associating with microbes). A soil microbial community can alter any of these three
components, though the ability to alter the same component is only modeled as the net change
for that component (Table 4). The different behaviors of the soil microbial communities are a
result of the different microbial composition of each community. However, within a simulation,
the soil space is composed of a homogenous soil microbial community in which the community
in each cell has the same effect on resource availability, root acquisition rate, and siphoning.
There is no response of soil microbial communities to change in the soil environment or root
biomass and the community within a cell remains unchanged during a simulation.

The soil microbial communities that alter resource availability do so by increasing or
decreasing the availability in the cell by a given proportion. The alteration of the soil resource
availability occurs at the start of a time step, prior to acquisition by roots and prior to
photosynthate allocation to new root growth and root expansion. This is done because the
relative importance of each root-occupied cell and immediately adjacent cell depends on the
availability of the resource in each cell. In having resource availability altered by microbes

before photosynthate allocation, the effects of the soil microbial community can be accounted for
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Table 4. Soil Microbial Communities

The 30 different soil microbial communities arranged into 6 groups (A-F) with groups A-E grouped by their effect
on soil resource availability and organized in by descending effect on resource uptake rate. Group F was included to
explore soil microbial communities that had indirect effects or no effect on root biomass.

Group Community Community Effect on... Direct /
Number | Availability Uptake Siphon Indirect
1 0.05 Both
2 0.05 Both
A 3 0.05 Both
4 0.05 Both
5 0.05 Both
6 0.05 Both
7 0.05 Both
B 8 0.05 Both
9 0.05 Both
10 0.05 Both
11 0.05 Direct
12 0.05 Direct
C 13 0.05 Direct
14 0.05 Direct
15 0.05 Direct
16 0.05 Both
17 0.05 Both
D 18 0.05 Both
19 0.05 Both
20 0.05 Both
21 0.05 Both
22 0.05 Both
E 23 0.05 Both
24 0.05 Both
25 0.05 Both
26 Indirect
27 Indirect
F 28 None
29 Indirect
30 Indirect
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at the model time step in which the plant allocates photosynthate to root growth. The
alteration of soil resource availability occurs in all tracked cells regardless of root occupation.

The soil microbial communities that alter root resource acquisition rate do so by
increasing or decreasing the acquisition rate of the root biomass in that cell by a given
proportion, though the acquisition rate cannot allocate resources which surpass the availability in
the cell. The changes to resource acquisition rate only occur in root-occupied cells.

The soil microbial communities that siphon photosynthate do so by reducing the amount
of photosynthate being transported via the root biomass by a given proportion. There are three

instances during which photosynthate is transported and so the proportion of photosynthate that
is siphoned by a soil microbial community is reduced by 1/3 to account for the multiple

instances when siphoning occurs. Siphoning of photosynthate by the soil microbial community
occurs during new root growth, root expansion, and root maintenance. There is no siphoning of

the resource being transported by the root biomass.

Resource Deposition, Leaching, and Loss

As a simulation progresses, the amount of the resource within the soil environment will
fluctuate due to the biotic mechanisms of resource acquisition by roots and the impacts of the
soil microbial community. However, there are abiotic factors that can also affect resource
availability, and these effects are incorporated via resource deposition, leaching, and loss.
Deposition adds resources to the soil environment, leaching moves resources within the soil
environment, and loss removes resources from the modeled soil environment. These abiotic
impacts on soil resource availability occur at the end of a time step with deposition occurring
first, followed by leaching and loss occurring simultaneously. Deposition adds a given amount
of resource, uniformly, to the top row of the soil space (representing the soil that is closest to the
surface). Leaching of the soil resource is simulated by moving a proportion of the resource in
each cell to the cell one row beneath it. The proportion leached is row (e.g. depth) dependent
with shallower rows moving a larger proportion and deeper rows moving a smaller proportion.
However, because not all cells are tracked, the proportion of the resource leached in edge cells is
lost from the system. The loss of soil resources from the system is simulated by removing a

proportion of the resource in each cell from the system. The proportion lost is row dependent
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with shallower rows losing a larger proportion and deeper rows losing a smaller proportion
(Figure 18B).

GROWTH, EXPANSION, AND AGEING

As a simulation progresses, the plant can grow new ABG and root biomass,
expand the root network, and will have some of its existing biomass age and senesce. The
processes involved in this are dependent on photosynthate production and the allocation strategy
(the proportion of photosynthate allocated to 4 components) of the plant. This dependency
creates a feedback whereby roots acquire resources which are used by ABG biomass to produce
photosynthate which is then allocated to the growth and ageing processes. The allocation of
photosynthate subsequently alters the amount of root and ABG biomass which in turn alters the
amount of photosynthate produced in the following time step.

Photosynthate production is dependent on the amount of resource transported to the
above-ground component of the plant and the current ABG biomass. The produced
photosynthate is then allocated to four components: 1) new ABG growth, 2) new root growth, 3)
expansion of the root network via root growth, and 4) root maintenance. New ABG growth adds
additional ABG biomass to the already existing biomass. New root growth adds stage 1 root
biomass to already root-occupied cells. The expansion of the root network adds stage 1 root
biomass to unoccupied cells that are immediately adjacent to root-occupied cells. Root
maintenance alters the initial transition rate of the biomass in each stage in each cell. The change
to the initial transition rate is dependent on the amount of photosynthate received so that
receiving less photosynthate than the maintenance cost reduces the initial transition rate and
receiving more photosynthate than the maintenance cost increases the initial transition rate. The
proportion of biomass in each stage that does not transition senesces.

During allocation to the 3 root components the relative importance of each cell under
consideration is used to determine the amount of photosynthate each cell is intended to receive.
However, the amount of photosynthate that a given cell will receive may not be its intended
amount due to transport limitations and the amount of photosynthate produced. Each cell’s
relative importance is determined by summing the importance criteria of the current allocation

strategy component for each cell and then dividing by the total sum across all cells in
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consideration. For new root growth the importance criteria calculated for each of the root-
occupied cells are: 1) the amount resources acquired in the previous step, 2) soil resource
availability and 3) the remaining available space. For root network expansion, the importance
criterion calculated for each unoccupied cell immediately adjacent to a root-occupied cell is: 1)
soil resource availability. For root maintenance the importance criteria calculated for each of the
root-occupied cells are: 1) the amount resources acquired in the previous step, 2) amount of
resource lost during transport, 3) amount of photosynthate lost during transport and 4) and the
total maintenance cost of the root biomass in the cell. For more details about growth, expansion

and aging see Chapter 3, Description, Growth, Expansion, and Ageing.

TRANSPORT

Roots transport resources acquired by root biomass and photosynthate produced by ABG
biomass through the root network. Resource transport flows from the roots to ABG biomass and
photosynthate transport flows from ABG biomass to the roots. Each root-occupied cell has a
total transport capacity determined by the amount and stage distribution of root biomass in the
cell. The cell’s total transport capacity determines the absolute maximum amount of the
resource or photosynthate that can be transported through it. Any amount of resource or
photosynthate that is transported through a root-occupied cell that is greater than a cell’s total
transport capacity is exuded. The amount of resource exuded is added to the cell’s resource
availability. Because photosynthate within the soil environment is not tracked, is not acquired by
roots, and is not used by soil microbial communities, the amount of photosynthate exuded is not
tracked. If photosynthate is transported through a root-occupied cell containing a soil microbial
community that siphons photosynthate, the amount moving through the cell is reduced by the
soil microbial community before the cell obtains photosynthate. For more details on the transport

of photosynthate and the acquired resource, see Chapter 3, Description, Transport.

ORDER OF EVENTS
The model time steps represent one growing season for the plant which is assumed to
represent one year for the perennial woody plants under consideration. At the beginning of a

time step (growing season) the soil microbial communities alter the availability of the soil
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resource in each cell. The plant then uses photosynthate from the previous season to produce
new ABG biomass and new root biomass in already occupied cells. Following new root growth,
the root network expands into immediately adjacent unoccupied cells. After new growth has
occurred all root cells simultaneously acquire the soil resource which is then transported via the
root network to the ABG biomass. The ABG biomass uses the transported resource to produce
photosynthate which is then allocated to new ABG growth, new root growth, root expansion, and
root maintenance. The amount allocated to root maintenance alters the initial transition rate of
the biomass in each root stage in each cell. The root biomass then transitions to the next stage
dependent on its update transition rate and any biomass that does not transition senesces. The
photosynthate allocated to new ABG growth, new root growth, and root expansion is stored for
use in the following time step. At the end of a time step, the abiotic mechanisms that affect
resource availability (deposition, leaching, and loss) change the availability throughout the soil

environment (Figure 19).

INTIALIZATION
Each simulated plant began with a root network composed of nine root occupied cells

(Figure 18 A), each with one unit of biomass and nine units of above ground biomass. The

biomass of the initial root network was distributed such that that 5/9 of root biomass was in

stage 1, 3/9 of root biomass in stage 2 and, 1/9 of root biomass was in stage 3. This distribution

was chosen because the initial root network is assumed to have formed after 3 growing seasons.
The central cell grew during the first season, the immediate adjacent cells grew from the central
cell during the second growing season, and the edge cells grew from the second season cells
during the third growing season. Furthermore, because root biomass must begin as stage 1
biomass which then transitions to later stage, the oldest cell, the central root cell has had 2
growing seasons pass at which point it can have root biomass in stage 3, and so on for the
distribution of the other initial root-occupied cells.

