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Abstract
Curriculum of Monitoring and control of agricultural and forest ecosystems in the

Mediterranean environment
Department of Agricultural Sciences - XXXVII Cycle

Doctor of Philosophy in Agriculture

Quantifying the dynamics of Root Distribution and Root Reinforcement
of Forest Tree Species and their Applications in Forest Management

by Ha My NGO

Tree roots play a vital role in ecosystem services, including soil stabilization, ero-
sion control, and carbon sequestration. However, quantifying root distribution, root
reinforcement, and belowground biomass remains a major scientific challenge, given
complexity of root systems, high variability in site conditions, and lack of spatially
explicit field data. The thesis addresses these challenges by combining fieldwork data
and advanced modeling techniques to evaluate ecological role of tree roots in stabi-
lizing slopes and sequestering carbon. The work focuses on "Tasman" poplar in New
Zealand and Cryptomeria japonica in Switzerland and Japan. For poplars, fieldwork
was carried out around 4 trees and 10 pits from sparse to dense planting zones. Root
properties were assessed through laboratory and field pullout tests. Root Distribution
Model predicted well root spatial patterns, particularly in sparse zone and mature
individuals whereas overestimated roots in dense zone. Root Reinforcement Model
underestimated root force in a single tree root system but performed better in pits
in sparse zone. Poplars need at least 20 years for minimal lateral root reinforcement
at the stand scale and 30 years for e!ective shallow landslide stabilization depending
on their disposition. A single mature tree can store over 170 kg of carbon in its
roots, highlighting its significant potential for climate change mitigation. For Cryp-
tomeria japonica, coarse root distribution was consistent between Switzerland and
Japan while basal root reinforcement di!ered, with Swiss stand exhibited stronger
reinforcement in the upper soil layer while Japanese stand showed a deeper root an-
chorage. This work provides a unique and comprehensive dataset on root distribution
and reinforcement of poplar and cryptomeria. Developed models support slope sta-
bility assessments, planning of bioengineering interventions, and carbon accounting
frameworks in forestry and land management.

Keywords: Root Reinforcement; Root Distribution; Shallow Landslides; Carbon
storage; Forestry Management
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1

Chapter 1

Introduction

1.1 Background
Forest plays a vital role in providing a wide range of ecosystem services, including
soil stabilization, erosion control, biodiversity conservation, and carbon sequestra-
tion. Among these, the stabilizing e!ect of tree roots against shallow landslides and
soil erosion is especially important in mountainous and hilly regions, where rainfall-
induced mass movements frequently threaten both infrastructure and ecosystems. In
this situation, tree roots act as natural anchorages in the soil, enhancing the shear
strength of the soil by forming an interconnected network that resists mechanical
failure.

The mechanical contribution of roots to slope stability, commonly referred to as
root reinforcement, has been demonstrated in numerous experimental and modeling
studies. Root reinforcement is not only based on the type of tree species but also
a!ected by a range of external factors, including tree size, planting density, stand
structure, soil characteristics, and climate conditions. Even though several studies
have been done to understand root-soil interaction at the local scale, the spatial
quantification and upscaling of root reinforcement to the stand and catchment scale
remains a scientific challenge.

Species such as Populus deltoides × nigra "Tasman" poplar, and Cryptomeria
japonica have been recognized as valuable species for both ecological restoration and
slope stability due to their fast growth, deep rooting systems, and adaptability to
various climates. Poplars are widely planted in New Zealand for bioengineering ap-
plications, while Cryptomeria is a dominant silvicultural species in Japan and has
been introduced into European reforestation and climate adaptation programs. How-
ever, the ecosystem services provided by these species, particularly their contribution
to mechanical slope stabilization and belowground carbon storage across di!erent
site conditions, are still missing. A comprehensive dataset of root distribution and
root reinforcement, especially at spatial and stand scales, remains a major scientific
challenge due to the complex root system, site variability, and limited field data.

To address these gaps, recent advances in modeling techniques such as the Root
Distribution Model (RDM), the Root Bundle Model with Weibull survival function
(RBMw), and the Root Reinforcement Model (RRM) have been developed to simulate
the spatial patterns of root biomass and mechanical reinforcement. These models,
when supported by fieldwork and laboratory datasets, can enhance predictive capacity
for ecological engineering, bio-stabilization strategies, and climate change adaptation
planning. Moreover, with increasing global attention on climate change mitigation
and sustainable development, forests are being recognized not only for their above-
ground biomass but also for their potential to store significant amounts of carbon in
the root systems and soil.
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2 Chapter 1. Introduction

Nevertheless, quantifying belowground carbon stocks is still one of the big gaps
in global carbon assessments. Traditional methods based on destructive excavation
are labor-intensive, time-consuming, and often impractical at large scales. Thus, the
integration of Root Distribution Model with carbon estimation frameworks presents a
promising non-destructive approach to improve the accuracy of belowground biomass
and carbon stock assessments.

This doctoral thesis aims to bridge the knowledge gap by combining field data, me-
chanical testing, and spatial modeling approaches to evaluate the role of tree roots in
both slope stabilization and carbon sequestration. By examining multiple tree species
across di!erent geographical and environmental conditions, the work contributes to
a more comprehensive understanding of how forest root systems function as both
ecological engineers and carbon sinks, o!ering insights for bioengineering practices,
forest planning, and climate policy frameworks.

1.2 Research objectives
The primary objective of this thesis is to contribute to filling the knowledge gap
concerning the role of forests in mitigating shallow landslides, with a particular focus
on the spatial distribution pattern and mechanical e!ects of tree root systems. While
root reinforcement has been widely recognized as a key factor in enhancing slope
stability, comprehensive data on root distribution, mechanical root properties, and
root reinforcement capacity at the stand scale, especially under various tree densities
and soil conditions, are still missing.

This PhD work specifically addresses the quantification of the spatial dynamics
of root distribution and root reinforcement for two selected tree species (Populus del-
toides x nigra, and Cryptomeria japonica), using a combination of field measurements,
laboratory testing, and model approaches.

A further key objective of this thesis is to explore the use of the Root Distribution
Model (RDM) as a non-destructive tool to estimate root biomass and belowground
carbon storage. As global e!orts to quantify forest carbon stocks intensify, partic-
ularly in the context of climate change mitigation and carbon trading frameworks,
precise estimation of belowground carbon storage has become increasingly important.

In summary, the specific objectives of this research are:
1. To calibrate and validate models, including the Root Distribution Model

(RDM), the Root Bundle Model with Weibull survival function (RBMw), and the
Root Reinforcement Model (RRM) for predicting root distribution patterns and root
reinforcement across di!erent tree species under varying tree densities and environ-
mental factors.

2. To quantify root distribution and mechanical properties of selected forest
species through field excavations, tensile tests, and in-situ root pullout tests across
diverse environmental conditions.

3. To investigate the compatibility of the same tree species in terms of root
distribution and root reinforcement grown in di!erent geographical and environmental
contexts.

4. To assess the influence of tree size, soil depth, and stand density on root
biomass, root distribution patterns, and root reinforcement capacity.

5. To apply the Root Distribution Model for estimating root biomass and carbon
sequestration, contributing to the development of a non-destructive and accurate
method for assessing belowground carbon storage capacity.
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By achieving these objectives, this thesis aims to support the development of
practical tools and scientifically grounded models for slope stability assessments, bio-
engineering design, and carbon assessment in forest management.

1.3 Thesis structure
Chapter 1: Introduction

Objective: This chapter introduces the background, research objectives, and
overall structure of this PhD thesis to provide the reader with a clear understanding
of its scope and purpose.

Chapter 2: Literature Review
Objective: This chapter provides an overview of shallow landslides and the role

of tree root systems in slope stabilization.
Chapter 3: Quantifying Forest Contributions to Slope Stabilization
Objective: This chapter presents to the reader the models applied throughout

the thesis and describes the theoretical background, methodology, and function of
each model.

Chapter 4: Analysis of Poplar’s (Populus nigra ita.) Root Systems for
Quantifying Bio-Engineering Measures in the case study of New Zealand
Pastoral Hill Country

Objective: This chapter quantifies the spatial root distribution and root rein-
forcement of Populus nigra ita. to support the implementation of bio-engineering
measures in a case study in New Zealand.

This chapter has been published on Forests (MDPI) as: Ngo, H. M., van Zadelho!,
F. B., Gasparini, I., Plaschy, J., Flepp, G., Dorren, L., Phillips, C., Giadrossich,
F., and Schwarz, M. (2023). Analysis of Poplar’s (Populus nigra ita.) Root Sys-
tems for Quantifying Bio-Engineering Measures in New Zealand Pastoral Hill Coun-
try. Forests, 14(6), 1240. https://doi.org/10.3390/f14061240 (last accessed: 09
September 2025).

Chapter 5: Assess the compatibility of spatial root distribution and
root reinforcement of Cryptomeria Japonica D. Don between Switzerland,
China and Japan

Objective: This chapter conducts a comparative analysis of root distribution and
root reinforcement of Cryptomeria Japonica using datasets from di!erent countries.

This chapter was submitted to Ecological Engineering in December 2024 but
was declined as it was not considered appropriate for the journal’s readership. The
manuscript is currently being prepared for resubmission to another journal (status
last checked: 09 September 2025).

Chapter 6: Analysis of poplar’s (Populus nigra ita.) Root Systems for
the Assessment of Ecosystem Services in New Zealand’s Pastoral Hill
Country

Objective: This chapter evaluates the performance of the Root Distribution
Model in estimating root biomass and its associated carbon sequestration capabil-
ity, contributing to ecosystem service quantification.

This chapter is being prepared as a manuscript for submission to a peer-reviewed
journal. Status as of 09 September 2025: manuscript in preparation.

Chapter 7: Conclusion, Limitations, and Future Outlook
Objective: This chapter summarizes the main findings of the PhD research,

discusses limitations and challenges encountered with the applied models, and outlines
future research directions.
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Chapter 2

Literature Review

2.1 Shallow landslides
In recent years, landslides have become a hot topic for scientists, engineers, govern-
ments, and residents around the world. Google search quickly presents 120,000,000
results with the term landslide when searching in March 2025. For researchers, the
topic of landslides is popular due to its relation in a wide range of scientific dis-
ciplines, including sedimentology, oceanography, geomorphology, volcanology, seis-
mology, glaciology, construction engineering, soil mechanics, climate change, eustasy,
natural hazards, and petroleum exploration and production (Shanmugam and Wang,
2015).

The term "landslide" is defined variably across disciplines such as geology, engi-
neering, and related fields, reflecting the complexity and multidisciplinary nature of
landslide research. In this research, the term "landslide" denotes the downslope move-
ment of a mass of soils, natural rock, artificial fills, and organic material under the
influence of gravity, as well as the landform produced by such movement at varying
rates (mm per year to tens of m per second) that may range from a few m3 up to sev-
eral km3 on slopes with a gradient between 90 and less than one degree (Cruden and
Varnes, 1996; Hungr, Leroueil, and Picarelli, 2014). Landslides are classified primar-
ily based on the type of movement and secondarily on the type of material involved.
Movement types are categorized into five main groups: fall, topple, slide, spread, and
flow. A sixth category, known as complex slope movements, includes combinations
of two or more of these primary types. The material component is also a key fac-
tor that influences the behavior of landslides and is classified as rock or engineering
soil. The engineering soil is further divided into soil, which consists predominantly
of fine-grained particles, and debris, which is dominated by larger, coarse fragments
(Varnes, 1978).

Landslides occur on all continents and play an important role in landscape evo-
lution, particularly in mountainous regions with steep terrain. These areas are espe-
cially prone to slope instability due to a combination of triggering factors, including
(1) climate-related factors, (2) seismic activity, (3) volcanic activity, and (4) various
human actions. Crozier, 2010 identified six key climate-related factors that influence
local slope stability, which are (i) total precipitation, (ii) rainfall intensity, (iii) air
temperature, (iv) wind speed and duration, (v) changes in weather systems, and (vi)
broader meteorological variability.

Shallow landslides, often referred to as soil slips, are among the most frequent,
widespread, and hazardous forms of slope instability, particularly in steep, moun-
tainous regions subject to high-intensity rainfall. These downslope movements typ-
ically a!ect superficial soil layers (generally less than 2 meters thick) and volumes
of displaced material reaching several hundred cubic meters, with scar areas ranging
between 50 to 1000 m2 (Campbell, 1975; Moser and Hohensinn, 1983; Ellen et al.,
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1988; Crosta, 1998). Despite their relatively small soil volume, shallow landslides
pose significant hazards due to their rapid onset (velocity of more than 9 m/s), un-
predictability, frequent occurrence in large numbers during single storm events, and
potential to evolve into destructive debris flows, therefore, causing considerable dam-
ages to infrastructure, transportation networks, agriculture, and human life (Ellen
and Fleming, 1987; Ellen et al., 1988; Crosta, 1998; Campus et al., 1998; Sidle and
Ochiai, 2006; Petley, 2012; Hungr, Leroueil, and Picarelli, 2014).