The soil environment within which the plant and its accompanying root network will
grow uses a predetermined soil resource availability pattern, soil microbial community, and
values for deposition, leaching and loss. The availability pattern and the associated values for

deposition, leaching and loss were selected such that under static conditions (without roots or
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Figure 19. Order of Events.

The order of events within a single time step. A time step represents one growing season. The colored regions
represent different segments of the model, 1) orange is start/end, 2) green is growth, 3) blue is plant processes, 4)
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the dashed line boxes indicate the corresponding effect of the SMCs. However, because the composition of the
SMCs, not all model processes and their corresponding effects may occur within a given simulation.
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soil microbial communities) the availability remains relatively stable for more than 50 time steps.
The soil microbial is arrayed homogenously throughout the soil environment ensuring that each
cell has the same community composition with the same effect on resource availability, root
resource acquisition rate, and siphoning of photosynthate. Each cell within the soil space has a
maximum capacity of 100 units of root biomass.

At the start of a simulation, the initial root and ABG biomass is used to determine the amount of
photosynthate produced in the previous step because there was no prior step. This photosynthate
is allocated according to the plant allocation strategy and is used to start the first growth phase of

a simulation.

PARAMETER SPACE SEARCH & ANALYSIS

A parameter space search was conducted in MATLAB 2019a using computing clusters at
the Advanced Computing Facility (ACF) to analyze the effects of alternative plant allocation
strategies, soil microbial communities, and root cost/benefit functions, on overall root growth
and root stage distributions. The soil microbial communities used in the parameter space search
can be found in table (Table 4) and the parameter values can be found in table (Table 5). The
parameter space search consisted of 150,000 simulations wherein each simulation was run for
50-time steps after which the outputs for the last time step of each simulation was maintained.

Of the 150,000 simulated plants, approximately 140,000 of the plants had a final total
biomass greater than their initial biomass; meaning that approximately 93 percent of simulations
resulted in growing plants. All analyses were conducted on the surviving plants using MATLAB
2020a.

The parameter space search conducted using the ACF consisted of 400 jobs each with
375 parameter sets using between 16 and 24 cores per job submission. Each job took on average
approximately 20 hours to complete for a total of 8,000 computing hours. Prior to this final
parameter space search, 7 previous parameter space searches were conducted to narrow the range
of values and eliminate parameters that had little to no effect on model outputs. Combined, these
7 initial parameter space searches contained approximately 3.5 million simulations with each

having a unique parameter set and used approximately 80,000 computing hours.
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Table 5. Parameter Space Search Values
The parameter ranges and values used for each of the parameters analyzed in the parameter space search. The
numbers correspond to the relative parameter importance estimates in Figure 23. Those parameters without

numbers were excluded from the parameter importance estimates.

Model . Range of Values
# Description ;
Component Min Max
Root 1 | Maximum per unit resource acquisition rate 50 100
Cost/Benefit Maximum per unit transport capacity 500 1000
Ratio Maximum initial transition rate 0.8 0.99
Photosynthesis multiplication constant 1 10
Photosynthate - -
Production 3 | Importance of resource in photosynthesis 0.1 1
4 | Importance of ABG biomass in photosynthesis 0.1 1
ABG Biomass | 5 | ABG transition rate 0.5 1
6 | Proportion allocated to new root growth 0.02 0.94
. 7 | Proportion allocated to root expansion 0.02 0.94
Allocation - -
8 | Proportion allocated to root maintenance 0.02 0.94
9 | Proportion allocated to new ABG growth 0.02 0.94
Microbial L : .
Ic Ob'? 10 | Soil microbial community number 1 30
Community
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Results
PLANT SUCCESS

For the purposes of this model, plant success is using two metrics: (i) total plant biomass
in the last time step or (ii) root network size in the last time step. Last time step total plant
biomass is positively correlated with last time step root biomass and is used as the metric of plant
success in lieu of total plant biomass. In contrast with the model in Chapter 3, for this model last
time step plant biomass is positively correlated with last time step root network size, but last time
step root network size is used as a separate metric of plant success to assess other aspects of plant

growth and success in the model.

ROOT STAGE DISTRIBUTION

For most surviving plants, the majority of root biomass was maintained in the first and
last stages with the 10 most common root stage distributions, accounting for approximately 80%
of surviving plants, having between 70-85% of root biomass in the first and last stage. For the
surviving plants, the two most frequent distributions (each ~13% of plants) had a root stage
distribution with 50-60% of root biomass in the first stage and 20-30% of root biomass in the last
stage. The 10 most common root stage distributions, accounting for approximately 80% of
surviving plants, maintained between 30-65% of root biomass in the first stage and 20-55% of
root biomass in the last stage. Although, there are plants with root stage distributions having 0-
5% of root biomass in the first stage, these are rare and collectively account for less than 2% of
surviving plants (Figure 20A).

Plants that produced the most root biomass maintained a bimodal root stage distribution
with nearly all root biomass maintained in the first and last stages. The 10 distributions
maintained by plants that produced the most root biomass maintained between 75-95% of
biomass in the first and last stage. On average, those plants that maintained a root stage
distribution of 35-40% of root biomass in the first stage and 50-55% of root biomass in the last
stage produced the most root biomass. The 10 distributions maintained by plants that produced
the most root biomass had between 30-60% of root biomass in the first stage and 20-55% in the
last stage and collectively accounted for approximately 65% of surviving plants (Figure 20B).

Similarly, plants that produced the largest root networks maintained a bimodal root stage
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Figure 20. Root Stage Distributions

The relative frequency (A), the units of root biomass (B), and the size of the root network (C), of plants that

maintained a given root stage distribution. For surviving plants, the proportion in the first and last stage accounted
for a majority of root biomass and so the proportion in these two stages is considered representative of the

distribution.
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distribution with nearly all root biomass maintained in the first and last stages. The 10
distributions maintained by plants with the largest root networks maintained between 70-95% of
biomass in the first and last stage. On average, those plants that maintained a root stage
distribution of 35-40% of root biomass in the first stage and 50-55% of root biomass in the last
stage produced the largest root network. The top 10 distributions maintained by plants that had
the largest root networks had between 30-65% of root biomass in the first stage and 20-55% in
the last stage and collectively accounted for approximately 75% of surviving plants (Figure 20).

Even though the model is generalized, there is a very constrained set of root stage
distributions that lead to the highest fitness indicated by total root biomass and root network size.
Of the 10 distributions maintained by plants that produced the most root biomass and the 10
distributions maintained by plants with the largest root networks 8 were identical accounting for
approximately 57% of surviving plants (Figure 20B and Figure 20C).

ALLOCATION STRATEGY

The most frequent allocation strategies of the surviving plants were those with a
relatively balanced allocation to each of the components. The frequency of allocation strategies
decreased as the strategy became more skewed towards an individual component. Similarly, the
frequency of allocation strategies decreased as the strategy became more skewed away from a
single individual component. However, allocation strategies slightly skewed away from
aboveground (ABG) growth remained relatively frequent compared to plants that maintained
strategies that were skewed away from the other 3 components (Figure 21A).

The allocation strategies maintained by plants with the most root biomass and the largest
root networks favored allocation to root maintenance and new root growth with a relatively
balanced allocation to the remaining components of root network expansion and ABG growth.
Of the 4 allocation strategies used by plants that had the most root biomass and the 4 strategies
used by plants that had the largest root networks, 3 were identical. The 4 allocation strategies
used by plants that had the most root biomass allocated between 20-50% of photosynthate to root
maintenance and 30-50% of photosynthate to new root growth (Figure 21B). The 4 allocation

strategies used by plants that had the largest root network allocated between 20-50% of
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Figure 21. Allocation Strategy and Plant Success

Allocation to 3 components with allocation to the fourth component found by subtracting allocation from 1. Note
that due to the visualization and the discretization of allocation strategies, the sum allocated to all components may
appear greater than 1. The frequency of allocation strategies of surviving plants (A), the allocation strategy used by
plants that produced differing amounts of root biomass (B), and the allocation strategy used by plants that produced
different sized root networks (C).
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photosynthate to root maintenance and 30-40% of photosynthate to new root growth (Figure
21C).

SOIL MICROBIAL COMMUNITY

There is no significant difference between root biomass produced under different soil
microbial communities and there is no significant difference between the root network size under
different soil microbial communities.