The initiation of shallow landslides is primarily driven by hydrological triggers,
particularly intense or prolonged rainfalls. Shallow landslides commonly occur on
steep slopes where a thin, permeable topsoil layer overlies a less permeable subsoil or
bedrock (Sidle and Swanston, 1982). This vulnerable stratigraphic configuration cre-
ates conditions for water accumulation at the interface, raising pore water pressure,
increasing the soil’s specific weight, weakening apparent cohesion, reducing soil shear
strength, and promoting failure (Caine, 1980; Sidle and Swanston, 1982; Fredlund,
1987; Iverson, Reid, and LaHusen, 1997; Montgomery et al., 1997; Ng and Shi, 1998;
Iverson, 2000; Montrasio and Valentino, 2007; Crozier, 2010; Giannecchini, Galanti,
and D’Amato Avanzi, 2012). Land-use change (Persichillo, Bordoni, and Meisina,
2017), forest fires (Gehring et al., 2019), road construction (Arbanas and Dugonji#,
2010), and snowmelt (Arghiu$ et al., 2011; Trandafir et al., 2015; Chiarelli et al.,
2023), which fluctuate the groundwater table, can contribute to slope destabilization.
Geotechnical properties, including soil cohesion, permeability, internal friction angle,
and soil thickness, are also main factors that influence a slope’s susceptibility to fail-
ure (Wu and Sidle, 1995). Fine-grained soils, particularly those rich in silt or clay,
exhibit low permeability and rapid loss of strength when saturated, making them
especially prone to shallow landslides (Tamiru et al., 2024). In seismically active re-
gions, earthquake is another important trigger for shallow landslides. Ground shaking
can reduce soil cohesion, disrupt root structures, and induce rapid failure, especially
on saturated slopes or those with weak subsoil layers (Keefer, 2002; Malamud et al.,
2004; Sidle and Bogaard, 2016). The combination of seismic activity and heavy rain-
fall is particularly hazardous, often resulting in widespread slope failures during and
after earthquake events (Yin, Wang, and Sun, 2009).

The spatial and temporal distribution of shallow landslides is controlled by quasi-
static and dynamic variables. Quasi-static variables, such as geology, soil geotechnical
properties, elevation, slope gradient, and topographic incision, determine the spatial
susceptibility of slopes to failure. On the other hand, dynamic variables, including
soil moisture content, root strength, rainfall intensity, and human activities, control
the timing of failure (Wu and Sidle, 1995). Rainfall thresholds, defined by intensity
and duration, have been proposed to predict the occurrence of landslides, although
their application remains challenging due to the complex interactions between rainfall
and slope conditions (Caine, 1980; Guzzetti et al., 2004).

Due to the fast and unpredictable nature of shallow landslides, early warning and
hazard mitigation are particularly challenging (Campus et al., 1998; Van Westen,
Castellanos, and Kuriakose, 2008). Traditional monitoring methods are often inef-
fective due to the lack of precursory signs, which requires probabilistic and spatially
explicit approaches to hazard assessment. E!ective risk management requires in-
tegrating detailed environmental, geotechnical, hydrological, and land-use data to
forecast both the location and timing of potential failures (Van Westen, Castellanos,
and Kuriakose, 2008; Corominas et al., 2014). Given climate change projections indi-
cating an increase in the frequency and intensity of extreme rainfall events (Gariano
et al., 2017), the development of reliable predictive tools for shallow landslides and
risk mitigation has become increasingly urgent.
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Their widespread occurrence and capacity for substantial damage make hazard as-
sessment a critical component of sustainable land management, particularly in moun-
tainous regions (Nadim et al., 2006; Guzzetti et al., 2008). A comprehensive under-
standing of their triggering mechanisms, geotechnical controls, and environmental
influences is essential for improving hazard assessment and land-use planning in vul-
nerable regions. Looking forward, research priorities must address the compounding
e!ects of climate change and anthropogenic activities to enhance predictive capa-
bilities and community resilience. The development of more accurate forecasting
methods and e!ective mitigation strategies will be crucial as extreme weather events
become more frequent and human pressure on landscapes intensifies.

2.2 Role of the tree roots
Forests play a substantial role in protecting people, settlements, and resources against
a broader spectrum of natural hazards in mountain environments, including erosion,
floods, rockfalls, and avalanches (Sidle, 1985; Brang et al., 2001; Schwarz et al.,
2010a; Teich et al., 2022; Moos et al., 2023). Their role in hazard mitigation varies
with hazard type, forest structure, location relative to hazard zones (e.g., initiation,
transition, or accumulation zones), and spatial scale (tree, slope, or catchment).

Mountain forests are particularly vital where human settlements are located in
hazard-prone terrain. Without forest cover, large parts of regions such as the Alps
would be uninhabitable due to increased exposure to natural hazards. Historical
records from the Alps as early as the 13th century reflect local awareness of these
protective functions. The earliest documented references to protective forests in the
Alps date back to 1333 and 1480, highlighting their role in safeguarding settlements
located downslope (Gerbore, 1997).

Forests o!er protection against natural hazards in two broad ways: through in-
direct protection, which includes surface soil conservation and improving watershed
conditions and air quality; and through direct protection, such as protecting people,
safeguarding infrastructure, and utility corridors. Forests can provide both active
protection (e.g., stabilizing erosion or flood initiation areas) and passive protection
(e.g., bu!ering rockfalls or sediment movement). However, for dynamic processes like
landslides or avalanches, passive protection is limited, and proactive forest manage-
ment is essential.

The designation and active management of protection forests are critical to ensure
that they retain their protective functions. Protection forests, which are managed
specifically to reduce risk from natural hazards, require strategic interventions such
as selective thinning and planting of deep-rooted species. Without regeneration or
silvicultural attention, the protective function of these forests diminishes over time.
In several countries, human activities within protection forests are currently restricted
to preserve soil and water resources (Dorren et al., 2004).

2.2.1 Hydrological and Mechanical E!ects of tree roots on Slope
Stability

Historically, forests have been recognized as natural defenses against slope failures,
floods, and avalanches. The stabilizing e!ect of tree roots on slopes in mitigating
hydrogeomorphic hazards, particularly shallow landslides, is well established and op-
erates through both hydrological and mechanical mechanisms. The e!ectiveness of
forest cover in stabilizing slopes depends on its capacity to modulate subsurface water
dynamics and reinforce soil structure through root networks.
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From a hydrological perspective, suction, evapotranspiration, and infiltration
govern soil water balance and runo! at the catchment scale, whereas root reinforce-
ment serves as the key mechanical influence on slope stability at the local scale. Tree
roots influence several key processes that collectively delay or prevent the saturation
of the soil, a common trigger for shallow landslides.

- Evapotranspiration and Root Water Uptake: Tree roots regulate soil
moisture through transpiration. They can adsorb soil moisture from the surrounding
soil from distances up to three times the crown radius (Gray and Sotir, 1996). When
precipitation exceeds evapotranspiration, its impact on soil moisture depletion is neg-
ligible. However, before and during moderate rainfall events, evapotranspiration can
decrease soil moisture, allowing the soil to absorb more water. In shallow soils, even
slight reductions in soil moisture can slow down critical pore pressure accumulation.
Furthermore, root water uptake also generates matric suction, providing additional
apparent cohesion and shear strength in unsaturated zones.

- Infiltration and subsurface flows: Root decay channels and macropores serve
as preferential pathways, increasing vertical and lateral infiltration and allowing water
to drain more quickly (Vergani et al., 2016; Balzano, Tarantino, and Ridley, 2019).
However, these root pathways can also allow water to soak into the ground faster,
which may increase the risk of landslides (Vergani et al., 2017b).

From a mechanical perspective, roots enhance soil strength by binding parti-
cles, increasing tensile resistance, and intersecting potential failure planes (DR, 1987;
Dorren and Schwarz, 2016). Fine roots mobilize their tensile strength through soil-
root interaction, while coarse roots contribute frictional resistance along shear planes
(DR, 1987). The mechanical behavior of soil can be significantly altered by tree roots
through several interrelated processes:

- Soil reinforcement: Tree roots serve as natural reinforcements for soil, signif-
icantly enhancing slope stability and mitigating the risks of shallow landslides. Root
systems of plants enhance soil shear strength through both coarse and fine roots.
Following Cohen and Schwarz (2017), there are three di!erent mechanisms of root
reinforcement:

(1) Basal root reinforcement occurs when roots penetrate the soil layers and
cross potential shear planes, increasing the soil’s shear strength and anchoring unsta-
ble layers to more stable subsoils. It is considered the most e!ective mechanism when
present. However, in many cases, this reinforcement is absent because the failure
surface lies below the rooting depth.

(2) Lateral root reinforcement operates along the lateral margins of the land-
slide. The e!ectiveness of this mechanism depends on the deformation behavior of the
landslide mass. If the mass behaves as a rigid body, lateral root reinforcement may
be activated simultaneously along all edges - contributing in tension, shear, and com-
pression. In contrast, when di!erential deformation occurs, lateral root reinforcement
is progressively mobilized - initially in tension at the crown, followed by compression
at the toe as the landslide evolves. The magnitude of this reinforcement depends on
the spatial distribution of the root network.

(3) Root-induced soil sti!ening enhances the macroscopic sti!ness of the
rooted soil mass, enabling greater redistribution of stresses across the hillslope during
small deformations. This mechanism increases the e!ects of the two above-mentioned
mechanisms.

These reinforcement e!ects vary by tree species, root architecture, and soil con-
ditions.

- Buttressing e!ect: Tree roots act like natural supports, forming arch-like
structures that help resist sliding forces on slopes (Nilaweera and Nutalaya, 1999;
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Coppin, Richards, et al., 1990). The interaction between adjacent root systems con-
tributes to arching e!ects, distributing stress laterally.

- Deep anchoring: In upland terrains with shallow soils, roots can extend into
rock cracks, providing substantial anchorage and improving overall slope stability
(Hasenmueller et al., 2017; Li et al., 2007). This is especially relevant for species
with vertical taproots or extensive deep-rooting systems that can bridge weak layers
or embed in firm substrates.

- Rock weathering: Roots contribute to physical weathering by wedging into
bedrock fractures or generating new ones, often in combination with chemical weath-
ering processes (Hasenmueller et al., 2017; Pawlik, Phillips, and %amonil, 2016). Over
time, this can destabilize the rock masses but also enhance anchorage by increasing
the depth of root penetration.

Among the aforementioned processes, root reinforcement has been the most ex-
tensively studied. Root systems enhance slope stability by reinforcing soil through
mechanical interactions. Root reinforcement operates as a fiber-reinforced system
where the soil is strong in compression but weak in tension, and roots complement
this by being strong in tension but weak in compression. This complementary in-
teraction forms a composite soil–root matrix, enabling stress transfer and improved
resistance to shearing. The e!ectiveness of root reinforcement depends on several
parameters: (1) Root morphology, (2) Topography, and (3) Tree age. In the aspect
of root morphology, small roots tend to have higher tensile strength due to higher
cellulose content, while larger roots contribute more anchoring depth. Root behavior
during shearing also di!ers: fine roots tend to break in place, whereas coarse roots can
be pulled out of the soil without breaking (Ennos, 1990). Therefore, a combination of
dense fine roots in the top layer and coarse roots that penetrate deeply into potential
shear surfaces is the most e!ective configuration for slope and riverbank stabilization
(Reubens et al., 2007). In the aspect of topography, environmental conditions such
as soil moisture, soil fertility, nutrient availability, and soil mechanical properties may
alter cellulose deposition, a!ecting root tensile strength. Within the same species,
roots from convex slope areas exhibited higher tensile strength than those in concave
hollows (Hales et al., 2009). In the aspect of tree age, this factor also influences the
root reinforcement level. Dazio, Conedera, and Schwarz (2018) found that over-aging
chestnut trees had a negative influence on the root reinforcement, whereas coppiced
stands had a positive e!ect on slope stability.