Within soil microbial groups C, D, E (those that have a neutral affect or decrease
availability) ANOVA analysis (available in supplement) indicates there are significant
differences in the proportion of root biomass in the first and last stage between the first 3
communities and the last 2 communities within each group (Figure 22). The first three
communities in each group greatly increased uptake rate, moderately increased uptake rate, or
had no effect on uptake rate while the latter two communities moderately decreased uptake rate
or greatly decreased uptake rate. There is a significant effect of soil microbial communities that
decrease uptake with aa significantly higher proportion of root biomass maintained in the first
stage for groups C) 14 and 15 compared to 11, 12, and 13, D) for groups 19 and 20 compared to
16, 17, and 18, E) for groups 24 and 25 compared to 21, 22, and 23. Similarly, there was a
significantly lower proportion of root biomass maintained in the last stage for groups C) 14 and
15 compared to 11, 12, and 13, D) for groups 19 and 20 compared to 16, 17, and 18, E) for
groups 24 and 25 compared to 21, 22, and 23. However, the differences between proportions in
the first or last stage was small with changes of only 2-3% depending on the soil microbial
communities in these groups. For all other groups, there was no significant difference in the
proportion of root biomass in the first or last stage under different microbial communities (Figure
22).

PARAMETER IMPORTANCE ESTIMATION

Parameter importance estimation was conducted using the predictorimportance function
(which estimates the predictor importance using an ensemble of decision trees) within MATLAB
2020a. The parameters of maximum initial transition rate and photosynthesis multiplication

constant were not included in the relative importance estimates because the results were
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Figure 22. Soil Microbial Communities
The impact of soil microbial communities on the proportion of biomass in the first stage (A), and the last stage (B).
Only those soil microbial groups that had significant difference in root stage distributions (groups C, D, and E) are
shown. For each group, regardless of the first or last stage, there is a significant difference between the first three
communities (large increase to uptake rate, increase to uptake rate, and no effect on uptake rate) compared to the last
two communities (decrease uptake rate and large decrease to uptake rate). Note, that the changes in proportion is

relatively small with only 2-3% changes depending on soil microbial community.
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consistent with expected behavior. The maximum initial transition rate, which determines the
proportion of root biomass that survives between steps, was most important for biomass in the
first and last stages (0.77 and 0.84 respectively) and photosynthesis multiplication constant,
which increases photosynthate production, was the most important for root biomass and root
network size (0.35 and 0.38) respectively. Additionally, when included in relative parameter
estimates, these parameters limited the ability to examine the relative importance of other
parameters.

When those parameters are excluded, the most important parameter for root biomass,
proportion of biomass in the first stage, and proportion of biomass in the last stage, was
allocation to new root growth with relative importance values of 0.39, 0.69, and 0.67
respectively and the most important parameter. The most important parameter for root network
size was allocation to ABG growth with a relative importance of 0.39 though allocation to new
root growth was the second most important parameter with a relative importance of 0.36. The
components of the allocation strategy are consistently the most important parameters. Allocation
to new root growth is by far the important parameter for the proportion of root biomass in the
first and last stages while allocation to new root growth and ABG growth are relatively equally
important for root biomass and network size. Of all components, soil microbial community had

a consistently low relative importance for all output metrics (Figure 23).

Discussion
The results suggest that root stage distribution impacts plant success and despite the very

general structure of the model, there are strong constraints on the range of root stage distributions
that lead to plant success. Of the top ten distributions that were maintained by plants the
produced the most root biomass and largest root network size, there is narrow band of
distributions that have between 70-90% of total root biomass in the first and last stages, 65% or
less of their root biomass in the first stage, and 55% or less of their root biomass in the last stage.
Similarly, of the ten distributions maintained by plants with the most root biomass and the ten
distributions maintained by plants with the largest root networks, seven were similar with the

other three falling along the same narrow band of distributions. Those distributions that fall
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Figure 23. Parameter Importance Estimation

The relative importance of parameters for root biomass (A), root network size (B), proportion of biomass in the first
stage (C) and proportion of biomass in the last stage (D). The parameters associated with each number can be found
in Table 5.
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outside this narrow band of root stage distributions were maintained by plants with much less
root biomass and much smaller root networks compared to those within the narrow band. This
indicates that only those stages with very high resource uptake rate (first stage) and/or very high
transport capacity (last stage) are the most important for the success of the simulated plant.

Although root stage distributions impact plant success, the model results suggest
parameter affecting a plant’s allocation strategy are the most important ones impacting plant
success and root stage distribution. Of the allocation components, allocation to root growth in
already occupied cells and ABG growth are most important for plant success. However,
strategies with increased allocation to these components are not by themselves ones that lead to
plants with more root biomass or larger root networks. Instead, the allocation strategies used by
plants with the most root biomass and largest root networks favored relatively balanced
allocation strategies with minimal allocation to root network expansion. The plants using
strategies that heavily favored any one component were not as successful as plants employing a
balanced strategy, indicating that the simulated plants cannot succeed with mainly root biomass
or mainly ABG biomass. These results are consistent with previous work that suggests
allocation strategies are key drivers of plant success and that plant success is diminished under
highly skewed strategies (Doust, 1989; Schaffer & Fox 1989; Weiner, 2004)

As with root stage distributions, the model results suggest there is a narrow set of
strategies used by the most successful plants as measured by the final total root biomass and root
network size. Of the relatively balanced strategies, those strategies with relatively high
allocation to new root growth and/or root maintenance, medium allocation to ABG growth, and
minimal allocation to root network expansion, were used by the most successful plants. The
strategies that fall outside of this that narrow region were used by plants with much less root
biomass and much smaller root networks. In conjunction with the high relative importance of
allocation strategy, this suggests that although a variety of allocation strategies may lead to plant
survival, plant success is highly dependent on a narrow set of allocation strategies.

It has been suggested that soil microbial communities may affect plant success (Van Der
Heijden et al., 2008; Miransari, 2010; Bennet & Klironomos, 2018) and root stage distributions
(Bray et al., 2003; Gronberg et al., 2011; Wu et al., 2012; Chen et al., 2016). In contrast, the

model results indicate that soil microbial communities do not affect plant success and have very
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little effect on root stage distributions. Regardless of the assumed parameter sets determining
how the soil microbial community interacts with roots, there were no significant differences in
root biomass or root network size when microbial communities were included. The effects of
soil microbial communities had negligible impact on plant success compared to a plant’s
allocation strategy and root stage distribution. Furthermore, the relative importance of soil
microbial communities was consistently low for the metrics of plant success and root stage
distributions.

Nevertheless, under certain circumstance soil microbial communities do alter root stage
distributions. When simulated plants are grown in soils with microbial communities that do not
increase resource availability (groups C, D, and E) there are significant differences in the
proportion of root biomass in the first and last stages between those communities that also
decrease uptake rate and those that do not. Given the overall model assumption that soil
resource availability remained fixed in the absence of root biomass and soil microbial
communities, there is a greater reduction in availability when soil microbial communities do not
increase resource availability. This suggests that only in environments where soil microbial
communities are not actively increasing soil resources do soil microbial communities alter root
stage distributions.

Further, the direction of change in the proportion of biomass in the first and last stages is
correlated with the effect of the soil microbial communities on plant uptake rate. The proportion
of root biomass in the first stage, which has the highest uptake rate, is increased when those soil
microbial communities that do not increase resource availability also reduce uptake. This
indicates that as the uptake rate is reduced by soil microbial communities, the proportion of root
biomass that is needed to acquire resource increases. However, the change in proportion is
relatively small (2-3%), indicating that the effects of soil microbial communities are mitigated by
other components of the model. These results suggest that the simulated plants can respond to
antagonistic soil microbial communities by varying root stage distributions such that the overall
success of the plant is not affected.

Future work should continue to explore the impact of antagonistic soil microbial
communities on plant success and root stage distributions to determine if weaker or stronger

affects produce different results. The plant response was relatively unaffected by those microbial
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communities that did not increase soil resource availability. So long as the soil microbial
community did not increase availability and decreased resource uptake rate, the proportions of
root biomass in the first or last stage were nearly identical. Thus, although reducing resource
uptake rate influences root stage distribution, the strength of reduction does not change the plants
response. It would be beneficial to simulate a more continuous and wider gradient of affects to
explore the different responses of the plants.

Additionally, given that the only significant effects of soil microbial communities
occurred when communities did not increase availability, it would be prudent to further explore
the effects of soil microbial communities under alternative resource availability patterns. It has
been suggested that under different environmental conditions the impact of soil microbial
communities could be mitigated or exacerbated (Van Der Heijden et al., 2008). The soil
resource pattern, deposition amounts, and leaching and loss amounts in each simulation were
established such that the availability remained stable in the absence of root biomass and soil
microbial communities. However, the soil resource availability could have been too high for soil
microbial communities that likewise increased availability to affect plant growth. Under
stressful conditions when resource availability is low, it could be possible that there are different
impacts of soil microbial communities on plant growth and root stage distributions.
Consequently, future work might fruitfully examine the effects of different resource availability
patterns and deposition amounts to determine the effects of soil microbial communities under
these alternative conditions.