The influence of vegetation is highly site-specific, influenced by factors such as
species type, root morphology, soil texture, and climate (DR, 1987; Schmidt et al.,
2001; Glade, 2003). Numerous studies have confirmed the stabilizing role of vegeta-
tion, especially forests, and have shown that land use changes such as deforestation,
agricultural expansion, forest fire, or intensive harvesting lead to a marked increase
in shallow landslide frequency due to the loss of root cohesion and alteration in hy-
drological pathways, particularly once root systems begin to decay several years after
forest removal (Ziemer, 1981; Sidle and Wu, 1999; Vergani et al., 2016; Vergani et
al., 2017a; Gehring et al., 2019). The decline in root cohesion post-harvest can last
for over a century in some forest types, reducing slope stability long after logging.
Previous research has demonstrated a strong correlation between slope failures and
timber harvesting on steep terrain, suggesting the need for further investigation into
how changes in stand density influence root reinforcement dynamics.

Trees are vulnerable to natural disturbances such as beetle outbreaks, storms, and
wildfires, as well as anthropogenic interventions including forestry production, tree
felling, fire control strips, and species replacement. Following tree death, the soil root
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reinforcement progressively declines due to the loss of mechanical strength and sti!-
ness. Root decay can increase soil porosity and facilitate water infiltration, thereby in-
tensifying weathering and potentially initiating shallow landslides (O’Loughlin, 1974;
Sidle, 1992; Johnson and Wilcock, 2002; Reubens et al., 2007; Ammann et al., 2009).
As evidenced by an event in the last decade in Tuscany, such large-scale die-o!s,
when followed by intense rainfall or rapid snowmelt, can significantly compromise
slope stability and pose serious geomorphological hazards.

The role of roots in soil reinforcement has been studied for several decades through
experiments, field campaigns, and modeling. However, the complexity and hetero-
geneity of vegetation-soil interactions, along with their rapid spatial and temporal
variability, make their e!ects di"cult to model at broader scales (Glade, 2003; Per-
sichillo, Bordoni, and Meisina, 2017). Root reinforcement can be quantified using
various approaches (Sidle and Ochiai, 2006; Giadrossich et al., 2013a): (1) laboratory
tests of tensile or cutting strength on individual roots of varying diameters; (2) labo-
ratory direct shear tests on root-soil samples; (3) in situ tests using cut boxes within
root-soil zone; (4) laboratory tests of cutting strength opposed by a roots column;
(5) uprooting tests on stumps or entire plants; (6) back-analysis of soil failures after
storm events; (7) field root pullout tests.

The scientific literature has provided a substantial amount of site-specific data,
emphasizing a wide spatial and temporal variability of root reinforcement. Modeling
approaches have evolved significantly from early e!orts in the late 1970s (Burroughs
and Thomas, 1977; Waldron, 1977; Wu, McKinnell III, and Swanston, 1979) to more
advanced methods (Cohen, Schwarz, and Or, 2011; Pollen and Simon, 2005; Schwarz,
Giadrossich, and Cohen, 2013). Most models integrate root biomechanical properties
with their density and spatial distribution, simulating root development over time
using concepts such as the pipe model theory (Shinozaki et al., 1964a; Shinozaki et al.,
1964c) and the static fractal branching at the single-tree scale (Tobin et al., 2007).
Another widely applied empirical approach relates root diameter to biomechanical
properties (Wu, McKinnell III, and Swanston, 1979). Some of these models upscale
root reinforcement to the stand scale by assuming a decreasing root density with
increasing distance from the tree stem (Schwarz, Lehmann, and Or, 2010). A widely
applied model for quantifying root reinforcement is the Root Bundle Model with
Weibull survival function (RBMw), developed by Schwarz, Giadrossich, and Cohen,
2013. This model assumes that the amount of force transmitted by roots relies on
their deformation and follows the Weibull survival function, accounting for variability
in root strength.

Forests that are specifically managed to mitigate natural hazards, such as shallow
landslides and debris flows, are classified as protection forests. These forests enhance
slope stability primarily through the mechanical reinforcement provided by tree root
systems, which function as a natural barrier against slope failure. In mountainous
regions, protection forests play a vital role in reducing geohazard risks to infrastruc-
ture, human settlements, and water resources. The extensive root networks not only
increase soil shear strength but also minimize the kinetic energy of mobilized soil and
debris, thereby mitigating the impact of downslope flows.

E!ective management of protection forests, such as selective thinning, mainte-
nance of the understory, and planting of tree species with strong root systems. These
interventions are designed to optimize the stabilizing function of the forest while pre-
serving essential ecological and hydrological services. Besides their key role in hazard
mitigation, protection forests also o!er a range of co-benefits, including carbon se-
questration, biodiversity conservation, and the provision of recreational and cultural
ecosystem services.
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Given their critical ecological and safety functions, protection forests should be
prioritized in land-use planning and hazard risk management. They also provide
co-benefits such as carbon sequestration, habitat provision, and recreational space,
which further justify their conservation and sustainable management.

In conclusion, tree roots play a critical mechanical role in stabilizing slopes. Stud-
ies in regions such as New Zealand, Alaska, and Japan have demonstrated that tree
removal leads to a decline in root reinforcement, increasing landslide susceptibility.
Forests provide a multifunctional stabilizing influence on slopes, with mechanical re-
inforcement from roots being the most critical in the context of shallow landslides.
Understanding and quantifying these e!ects are essential for incorporating vegeta-
tion into landslide hazard models and for designing e!ective nature-based solutions
for slope stabilization. Their inclusion in landslide models through well-calibrated
mechanical parameters is vital for reliable hazard assessment and the development of
e!ective bioengineering stabilization strategies.

2.2.2 Importance of tree roots for other ecosystem services
Tree roots are foundational to a wide range of ecosystem services that maintain eco-
logical integrity and support human livelihoods. They contribute to soil stabilization,
nutrient cycling, water regulation, and biodiversity support, which are essential for
sustainable land management. Beyond stabilizing slopes, tree roots play a crucial
role in supporting a wide range of ecosystem services.

1. Soil Health and Structure: Tree roots bind soil particles together, increasing
the soil’s structural integrity and resistance to erosive forces. This is particularly
critical on steep slopes, where the absence of root systems can lead to rapid soil loss,
landslides, and sedimentation in water bodies. By creating a dense network, roots
anchor soil layers, thereby reducing topsoil erosion and maintaining productive land.
Tree roots improve soil structure and porosity through root growth and decay, which
leads to better water infiltration and retention. Roots also contribute to aggregate
stability, essential for maintaining healthy soil profiles and minimizing surface erosion.

2. Water Cycle Regulation: Roots enhance water infiltration by creating path-
ways that direct surface water into the soil, replenishing aquifers, and reducing surface
runo!. This process mitigates the risks of flooding and improves water availability
during dry periods. Additionally, tree roots play a role in moderating the water table
by drawing up groundwater through capillary action, a process particularly benefi-
cial in drought-prone regions. Roots enhance infiltration of water and reduce surface
runo!, facilitate deep percolation, thereby recharging aquifers, and increase evapo-
transpiration, which can reduce peak water flows and moderate the hydrological cycle.
Forests with deep root systems also modulate groundwater levels and reduce flooding
downstream by slowing and storing precipitation. Forests not only act as a means of
anchoring surface soil and limiting erosion but also regulate water at the watershed
scale and contribute to flood control and hydrological resilience. Their roles extend
further into climate regulation, air quality enhancement, and biodiversity support.

3. Nutrient Cycling and Soil Fertility: Tree roots contribute to nutrient
cycling by facilitating the decomposition of organic matter. They release root exu-
dates that simulate microbial activity, which helps in breaking down complex organic
compounds into forms usable by plants. Additionally, deep-rooted trees access nutri-
ents from subsoil layers, bringing them to the surface and enriching the topsoil. This
enhances soil fertility, supporting both natural ecosystems and agricultural produc-
tivity.
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4. Carbon Sequestration and Climate Regulation: Tree roots sequester
carbon both in their biomass and through organic matter accumulation in the rhizo-
sphere (root zone). Their turnover contributes significantly to long-term soil carbon
storage, thus playing a role in climate regulation. Forests play a dual role in the
climate system: they mitigate climate change by sequestering carbon, yet contribute
to it when degraded or destroyed. Conversely, climate change itself can drive forest
degradation and loss, creating a feedback loop that further intensifies global warm-
ing. The Reducing Emissions from Deforestation and Forest Degradation (REDD+)
mechanism, initiated under the United Nations Framework Convention on Climate
Change (UNFCCC), represents the first global framework aimed at mitigating cli-
mate change through the forestry sector (Pistorius, 2012). Beyond e!orts to prevent
deforestation and forest degradation, REDD+ also encompasses forest conservation,
sustainable forest management, and the enhancement of forest carbon stocks in de-
veloping countries.

5. Biodiversity Support: Root support diverse microbial communities, which
play critical roles in ecosystem functioning. Fungal symbionts, such as mycorrhizae,
increase the nutrient uptake capacity of trees and improve soil health. Roots also
provide physical habitat for soil fauna like earthworms and insects, which further
contribute to soil aeration, decomposition, and nutrient recycling. Root systems con-
tribute to habitat complexity, supporting diverse microbial communities and inter-
acting with fungi and other organisms through symbioses like mycorrhizal networks,
which enhance nutrient cycling and plant health.

6. Agricultural and Livestock Benefits: In silvopastoral systems like those
in New Zealand, poplars and willows provide fodder during droughts, o!er shade
and shelter for livestock, improving animal welfare and productivity, contribute to
reduced wind erosion, and better microclimate control.

7. Landscape Aesthetics and Recreational Value: While more indirect, the
role of roots in sustaining forest health and resilience supports the broader ecosystem
functions that contribute to scenic value, tourism, and mental well-being.

Climate change and evolving land use patterns challenge the sustained e!ective-
ness of protection forests. Increases in disturbance regimes and shifts in species
composition may a!ect their protective capabilities, requiring adaptive forest man-
agement approaches to maintain resilience in the face of global change.

Carbon storage

Tree roots are integral to terrestrial carbon storage, playing a dual role in sequestering
carbon both directly in their biomass and indirectly by contributing to soil organic
matter. Roots absorb carbon dioxide through photosynthesis, storing it in their
tissues as biomass. Unlike above-ground biomass, root systems are less susceptible to
disturbances such as logging, wildfires, or storms, making them a more stable carbon
pool.

Fine roots, which have a higher turnover rate, contribute to soil organic carbon
through their decay, while larger roots store carbon over extended periods. Roots
enhance soil organic carbon levels by promoting the accumulation of stable organic
matter. Decomposing root material and root exudates contribute to the formation of
humus, a stable form of organic carbon in the soil. This process is particularly signif-
icant in temperate and boreal forests, where cold conditions slow the decomposition
of organic matter, leading to higher carbon retention in soils.

The carbon storage potential of tree roots is vital for mitigating climate change.
Forests with deep-rooted species can sequester large amounts of carbon, reducing
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atmospheric carbon dioxide levels and helping to o!set greenhouse gas emissions.
Restoration projects that focus on planting tree species with extensive root systems
can enhance carbon sequestration, especially in degraded landscapes.

To maximize the carbon sequestration benefits of tree roots, sustainable forest
management practices are essential. These include protecting old-growth forests,
implementing agroforestry systems, and encouraging reforestation with native species.
Maintaining healthy root systems in both forested and agricultural landscapes ensures
the resilience of these carbon pools against disturbances like deforestation, land-use
change, and climate-induced stressors.
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Chapter 3

Quantifying Forest
Contributions to Slope
Stabilization

3.1 Models for the Quantification of Root Distribution
and Root Reinforcement

Figure 3.1: The framework applied in this study for predicting spa-
tial variations of root distribution and root reinforcement.

Figure 3.1 exhibits the framework of models applied in this study to quantify the root
distribution and root reinforcement of di!erent tree species.

3.1.1 Root Bundle Model with Weibull survival function (RBMw)
Schwarz, Cohen, and Or, 2010 proposed a model called the Root Bundle Model
(RBM) to model primarily the lateral root reinforcement. Assuming that individual
roots behave as elastic–brittle fibers, the RBM estimates the pullout force of a root
bundle as a function of displacement under displacement-controlled loading. As dis-
placement increases, the force transmitted to each root rises, leading to progressive
failure from the weakest to the strongest roots. The displacement at which maximum
root reinforcement occurs is governed by the failure of the root diameter class that
most strongly influences the mechanical behavior of the bundle.

The Root Bundle Model (RBM) enables estimating the complete force-displacement
response of the root bundle and the total pullout work. Furthermore, it facilitates the
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analysis of the progressive mobilization of root strength along the activation length
throughout the pullout process, considering the e!ects of root-soil friction for each
root within the bundle. The comprehensive characterization of the force-displacement
behavior of root bundles under shear, tensile, and compressive loading is essential to
understand the mechanisms that trigger shallow landslides. Moreover, it enables a
more realistic representation of root mechanical e!ects in numerical models for slope
stability analysis.