Overall, the model results indicate that root stage distributions and plant allocation
strategy are large drivers of plant success. A main result is that these two components of plant
growth interact so that that there is a narrow range of root stage distributions and a narrow region
of allocation strategies that are maintained and used by plants with the most root biomass and
largest root networks. There are strong constraints on simulated plant growth patterns that lead
to success despite the wide variety of different growth patterns examined via the parameter space
search. Although there is no impact of soil microbial communities on plant success, there is
evidence that soil microbial communities that reduce uptake rate do affect root stage distribution.
This suggests that plants may be able to mitigate the impact of antagonistic soil microbial

communities on growth through a root stage distribution response.
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Chapter 5

The model framework developed in this dissertation provides strong evidence that root
stage distribution does affect metrics of plant success. The results likewise suggest that the
functions of roots, their cost/benefit ratio and a plant’s allocation strategy are consistently the
largest drivers of root stage distribution. An additional consistent conclusion is that
environmental conditions, such as soil resource heterogeneity and soil microbial community
composition, do not have a large impact on root stage distribution nor plant success. While these
results are important in the theory of plant soil feedbacks (PSF), a plethora of additional research
can be done to further investigate the factors influencing root stage distributions and the effects
of changes in root stage distributions on plant success. This chapter elaborates on some possible
extensions of the models that could provide further evidence of the impacts of root stage
distribution on PSFs.

Constructing a small set of distinctly different soil environment resource patterns may
provide a more effective and efficient method than the process used here to examine the effects
of resource heterogeneity on root stage distributions and plant success. Chapter 3, which
examined soil patchiness and direction, used approximately 1,800 different soil resource patterns
with varying patchiness metrics between 0 and 1. Although the patchiness metric and patchiness
direction attempted to classify each of the patterns the randomness within each pattern may have
obfuscated the impact of soil resource heterogeneity. Furthermore, the metrics for the patchiness
of the soil resource patterns did not consider the distance of patches from the initial root network
so the number of time steps for a root network to reach a given patch could vary for resource
patterns that have similar patchiness metrics. A smaller and simpler set of patterns specifically
designed to have a given patchiness metric, patchiness direction, and different distances from the
patches of varying resource availability may improve the examination of the effects of soil
resource heterogeneity on root stage distribution and plant success.

Alternative to choosing a small set of resource availability patterns, another metric of
patchiness could be devised that accounts for the typical growth patterns of the simulated root
networks. During the beginning time steps, many root networks grow in concentric “rings”
(triangular rings due to the spatial constraints of the model) around the central root cell. The

small number of immediately adjacent cells and the short path distances between the adjacent
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cells and the ABG biomass allows the root network to expand into practically all the adjacent
cells. However, there is a time step at which the simulated plant no longer produces enough
photosynthate or does not have the transport capacity to occupy all adjacent cells. After this time
step, the growth pattern changes and only the most important adjacent cells become occupied.
Currently, the patchiness metric does not account for this and instead creates outward flowing
paths from the central root cell and records the availability of each cell along the path. The
metric could be improved by not only considering the availability along each path, but also the
availability of cells in each ring around the initial root network.

As with soil patchiness, it would be beneficial to further explore the effects of soil
microbial communities. The results of Chapter 4 suggest that soil microbial communities have
only a small impact on root stage distributions and no impact on plant success. However, within
groups C, D, and E (those communities that had a neutral or negative affect on availability) there
were significant differences in the proportion of root biomass maintained in the first and last
stages with communities that decreased resource uptake rate compared to those communities that
increased uptake rates. Future work might focus on soil microbial communities that have no
effect or negative effects on soil resource availability. Similarly, a larger set of soil microbial
communities with effects similar to groups C, D, and E but with a more continuous gradient of
effects on soil resource availability and root resource uptake rate could provide a more complete
examination of the impact on root stage distributions and plant success.

Another method to examine the effects of soil microbial communities could be to alter
the soil environment conditions. It has been suggested that the effects of microbial communities
could be exacerbated or lessened by soil resource availability (Van Der Heijden et al., 2008;
Miransari, 2010; Bennet & Klironomos, 2018). Consequently, alternative soil resource
availability patterns could alter the effects of soil microbial communities on root stage
distribution and plant success. Similarly, alternative temporal patterns of resource deposition
could simulate different future conditions (climate change, fertilization, drought, etc.) providing
an experimental platform to explore the effects of soil microbial communities on root stage
distributions and plant success. In conjunction with further refinement of the effects of soil
microbial communities, these alternative soil resource availability patterns could provide novel

hypotheses for the interactive effects with soil microbial communities on root stage distributions.
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While the suggestions above may provide methods to further elucidate the effects of soil
resource availability patterns and soil microbial communities, a modification that considers these
utilizing other metrics than those limited just to the last step of the model is appropriate. The
analysis of each model developed in this dissertation was conducted on outputs measured only at
the end of a simulation. There could be differences in the temporal behavior of root stage
distributions, root growth patterns, and plant growth patterns in response to resource
heterogeneity or microbial communities. It has been suggested that for some plants there is a
short-term benefit followed by a long-term detriment when roots proliferate into a region of high
resource availability (Pregitzer et al., 1993; Leyser & Fitter, 1998; Zhang et al., 1999; Hodge et
al., 2000; Hodge, 2004). Measuring root stage distributions and metrics of plant success using
the outputs from the end of a simulation may be missing important aspects arising from
transients of the plant. Other components of root foraging behavior may likewise produce
ephemeral affects that are only measurable for a short time within a simulation.

Analysis of the root network, the distribution of root biomass, and the distribution of root
biomass in each stage could provide additional metrics that measure the impact of environmental
conditions on root stage distributions and root growth patterns. Unfortunately, the model design
is not amenable to analysis using the usually defined and collected branchiness metrics. The
“branches” within the root network do not represent a single root, as is required for most
branchiness metrics, but instead indicate the amount of root biomass in each of the stages.
Consequently, metrics other than branchiness must be utilized to analyze the root network
structure.

One method of analysis could be to examine the horizontal and vertical distribution of
total root biomass and root biomass in each stage in each soil column or row respectively. This
metric could provide an indication of the spread of the root network and where root biomass is
concentrated. An additional metric could be to measure the distribution of root biomass and root
stage biomass as a function of distance from the central root cell. This metric could be used to
determine where most root biomass is concentrated and could indicate the pattern of root
network growth. Additionally, analyzing the root network could determine if differences in root

network shape lead to differences in root stage distributions.
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Although root network metrics could indicate differences in the shapes of the root
network, different rooting strategies that favor directional growth may be unable to manifest in
the model design. Currently, during the root network expansion phase in the model, there is no
preference for vertical or horizontal growth; instead, expansion is solely based on resource
availability within each adjacent cell. The model could be altered to reflect different rooting
strategies by incorporating different weights for directional expansion. Under this modification,
root network expansion would be dependent on resource availability within the adjacent cell and
whether the adjacent cell expands the root network vertically or horizontally. Additionally,
different weights for directional expansion could be applied to alter the constraints on the growth
pattern of the root network. This model alteration could account for vertically or horizontally
favored growth within the root network and could be used to examine differences in root stage
distributions among different rooting strategies.

Despite model design efforts and the use of parameter space searches to reduce the
number of parameters explored there is still a high level of complexity in each model developed
here. A general theory of PSF could arise from reducing the complexity of the various models to
focus on the factors influencing root stage distributions and the impact of changes in root stage
distribution on root growth patterns and plant success. One method to reduce model complexity
is to use allometric equations that relate root biomass to ABG biomass. In this model scheme,
the ABG biomass transition rate and ABG growth component of the allocation strategy would be
reduced to an equation. Reducing the number of allocation strategy components would greatly
reduce the complexity of the model and provide a focus since allocation strategy has been shown
to be a key driver of plant growth and root stage distributions. In all models developed here, the
combined relative importance of each components of a plant’s allocation strategy was
consistently ranked the most important parameter for all metrics across all measured parameters.
Similarly, for each model, the ABG biomass was positively related to root biomass and so
reducing the ABG biomass to an allometric equation would not alter the metrics of plant success.

For most surviving plants across all the models, a majority of root biomass was
consistently maintained in the first and last stages. This could be a result of the transient nature
of the few middle stages, the production of new root biomass always being allocated to first

stage biomass, and the accumulating behavior of the last stage. This necessarily focused the
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analysis of root distribution on the proportions of root biomass in the first and last stages.
Changing the process of new root growth allocation might encourage more realistic root growth
and more accurately simulate root stage distributions.

Currently, new root biomass in already occupied cells is always allocated to the first
stage biomass. This process could be changed such that new root biomass can be allocated to
later stage biomass instead of only the first stage. Under this model process change, the
allocation of new root biomass to each stage would be dependent on the distribution of biomass
in each stage in an already occupied cell. Not only would this encourage later stage growth, but
it would provide the plant with a mechanism to respond to regions of high resource availability
in which it may be beneficial to continue producing early stage root biomass.

Furthermore, this process change would have the additional benefit of reducing the
amount of root biomass that is needed to increase later stage root biomass. Currently within the
models, for any amount of root biomass to reach later stages it must first transition through all
previous stages. Because root biomass is reduced during transition, less biomass reaches each
subsequent stage. This inevitably means only a very small proportion of first stage biomass ever
survives to transition to later stages. Consequently, this process change would also increase later
stage root biomass without root biomass needing to transition through earlier stages.