RBM accounts for variability in root mechanical properties solely as a function
of diameter, assuming that roots within the same diameter class are mechanically
homogeneous and mobilize the same maximum tensile force. However, previous stud-
ies have reported significant variability in mechanical properties even within a single
diameter class. For a given diameter or narrow diameter range, di!erences in root
anatomy and geometry can lead to variation in both the force and displacement at
rupture. Factors such as root age, biochemical composition, and the environmen-
tal conditions in which roots develop can substantially influence root biomechanics
(Hales et al., 2009).

To address this variability and investigate its e!ect on the mechanical behavior
of root bundles, Schwarz, Giadrossich, and Cohen, 2013 introduced the Root Bundle
Model with Weibull survival function (RBMw), an extension of the original RBM.
Compared to RBM, RBMw incorporates a Weibull survival function to represent the
probability distribution of failure among roots of the same diameter class, thereby
allowing a more realistic simulation of progressive root breakage.

RBMw conceptualizes a root system as a collection of individual roots that act like
a bundle of fibers. Each root in the bundle contributes to the overall soil reinforcement
by resisting tensile forces when a slope is subjected to mechanical stress. The model
evaluates the strength of the root-soil composite system by integrating the properties
of individual roots, such as their tensile strength, diameter, and distribution in the
soil.

The model incorporates a Weibull survival function to describe the probability
distribution of root failure under increasing stress. The Weibull function is suitable
for this application because it captures the variability in the strength and breakage
characteristics of roots, allowing for a more realistic representation of root behavior
under stress.

The Root Bundle Model with Weibull survival function is a widely used analyti-
cal framework in geotechnical and ecological engineering to quantify the mechanical
reinforcement provided by tree roots in stabilizing soil. This model is particularly
valuable in assessing the role of vegetation in slope stability and shallow landslide
mitigation.

3.1.2 Root Distribution Model (RDM)
Root mechanical function is commonly classified based on diameter, di!erentiating
between fine and coarse roots (Santantonio, 1990; Tobin et al., 2007). Fine roots,
which are smaller than 2 mm in diameter, typically represent less than 5% of total
tree biomass. Fine roots are part of the tertiary root system and account for more
than 90% of the root system’s water and nutrient absorption. The distribution of fine
root biomass is influenced by the dynamic processes of root tip growth and death,
which occur at a relatively high turnover rate (Majdi and Andersson, 2005; Børja et
al., 2008). This turnover is modulated by local environmental conditions and seasonal
variations (Johnsen, Maier, and Kress, 2005). Pregitzer et al., 2002 characterized the
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life cycle of lateral fine roots as analogous to deciduous structures, comparable to
leaves or needles.

Coarse roots (diameter > 2 mm) constitute approximately 15–25 % of the total
tree biomass and are commonly categorized into four main classes: taproots, lateral
roots, basal roots, and adventitious roots (sinker). These roots can be further clas-
sified as primary or secondary, with secondary roots developing from primary roots
directly connected to the stem (Zobel, 2005). Coarse roots primarily serve structural
functions, and their spatial distribution tends to be less influenced by below-ground
competition. In certain cases, coarse roots of adjacent trees may form natural grafts,
thereby contributing to root network stability and resilience (Fraser, Lie!ers, and
Landhäusser, 2005).

The spatial distribution of root diameters around a tree defines typical root ar-
chitectures classified as one of three types: heart root system, plate root system, and
tap root system (Kokutse et al., 2006). It is well known that the development and
structure of root systems under natural conditions are controlled by both genetic
characteristics and external factors operating in the rooting environment (Genet et
al., 2008).

Root mass distribution around a tree is seldom symmetrical under most natural
conditions due to heterogeneities in micro-topography, soil physical properties, dis-
tribution of nutrients, soil water, below-ground competition, light interception by the
crown, soil temperature, site cultivation, prevailing wind direction, and soil move-
ment (Coutts, 1989; Nicoll and Ray, 1996; Steele et al., 1997; Chiatante et al., 2002;
Chiatante et al., 2003b; Nicoll et al., 2006; Reubens et al., 2007).

Measurements of root distribution around individual isolated trees revealed that
fine-root biomass (FRB) decreases with increasing distance from the stem (Ammer
and Wagner, 2005). The density of fine roots is assumed to be uniformly distributed in
the lateral direction under a homogeneous forest canopy (Stober, George, and Persson,
2000; Puhe, 2003). The resulting homogeneous fine root density under a stand is due
to the fact that overlapping root systems of neighboring trees may increase fine root
density up to a maximum value sustainable by below-ground resources (Brisson and
Reynolds, 1994; Casper, Schenk, and Jackson, 2003).

However, several studies reported spatial variations in fine root density (Bedeneau
and Auclair, 1989; Müller and Wagner, 2003; Yanai, Park, and Hamburg, 2006)
and total root biomass density (Genet et al., 2008), especially in tree stands where
the growth is limited by extreme climatic factors or irregular canopy cover (Puhe,
2003). The distribution and amount of root mass also depend on the season (John,
Pandey, and Tripathi, 2001). Tree density in a stand seems to be an important factor
influencing the mean fine root biomass (Puhe, 2003; Børja et al., 2008).

At the scale of a single tree root system, Roering et al., 2003 has shown a strong
correlation between tree stem diameter at breast height (DBH) and root zone e!ective
radius, defined as the maximum distance from the stem where coarse roots are found.
Typically, the lateral extent of a tree root zone is considered to be about 1 to 3 times its
crown radius (Kuiper and Coutts, 1992; Drexhage and Gruber, 1998; Casper, Schenk,
and Jackson, 2003; Gray and Barker, 2004; Johnsen, Maier, and Kress, 2005).

In addition to the lateral extent of a root zone, in some cases, the maximum
rooting depth is another important factor for root reinforcement function. Root
depth is often restricted by bedrock, porosity, moisture, soil structure, nutrients, and
by climatic conditions (Tobin et al., 2007). Docker and Hubble, 2008 presented the
results of root system architectural analysis and how the quantity of root material
varies both with depth and lateral distance from the tree stem.
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Mechanically important characteristics of root structure are branching order (Wang
et al., 2006) and branching intervals along the root. The branching order decreases
towards the origins of the root system (tree stem) as branches merge, defining branch-
ing points, with the distance between a pair of such points known as root branching
distance.