It would be beneficial to evaluate the model using data to determine if the model is
accurately simulating realistic root stage distributions. However, model evaluation of root stage
distribution is difficult because there are few datasets measuring the root stage distribution of a
perennial woody plant over its lifetime. Nevertheless, other datasets are available that could
evaluate other components of the model. One method of model evaluation is to compare model
projections of above and belowground biomass. Although this would not evaluate the
projections of root stage distributions, this comparison would compare the growth and aging
components of the model to data to ensure they are realistically capturing plant growth
dynamics. Another model evaluation would be to compare projections of root network spread
(i.e. vertical and horizontal growth) and root foraging patterns. This would provide an
opportunity to analyze the root network expansion component of the model. Regardless of the
datasets used to evaluate the model, it is pertinent to continue evaluating model components to

increase the confidence in the simulated root stage distributions.
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Overall, the model framework developed in this dissertation provides an ideal platform
for future explorations of the factors that affect root stage distribution and the impact of changes
to root stage distribution on plant growth patterns and success. The suggestions of future
directions provided here are all feasible to implement in the overall model framework. Changes
in model assumptions could be used to examine the effects of environmental conditions on root
stage distributions and the subsequent effect of changes to these distributions. The model
framework is designed to be general and can be tailored for specific studies, providing
opportunities to examine the unintended consequences of common community and individual

level PSF model assumptions on root stage distributions and their subsequent impacts.
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Appendices
Appendix 1: Chapter 3

PATCHINESS METRIC

There are a variety of metrics used to quantify the patchiness of spatial patterns of
resources, land use, plant coverage etc. on landscapes (Palmer, 2002; Herold et al., 2003). These
metrics are usually omnidirectional and viewing the landscape from any direction yields the
same metric. Unfortunately, the spatial arrangement of soil resources in the model’s 2D soil
environment within which plants grow and expand is directional; plant directional growth in the
soil environment is constrained. Furthermore, the spatial arrangement of soil resources within
two soil environments may have the same patchiness metric, but the distances between areas of
high/low availability and initial root network may be different within the soil environments.
Without accounting for directionality, the metrics would not distinguish between soil
environments where high availability patches are far from or close to the initial root network
which could have drastic impact on overall root and plant growth. Consequently, the standard
metrics of patchiness cannot be used here.

A new patchiness metric was devised for use with this model that accounts for the
direction of resource availability and how availability changes across the distance from the
central root network. The novel patchiness metric produces two values, 1) the measure of
patchiness; the linearity of resource availability and 2) the direction of change in resource
availability as the distance from the initial root network increases. Soil environment patchiness
ranges between 0 and 1 and soil environment “direction” has no boundaries. The qualitative
description of each metric can be found in Table 2.

The soil environment patchiness value is produced by averaging the linear correlation
between cell distance from the central root cell with availability whilst the patchiness direction is
produced by averaging the slopes of this linear correlation. The data needed to produce these
metrics are obtained by examining the resource availability of cells along paths produced by
starting at the central cell going to the cells along the edge of the tracked soil environment.
Along a path, the resource availability in each cell and its cell distance from the central root cell

are recorded. This data is then used to determine the R? value and slope of a least squared
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regression line. Multiple paths are formed for a given soil environment and the average R? value
and average slope become the patchiness metric and patchiness direction respectively.

Paths are formed starting from the central root cell going towards each edge cell. These
paths must always take the shortest path available and constantly move away from the central
root cell. This constrains each path to have the exact same number of cells and ensures the
directionality of the patchiness measures. For edge cells on the left side of the soil environment,
paths always go leftwards and downwards (in any combination) and for edge cells on the right of
the soil environment, paths always go rightwards and downwards (in any combination). Even
with these constraints on path formation, there are multiple paths that can be produced when
going from the central root cell to an edge cell. Consequently, multiple paths going to each edge
cell are produced to measure the variation in resource availability. However, those edge cells in
the corner only have 1 possible path, given the shortest path constraint, and so these cells only
have 1 path produced.

After all paths are produced and their availability is recorded, the R? value and slope of
the least squared regression line for each path is obtained. The R? values of each path are
averaged to determine the average linear correlation of resource availability with distance from
the central root cell. This averaged R? value is the soil environment patchiness. Similarly, the
slopes of all paths are averaged to determine the average slope of the linear relationship between
resource availability and distance from the central root cell. This average slope value is the
patchiness direction. Together, these two metrics are used to describe the patchiness of a soil
environment.

The soil environment patchiness (R?) describes the linearity of resource availability and
the patchiness direction (slope) describes the change in availability radiating away from the
central root cell respectively. An average R? value approaching 1 indicates that most of the
produced paths have an R? value close to 1 signifying a tight correlation between resource
availability and distance from the central root cells. Conversely, an average R? value
approaching 0 indicates that most of the produced paths have an R? value close to 0 signifying
almost no correlation between resource availability and distance from the central root cells.
Slopes that are much greater than 0 indicate that, on average, resource availability increases with

distance from the central root cell signifying that resource availability is lower closer to the
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initial root network. Slopes that are much less than 0 indicate that, on average, resource
availability decreases with distance from the central root cell signifying that resource availability
is higher closer to the initial root network (S. Figure 1).

Additionally, the constraints in path formation ensure these metrics are directional. The
produced paths radiate outwards from the central root cell and are always move towards the
destination edge cell. Therefore, any change in starting position will inevitably alter the set of
cells and the order with which those cells are reached along each path. This directionality

reflects the constraints on plant growth within the modeled soil environment.

TRANSPORT CAPACITY ANOVA
The results of the following ANOVA tests were obtained using the anoval and

multcompare functions in MATLAB 2020A. Transport capacity was discretized into 15 groups
within which the model outputs were averaged. The table beneath the ANOVA results indicate
the pair-wise comparisons. The fourth column (Mean Diff) indicates the difference between the
estimated group means. The third and fifth columns (Lower95 CI and Upper95 CI) indicate the
lower and upper limits for 95% confidence intervals for the true mean difference. The sixth
column (p-value) indicates the p-value for a hypothesis test that the mean difference is zero.

Any p-values greater than 0.05 are indicated in red.
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A visualization of how patchiness metrics are determined for an example soil resource availability pattern.

Table 6. Transport Capacity and Root Biomass ANOVA
The results of the ANOVA to measure the differences in the last step root biomass between plants with different
maximum transport capacities. Transport capacity was discretized into 15 groups. The first section is the ANOVA

results and the second section contains the group comparisons.
Root Biomass

Source | SS DF MS F Prob>f

Groups | 207512447267.10 | 14 14822317661.94 7000.82 0

Error 557382765184.88 | 263261 2117224.98

Total 764895212451.96 | 263275

. Groupl Group2 Lower95 CI ~ Mean Diff | Upper95 CI p-value

1 -239.60 -190.65 -141.69 0.00
1 3 -421.76 -372.35 -322.94 0.00
1 4 -620.71 -570.94 -521.18 0.00
1 5 -820.49 -770.24 -719.98 0.00
1 6 -1002.65 -952.07 -901.48 0.00
1 7 -1229.02 -1178.36 -1127.70 0.00
1 8 -1427.04 -1376.25 -1325.46 0.00
1 9 -1647.61 -1596.64 -1545.67 0.00
1 10 -1845.13 -1794.07 -1743.01 0.00
1 11 -2064.40 -2013.06 -1961.73 0.00
1 12 -2277.85 -2226.46 -2175.08 0.00
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Table 6 continued

1 13 -2503.58 -2452.13 -2400.68 0.00
1 14 -2659.97 -2608.34 -2556.70 0.00
1 15 -2886.26 -2834.01 -2781.76 0.00
2 3 -231.80 -181.70 -131.60 0.00
2 4 -430.74 -380.30 -329.85 0.00
2 5 -630.52 -579.59 -528.66 0.00
2 6 -812.68 -761.42 -710.17 0.00
2 7 -1039.04 -987.71 -936.38 0.00
2 8 -1237.07 -1185.61 -1134.15 0.00
2 9 -1457.63 -1405.99 -1354.36 0.00
2 10 -1655.15 -1603.42 -1551.70 0.00
2 11 -1874.41 -1822.42 -1770.42 0.00
2 12 -2087.86 -2035.82 -1983.78 0.00
2 13 -2313.59 -2261.48 -2209.38 0.00
2 14 -2469.98 -2417.69 -2365.40 0.00
2 15 -2696.26 -2643.36 -2590.46 0.00
3 4 -249.48 -198.60 -147.71 0.00
3 5 -449.26 -397.89 -346.52 0.00
3 6 -631.41 -579.72 -528.03 0.00
3 7 -857.78 -806.01 -154.24 0.00
3 8 -1055.80 -1003.91 -952.01 0.00
3 9 -1276.36 -1224.29 -1172.22 0.00
3 10 -1473.88 -1421.72 -1369.56 0.00
3 11 -1693.14 -1640.72 -1588.29 0.00
3 12 -1906.59 -1854.12 -1801.64 0.00
3 13 -2132.32 -2079.78 -2027.25 0.00
3 14 -2288.71 -2235.99 -2183.27 0.00
3 15 -2514.98 -2461.66 -2408.34 0.00
4 5 -251.00 -199.29 -147.59 0.00
4 6 -433.15 -381.13 -329.10 0.00
4 7 -659.52 -607.41 -555.31 0.00
4 8 -857.54 -805.31 -753.08 0.00
4 9 -1078.10 -1025.69 -973.29 0.00
4 10 -1275.61 -1223.12 -1170.64 0.00
4 11 -1494.88 -1442.12 -1389.36 0.00
4 12 -1708.32 -1655.52 -1602.72 0.00
4 13 -1934.05 -1881.19 -1828.32 0.00
4 14 -2090.45 -2037.39 -1984.34 0.00
4 15 -2316.71 -2263.06 -2209.42 0.00
5 6 -234.33 -181.83 -129.33 0.00
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Table 6 continued

5 7 -460.70 -408.12 -355.54 0.00
5 8 -658.72 -606.02 -553.32 0.00
5 9 -879.27 -826.40 -773.53 0.00
5 10 -1076.79 -1023.83 -970.87 0.00
5 11 -1296.05 -1242.83 -1189.60 0.00
5 12 -1509.49 -1456.22 -1402.95 0.00
5 13 -1735.22 -1681.89 -1628.56 0.00
5 14 -1891.61 -1838.10 -1784.58 0.00
5 15 -2117.88 -2063.77 -2009.66 0.00
6 7 -279.18 -226.29 -173.40 0.00
6 8 -477.20 -424.18 -371.17 0.00
6 9 -697.75 -644.57 -591.38 0.00
6 10 -895.27 -842.00 -788.73 0.00
6 11 -1114.53 -1061.00 -1007.46 0.00
6 12 -1327.97 -1274.39 -1220.82 0.00
6 13 -1553.70 -1500.06 -1446.42 0.00
6 14 -1710.09 -1656.27 -1602.44 0.00
6 15 -1936.35 -1881.94 -1827.53 0.00
7 8 -250.98 -197.90 -144.81 0.00
7 9 -471.54 -418.28 -365.02 0.00
7 10 -669.05 -615.71 -562.37 0.00
7 11 -888.31 -834.71 -781.10 0.00
7 12 -1101.76 -1048.10 -994.45 0.00
7 13 -1327.48 -1273.77 -1220.06 0.00
7 14 -1483.88 -1429.98 -1376.08 0.00
7 15 -1710.13 -1655.65 -1601.17 0.00
8 9 -273.77 -220.38 -167.00 0.00
8 10 -471.28 -417.82 -364.35 0.00
8 11 -690.54 -636.81 -583.08 0.00
8 12 -903.98 -850.21 -796.44 0.00
8 13 -1129.71 -1075.88 -1022.04 0.00
8 14 -1286.10 -1232.08 -1178.06 0.00
8 15 -1512.36 -1457.75 -1403.15 0.00
9 10 -251.07 -197.43 -143.79 0.00
9 11 -470.32 -416.43 -362.53 0.00
9 12 -683.77 -629.82 -575.88 0.00
9 13 -909.50 -855.49 -801.48 0.00
9 14 -1065.89 -1011.70 -957.51 0.00
9 15 -1292.14 -1237.37 -1182.60 0.00
10 11 -272.98 -219.00 -165.01 0.00
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Table 6 continued

10 12 -486.42 -432.39 -378.37 0.00
10 13 -712.15 -658.06 -603.97 0.00
10 14 -868.54 -814.27 -760.00 0.00
10 15 -1094.79 -1039.94 -985.09 0.00
11 12 -267.69 -213.40 -159.11 0.00
11 13 -493.41 -439.06 -384.72 0.00
11 14 -649.80 -595.27 -540.74 0.00
11 15 -876.05 -820.94 -765.84 0.00
12 13 -280.06 -225.67 -171.27 0.00
12 14 -436.45 -381.87 -327.30 0.00
12 15 -662.70 -607.54 -552.39 0.00
13 14 -210.84 -156.21 -101.57 0.00
13 15 -437.09 -381.88 -326.66 0.00
14 15 -281.06 -225.67 -170.28 0.00
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Table 7. Transport Capacity and Root Network Size ANOVA
The results of the ANOVA to measure the differences in the last step root network size between plants with different
maximum transport capacities. Transport capacity was discretized into 15 groups. The first section is the ANOVA

results and the second section contains the group comparisons.
Root Network Size

Source |SS DF MS F Prob>f

Groups | 1353082632.77 14 96648759.48 3400.04 0

Error 7483390461.89 263261 28425.75

Total 8836473094.66 263275

Groupl Group2 | Lower95Cl = Mean Diff = Upper95 Cl p-value

1 2 -21.38 -15.70 -10.03 0.00
1 3 -36.81 -31.08 -25.36 0.00
1 4 -52.21 -46.44 -40.67 0.00
1 5 -69.32 -63.49 -57.67 0.00
1 6 -83.69 -77.83 -71.97 0.00
1 7 -101.34 -95.47 -89.60 0.00
1 8 -117.51 -111.63 -105.74 0.00
1 9 -131.80 -125.90 -119.99 0.00
1 10 -151.50 -145.58 -139.66 0.00
1 11 -165.10 -159.15 -153.20 0.00
1 12 -184.21 -178.25 -172.30 0.00
1 13 -203.07 -197.11 -191.15 0.00
1 14 -220.30 -214.31 -208.33 0.00
1 15 -237.23 -231.17 -225.12 0.00
2 3 -21.19 -15.38 -9.58 0.00
2 4 -36.58 -30.74 -24.89 0.00
2 5 -53.69 -47.79 -41.89 0.00
2 6 -68.06 -62.12 -56.18 0.00
2 7 -85.71 -79.76 -73.82 0.00
2 8 -101.89 -95.92 -89.96 0.00
2 9 -116.18 -110.19 -104.21 0.00
2 10 -135.87 -129.88 -123.88 0.00
2 11 -149.47 -143.45 -137.42 0.00
2 12 -168.58 -162.55 -156.52 0.00
2 13 -187.45 -181.41 -175.37 0.00
2 14 -204.67 -198.61 -192.55 0.00
2 15 -221.60 -215.47 -209.34 0.00
3 4 -21.25 -15.35 -9.46 0.00
3 5 -38.36 -32.41 -26.46 0.00
3 6 -52.73 -46.74 -40.75 0.00
3 7 -70.38 -64.38 -58.38 0.00
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Table 7 continued

3 8 -86.56 -80.54 -74.53 0.00
3 9 -100.85 -94.81 -88.78 0.00
3 10 -120.54 -114.50 -108.45 0.00
3 11 -134.14 -128.07 -121.99 0.00
3 12 -153.25 -147.17 -141.09 0.00
3 13 -172.11 -166.03 -159.94 0.00
3 14 -189.34 -183.23 -177.12 0.00
3 15 -206.26 -200.09 -193.91 0.00
4 5 -23.05 -17.05 -11.06 0.00
4 6 -37.42 -31.39 -25.36 0.00
4 7 -55.07 -49.03 -42.99 0.00
4 8 -71.24 -65.19 -59.14 0.00
4 9 -85.53 -79.46 -73.38 0.00
4 10 -105.22 -99.14 -93.06 0.00
4 11 -118.83 -112.71 -106.60 0.00
4 12 -137.93 -131.81 -125.70 0.00
4 13 -156.80 -150.67 -144.55 0.00
4 14 -174.02 -167.87 -161.73 0.00
4 15 -190.95 -184.73 -178.52 0.00
5 6 -20.42 -14.33 -8.25 0.00
5 7 -38.07 -31.97 -25.88 0.00
5 8 -54.24 -48.14 -42.03 0.00
5 9 -68.53 -62.40 -56.28 0.00
5 10 -88.22 -82.09 -75.95 0.00
5 11 -101.83 -95.66 -89.49 0.00
5 12 -120.93 -114.76 -108.59 0.00
5 13 -139.80 -133.62 -127.44 0.00
5 14 -157.02 -150.82 -144.62 0.00
5 15 -173.95 -167.68 -161.41 0.00
6 7 -23.77 -17.64 -11.51 0.00
6 8 -39.94 -33.80 -27.66 0.00
6 9 -54.23 -48.07 -41.91 0.00
6 10 -73.93 -67.75 -61.58 0.00
6 11 -87.53 -81.33 -75.12 0.00
6 12 -106.64 -100.43 -94.22 0.00
6 13 -125.50 -119.29 -113.07 0.00
6 14 -142.72 -136.49 -130.25 0.00
6 15 -159.65 -153.34 -147.04 0.00
7 8 -22.31 -16.16 -10.01 0.00
7 9 -36.60 -30.43 -24.26 0.00
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Table 7 continued

7 10 -56.29 -50.11 -43.93 0.00
7 11 -69.90 -63.68 -57.47 0.00
7 12 -89.00 -82.79 -76.57 0.00
7 13 -107.87 -101.64 -95.42 0.00
7 14 -125.09 -118.85 -112.60 0.00
7 15 -142.02 -135.70 -129.39 0.00
8 9 -20.45 -14.27 -8.08 0.00
8 10 -40.15 -33.95 -27.76 0.00
8 11 -53.75 -47.52 -41.30 0.00
8 12 -72.86 -66.63 -60.39 0.00
8 13 -91.72 -85.48 -79.25 0.00
8 14 -108.94 -102.69 -96.43 0.00
8 15 -125.87 -119.54 -113.22 0.00
9 10 -25.90 -19.68 -13.47 0.00
9 11 -39.50 -33.26 -27.01 0.00
9 12 -58.61 -52.36 -46.11 0.00
9 13 -77.47 -71.22 -64.96 0.00
9 14 -94.70 -88.42 -82.14 0.00
9 15 -111.62 -105.27 -98.93 0.00
10 11 -19.83 -13.57 -7.32 0.00
10 12 -38.93 -32.67 -26.41 0.00
10 13 -57.80 -51.53 -45.26 0.00
10 14 -75.02 -68.73 -62.44 0.00
10 15 -91.95 -85.59 -79.23 0.00
11 12 -25.39 -19.10 -12.81 0.00
11 13 -44.26 -37.96 -31.66 0.00
11 14 -61.48 -55.16 -48.84 0.00
11 15 -78.40 -72.02 -65.63 0.00
12 13 -25.16 -18.86 -12.56 0.00
12 14 -42.38 -36.06 -29.74 0.00
12 15 -59.31 -52.92 -46.53 0.00
13 14 -23.53 -17.20 -10.87 0.00
13 15 -40.46 -34.06 -27.66 0.00
14 15 -23.28 -16.86 -10.44 0.00
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Table 8. Transport Capacity and Proportion in Stage 1 ANOVA
The results of the ANOVA to measure the differences in the last step proportion of root biomass in stage 1 between
plants with different maximum transport capacities. Transport capacity was discretized into 15 groups. The first

section is the ANOVA results and the second section contains the group comparisons.
Proportion in Stage 1

Source |SS DF MS F Prob>f

Groups | 87.13 14 6.22 2267.16 0

Error 722.67 263261 0.003

Total 809.80 263275

Groupl Group2 Lower95 CI Mean Diff Upper9s ClI p-value

1 2 -0.0292 -0.0275 -0.0257 0.0000
1 3 -0.0433 -0.0415 -0.0397 0.0000
1 4 -0.0509 -0.0491 -0.0473 0.0000
1 5 -0.0561 -0.0543 -0.0524 0.0000
1 6 -0.0599 -0.0581 -0.0563 0.0000
1 7 -0.0622 -0.0603 -0.0585 0.0000
1 8 -0.0633 -0.0615 -0.0596 0.0000
1 9 -0.0647 -0.0628 -0.0610 0.0000
1 10 -0.0652 -0.0634 -0.0615 0.0000
1 11 -0.0657 -0.0638 -0.0620 0.0000
1 12 -0.0650 -0.0632 -0.0613 0.0000
1 13 -0.0641 -0.0623 -0.0604 0.0000
1 14 -0.0635 -0.0616 -0.0598 0.0000
1 15 -0.0628 -0.0610 -0.0591 0.0000
2 3 -0.0158 -0.0140 -0.0122 0.0000
2 4 -0.0235 -0.0217 -0.0198 0.0000
2 5 -0.0286 -0.0268 -0.0249 0.0000
2 6 -0.0325 -0.0306 -0.0288 0.0000
2 7 -0.0347 -0.0329 -0.0310 0.0000
2 8 -0.0358 -0.0340 -0.0321 0.0000
2 9 -0.0372 -0.0354 -0.0335 0.0000
2 10 -0.0378 -0.0359 -0.0340 0.0000
2 11 -0.0382 -0.0364 -0.0345 0.0000
2 12 -0.0376 -0.0357 -0.0338 0.0000
2 13 -0.0367 -0.0348 -0.0330 0.0000
2 14 -0.0360 -0.0341 -0.0323 0.0000
2 15 -0.0354 -0.0335 -0.0316 0.0000
3 4 -0.0095 -0.0076 -0.0058 0.0000
3 5 -0.0146 -0.0128 -0.0109 0.0000
3 6 -0.0185 -0.0166 -0.0147 0.0000
3 7 -0.0207 -0.0188 -0.0170 0.0000
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3 8 -0.0218 -0.0200 -0.0181 0.0000
3 9 -0.0232 -0.0214 -0.0195 0.0000
3 10 -0.0238 -0.0219 -0.0200 0.0000
3 11 -0.0242 -0.0224 -0.0205 0.0000
3 12 -0.0236 -0.0217 -0.0198 0.0000
3 13 -0.0227 -0.0208 -0.0189 0.0000
3 14 -0.0220 -0.0201 -0.0182 0.0000
3 15 -0.0214 -0.0195 -0.0175 0.0000
4 5 -0.0070 -0.0051 -0.0033 0.0000
4 6 -0.0108 -0.0090 -0.0071 0.0000
4 7 -0.0131 -0.0112 -0.0093 0.0000
4 8 -0.0142 -0.0123 -0.0104 0.0000
4 9 -0.0156 -0.0137 -0.0118 0.0000
4 10 -0.0161 -0.0142 -0.0123 0.0000
4 11 -0.0166 -0.0147 -0.0128 0.0000
4 12 -0.0159 -0.0140 -0.0121 0.0000
4 13 -0.0151 -0.0132 -0.0113 0.0000
4 14 -0.0144 -0.0125 -0.0106 0.0000
4 15 -0.0138 -0.0118 -0.0099 0.0000
5 6 -0.0057 -0.0038 -0.0019 0.0000
5 7 -0.0080 -0.0061 -0.0042 0.0000
5 8 -0.0091 -0.0072 -0.0053 0.0000
5 9 -0.0105 -0.0086 -0.0067 0.0000
5 10 -0.0110 -0.0091 -0.0072 0.0000
5 11 -0.0115 -0.0096 -0.0077 0.0000
5 12 -0.0108 -0.0089 -0.0070 0.0000
5 13 -0.0100 -0.0080 -0.0061 0.0000
5 14 -0.0093 -0.0074 -0.0054 0.0000
5 15 -0.0086 -0.0067 -0.0047 0.0000
6 7 -0.0042 -0.0022 -0.0003 0.0056
6 8 -0.0053 -0.0034 -0.0015 0.0000
6 9 -0.0067 -0.0048 -0.0028 0.0000
6 10 -0.0072 -0.0053 -0.0034 0.0000
6 11 -0.0077 -0.0058 -0.0038 0.0000
6 12 -0.0070 -0.0051 -0.0032 0.0000
6 13 -0.0061 -0.0042 -0.0023 0.0000
6 14 -0.0055 -0.0035 -0.0016 0.0000
6 15 -0.0048 -0.0029 -0.0009 0.0001
7 8 -0.0030 -0.0011 0.0008 0.7982
7 9 -0.0044 -0.0025 -0.0006 0.0009
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7 10 -0.0050 -0.0030 -0.0011 0.0000
7 11 -0.0054 -0.0035 -0.0016 0.0000
7 12 -0.0048 -0.0028 -0.0009 0.0001
7 13 -0.0039 -0.0020 0.0000 0.0407

8 | 1| -0.0043 -0.0024 -0.0005 0.0026

0.0004 0.0024 0.0044 0.0031

11 14 0.0003 0.0022 0.0042 0.0101
11 15 0.0009 0.0029 0.0049 0.0001
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Table 9. Transport Capacity and Proportion in Stage 5 ANOVA
The results of the ANOVA to measure the differences in the last step proportion of root biomass in stage 5 between
plants with different maximum transport capacities. Transport capacity was discretized into 15 groups. The first

section is the ANOVA results and the second section contains the group comparisons.
Proportion in Stage 5

Source |SS DF MS F Prob>f

Groups | 23.07 14 1.65 559.51 0

Error 775.21 263261 0.003

Total 798.28 263275

Groupl Group2 Lower95 CI Mean Diff Upper9s ClI p-value

1 2 0.013 0.015 0.017 0.000
1 3 0.022 0.024 0.026 0.000
1 4 0.026 0.028 0.030 0.000
1 5 0.029 0.031 0.032 0.000
1 6 0.030 0.032 0.034 0.000
1 7 0.031 0.033 0.035 0.000
1 8 0.031 0.033 0.035 0.000
1 9 0.032 0.034 0.036 0.000
1 10 0.031 0.033 0.035 0.000
1 11 0.032 0.033 0.035 0.000
1 12 0.030 0.032 0.034 0.000
1 13 0.029 0.031 0.032 0.000
1 14 0.028 0.030 0.032 0.000
1 15 0.027 0.029 0.031 0.000
2 3 0.007 0.008 0.010 0.000
2 4 0.011 0.012 0.014 0.000
2 5 0.013 0.015 0.017 0.000
2 6 0.015 0.017 0.019 0.000
2 7 0.016 0.018 0.020 0.000
2 8 0.016 0.018 0.020 0.000
2 9 0.017 0.018 0.020 0.000
2 10 0.016 0.018 0.020 0.000
2 11 0.016 0.018 0.020 0.000
2 12 0.015 0.017 0.019 0.000
2 13 0.013 0.015 0.017 0.000
2 14 0.012 0.014 0.016 0.000
2 15 0.011 0.013 0.015 0.000
3 4 0.002 0.004 0.006 0.000
3 5 0.005 0.007 0.009 0.000
3 6 0.007 0.009 0.011 0.000
3 7 0.007 0.009 0.011 0.000
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Table 9 continued

3 8 0.007 0.009 0.011 0.000
3 9 0.008 0.010 0.012 0.000
3 10 0.008 0.010 0.011 0.000
3 11 0.008 0.010 0.012 0.000
3 12 0.006 0.008 0.010 0.000
3 13 0.005 0.007 0.009 0.000
3 14 0.004 0.006 0.008 0.000
3 15 0.003 0.005 0.007 0.000
4 5 0.001 0.003 0.005 0.000
4 6 0.003 0.005 0.007 0.000
4 7 0.003 0.005 0.007 0.000
4 8 0.003 0.005 0.007 0.000
4 9 0.004 0.006 0.008 0.000
4 10 0.004 0.006 0.008 0.000
4 11 0.004 0.006 0.008 0.000
4 12 0.002 0.004 0.006 0.000
4 13 0.001 0.003 0.005 0.000
5 7 0.000 0.002 0.004 0.003
5 8 0.001 0.003 0.005 0.001
5 9 0.001 0.003 0.005 0.000
5 10 0.001 0.003 0.005 0.000
5 11 0.001 0.003 0.005 0.000

6 14 -0.005 -0.003 -0.001 0.000
6 15 -0.006 -0.004 -0.002 0.000
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Table 9 continued

7 13 -0.004 -0.002 0.000 0.003
7 14 -0.005 -0.003 -0.001 0.000
7 15 -0.006 -0.004 -0.002 0.000

8 13 -0.005 -0.003 -0.001 0.001
8 14 -0.006 -0.004 -0.002 0.000
8 15 -0.007 -0.004 -0.002 0.000

9 13 -0.005 -0.003 -0.001 0.000
9 14 -0.006 -0.004 -0.002 0.000
9 15 -0.007 -0.005 -0.003 0.000

10 13 -0.005 -0.003 -0.001 0.000
10 14 -0.006 -0.004 -0.002 0.000
10 15 -0.007 -0.005 -0.003 0.000
11 13 -0.005 -0.003 -0.001 0.000
11 14 -0.006 -0.004 -0.002 0.000
11 15 -0.007 -0.005 -0.003 0.000
12 14 -0.004 -0.002 0.000 0.008
12 15 -0.005 -0.003 -0.001 0.000
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Appendix 2: Chapter 4

SOIL MICROBIAL COMMUNITY ANOVA

The results of the following ANOVA tests were obtained using the anoval and
multcompare functions in MATLAB 2020A. Each ANOVA analysis was conducted within each
soil microbial community group though only the results of communities C, D, E are included
here. The table beneath the ANOVA results indicate the pair-wise comparisons. The fourth
column (Mean Diff) indicates the difference between the estimated group means. The third and
fifth columns (Lower95 CI and Upper95 CI) indicate the lower and upper limits for 95%
confidence intervals for the true mean difference. The sixth column (p-value) indicates the p-
value for a hypothesis test that the mean difference is zero. Any p-values greater than 0.05 are

indicated in red.
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Table 10. SMC and Proportion in Stage 1 ANOVA

The results of the ANOVA to measure the differences in the last step proportion of root biomass in stage 1 between
plants with different soil microbial communities. Only those soil microbial community groups that had significant
difference are included.

PROPORTION IN STAGE 1

Group C

Source SS DF MS F Prob>f
Groups 1.83 4 0.46 28.24 1.95e-23
Error 377.80 23884 0.02

Total 379.63 23888

Source SS DF MS F Prob>f
Groups 2.30 4 0.57 33.14 1.33e-27
Error 407.40 23530 0.02

Total 409.65 23534

Source SS DF MS F Prob>f
Groups 3.32 4 0.83 45.39 4.86e-38
Error 431.02 23573 0.02

Total 434.33 23577

Table 11. SMC Group C and Proportion in Stage 1 ANOVA

The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 1 between plants with different soil microbial communities. The soil microbial communities included here
are in group C.

Soil Microbial Group C

Groupl Group2  Lower95Cl | Mean Diff | Upper95 Cl p-value
1 2 -0.003 0.004 0.011 0.554
1 3 -0.013 -0.005 0.002 0.244
1 4 -0.026 -0.019 -0.012 0.000
1 5 -0.023 -0.015 -0.008 0.000
2 3 -0.017 -0.009 -0.002 0.003
2 4 -0.030 -0.023 -0.016 0.000
2 5 -0.027 -0.019 -0.012 0.000
3 4 -0.021 -0.014 -0.007 0.000
3 5 -0.017 -0.010 -0.003 0.001
4 5 -0.003 0.004 0.011 0.595
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Table 12. SMC Group D and Proportion in Stage 1 ANOVA
The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 1 between plants with different soil microbial communities. The soil microbial communities included here

are in group D.
0 obIa oup D
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1 2 -0.009 -0.001 0.006 0.992
1 3 -0.015 -0.008 0.000 0.033
1 4 -0.030 -0.022 -0.015 0.000
1 5 -0.030 -0.023 -0.015 0.000
2 3 -0.014 -0.007 0.001 0.106
2 4 -0.028 -0.021 -0.014 0.000
2 5 -0.029 -0.021 -0.014 0.000
3 4 -0.022 -0.014 -0.007 0.000
3 5 -0.022 -0.015 -0.007 0.000
4 5 -0.008 0.000 0.007 1.000

Table 13. SMC Group D and Proportion in Stage 1 ANOVA
The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 1 between plants with different soil microbial communities. The soil microbial communities included here

are in group E.

Soil Microbial Group E

Groupl Group2  Lower95Cl | Mean Diff | Upper95 Cl p-value
1 2 -0.005 0.003 0.010 0.897
1 3 -0.011 -0.004 0.004 0.711
1 4 -0.032 -0.024 -0.017 0.000
1 5 -0.032 -0.024 -0.016 0.000
2 3 -0.014 -0.006 0.002 0.192
2 4 -0.035 -0.027 -0.019 0.000
2 5 -0.034 -0.027 -0.019 0.000
3 4 -0.028 -0.021 -0.013 0.000
3 5 -0.028 -0.020 -0.013 0.000
4 5 -0.007 0.000 0.008 1.000
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Table 14. SMC and Proportion in Stage 5 ANOVA

The results of the ANOVA to measure the differences in the last step proportion of root biomass in stage 5 between
plants with different soil microbial communities. Only those soil microbial community groups that had significant
difference are included.

PROPORTION IN STAGE 5

Group 3

Source SS DF MS F Prob>f
Groups 1.769 4 0.44 19.03 1.21e-15
Error 543.30 23884 0.02

Total 545.07 23888

Source SS DF MS F Prob>f
Groups 2.303 4 0.58 23.71 1.35e-19
Error 571.33 23530 0.02

Total 573.63 23534

Source SS DF MS F Prob>f
Groups 3.457 4 0.86 33.89 3.01e-28
Error 601.15 23573 0.0255

Total 304.61 23577

Table 15. SMC Group C and Proportion in Stage 5 ANOVA

The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 5 between plants with different soil microbial communities. The soil microbial communities included here
are in group C.

Soil Microbial Group C

Groupl Group2  Lower95Cl | Mean Diff | Upper95 Cl p-value
1 2 -0.011 -0.002 0.006 0.951
1 3 -0.003 0.005 0.014 0.479
1 4 0.011 0.020 0.029 0.000
1 5 0.007 0.016 0.024 0.000
2 3 -0.001 0.007 0.016 0.129
2 4 0.014 0.022 0.031 0.000
2 5 0.009 0.018 0.026 0.000
3 4 0.006 0.015 0.023 0.000
3 5 0.002 0.010 0.019 0.008
4 5 -0.013 -0.004 0.004 0.622
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Table 16. SMC Group D and Proportion in Stage 5 ANOVA

The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 5 between plants with different soil microbial communities. The soil microbial communities included here
are in group D.

Soil Microbial Group D

Groupl Group2 Lower95 ClI Mean Diff Upper9s ClI p-value
1 2 -0.010 -0.001 0.008 0.999
1 3 -0.003 0.006 0.015 0.292
1 4 0.012 0.021 0.030 0.000
1 5 0.013 0.022 0.030 0.000
2 3 -0.002 0.007 0.016 0.173
2 4 0.013 0.022 0.031 0.000
2 5 0.014 0.023 0.031 0.000
3 4 0.006 0.015 0.024 0.000
3 5 0.007 0.015 0.024 0.000
4 5 -0.008 0.001 0.009 1.000

Table 17. SMC Group E and Proportion in Stage 5 ANOVA

The group comparison results of the ANOVA to measure the differences in the last step proportion of root biomass
in stage 5 between plants with different soil microbial communities. The soil microbial communities included here
are in group E.

Soil Microbial Group E

Groupl Group2  Lower95Cl | Mean Diff | Upper95 Cl p-value
1 2 -0.009 0.000 0.009 1.000
1 3 -0.004 0.005 0.014 0.523
1 4 0.017 0.026 0.035 0.000
1 5 0.017 0.026 0.035 0.000
2 3 -0.004 0.005 0.014 0.500
2 4 0.017 0.026 0.035 0.000
2 5 0.017 0.026 0.035 0.000
3 4 0.012 0.021 0.030 0.000
3 5 0.012 0.021 0.030 0.000
4 5 -0.009 -0.001 0.008 1.000
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