Two types of branching geometry are often distinguished: either an apex that
continues to grow straight and produces second-order lateral branches, or two terminal
apices appear and replace the former apex at the tip of the root (Dupuy et al., 2005).
While the tortuosity, the number and order of branches are important for the pullout
resistance, the branching angle has only a limited influence.

Recognizing the labor-intensive and expensive process of detailed root distribu-
tion characterization, numerous empirical correlations have been developed to esti-
mate root-related parameters using readily measurable above-ground tree traits. In
the context of mechanical reinforcement, a key objective is to quantify the spatial fre-
quency of roots across di!erent diameter classes at various positions within a forest
stand.

In this study, we applied the Root Distribution Model, developed by Schwarz et
al., 2010a. The model proposes the use of simple morphogenetic parameters, including
mean radial branching distance and root diameter "proportionality factor", to describe
root system structure. These parameters are species-dependent and may vary signif-
icantly across tree taxa. The model is designed to estimate the three-dimensional
distribution of root density across diameter classes (Figure 3.2), facilitating a more
mechanistic representation of root reinforcement potential.

Figure 3.2: Illustration of lateral root distribution at three di!erent
distances from tree stem. Cite from paper of Schwarz et al. 2010

Schwarz, Lehmann, and Or, 2010.

The starting point for modeling root distribution is information regarding fine
root distribution (<1.5 mm diameter). The distribution of root diameters associated
with primary and secondary root systems is assumed to be strongly correlated with
mean fine-root distribution and distance from the tree stem. The total number of
fine roots associated with an individual tree may be estimated from the sapwood
area, crown volume, or other tree properties (Schwarz et al., 2010a). This modeling
approach involves a static fractal-branching model (Tobin et al., 2007) based on
simple morphogenetic parameters, similar to those used by other models (Diggle,
1988; Lynch et al., 1997; Ozier-Lafontaine, Lecompte, and Sillon, 1999; Pagès et al.,
2004).
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The RDM simulates lateral root distribution only, without considering the vertical
distribution. The calibration of the RDM is particularly useful for the application
of models such as BankforNET (Gasser et al., 2019; Gasser et al., 2020; Perona
et al., 2022), and for the modeling of hydraulic bank erosion influenced by riparian
vegetation.

3.1.3 Root Reinforcement Model (RRM)
The root reinforcement was quantified as a function of tree dimensions and distance
from the tree using the Root Bundle Model with Weibull survival function (RBMw).
Based on the modeled root reinforcement values, Moos et al. (2016a) introduced a
proxy variable for the root reinforcement of the nearest tree, assuming a gamma
distribution. To quantify root reinforcement within a forest stand, the calculated
maximum lateral root reinforcement, which is the peak of the force-displacement
curve from RBMw, is correlated to the tree diameter at the breast height and the
distance from the tree stem.

To upscale lateral root reinforcement to the stand scale, the following assumptions
are applied (Schwarz, Cohen, and Or, 2012b; Dazio, Conedera, and Schwarz, 2018):

- The model does not take spatially di!erentiated root distribution along the slope
gradient around a tree stem, as well as the concurrence of neighbor trees. It assumes
that the roots are symmetrically distributed all around the tree.

- Trees are regularly distributed within the stand in a triangular lattice configu-
ration.

- The minimum lateral root reinforcement is estimated by summing the contribu-
tions from overlapping root systems of adjacent trees.

Depending on the depth of the shallow landslide, lateral root reinforcement was
computed as the cumulative sum from the soil surface to the depth of the potential
failure surface.

The basal root reinforcement at the stand scale was also calculated using a gamma
probability density function fitted to the measured vertical profile of root reinforce-
ment, with data recorded at every 0.15 m interval. This approach is similar to the
approach of Bischetti et al., 2007, who applied a gamma distribution to model the
vertical distribution of Root Area Ratio.

3.2 Root Distribution Model in Biomass Estimation
A potential application of the Root Distribution Model is to estimate root biomass,
which is a significant component of total tree biomass and hard to quantify, and
the amount of carbon sequestered in the root system without excavating destruc-
tively. Estimating root biomass is vital for several reasons: (i) Carbon sequestration:
Roots store a significant portion of terrestrial carbon, which contributes to climate
change mitigation; (ii) Soil Health and Stability: Root biomass is directly linked
to soil fertility and structural stability; (iii) Ecosystem Productivity: Root biomass
reflects below-ground resource allocation, influencing overall plant growth and ecosys-
tem functioning.

As global e!orts to mitigate climate change intensify, accurately quantifying root
carbon storage has become essential. Below-ground biomass, particularly coarse
roots, comprises a substantial and often underestimated component of total forest
carbon stocks. Unlike above-ground biomass, root-derived carbon is more stable and
less susceptible to rapid turnover or disturbance, contributing significantly to long-
term carbon sequestration in soils. As land-use strategies increasingly depend on
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forest management for carbon o!setting, precise estimation of root biomass is essen-
tial for improving the accuracy of carbon budgets, informing sustainable silvicultural
practices, and guiding ecosystem restoration e!orts.

In Chapter 6, I discussed more details about the potential of applying the Root
Distribution Model (RDM) in estimating root biomass and its capacity for sequester-
ing carbon.
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Chapter 4

Analysis of Poplar’s (Populus
nigra ita.) Root Systems for
Quantifying Bio-Engineering
Measures in the case study of
New Zealand Pastoral Hill
Country

Abstract

Populus nigra ita. is an important tree species for preventing rainfall-triggered shallow
landslides and hydraulic bank erosion in New Zealand. However, the quantification
of its spatial root distribution and reinforcement remains challenging. The objective
of this study is to calibrate and validate models for the spatial upscaling of root
distribution and root reinforcement. The data were collected in a 26-year-old “Tas-
man” poplar stand at Ballantrae Hill Country Research Station in New Zealand. We
assessed root distribution at di!erent distances from the stem of four poplar trees
and from eleven soil pits along a transect located in a sparse to densely planting
poplar stand. 124 laboratory tensile tests and 66 field pullout tests on roots with
diameters up to 0.04 m were carried out to estimate root mechanical properties. The
results show that the spatial distribution of roots can be well predicted in trenches
of individual tree root systems (R2 = 0.78), whereas it tends to overestimate root
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distribution when planting density was higher than 200 stems per hectare. The root
reinforcement is underestimated within single tree root systems (R2 = 0.64), but it
performs better for the data along the transect. In conclusion, our study provided a
unique and detailed database for quantifying root distribution and reinforcement of
poplars on a hillslope. The implementation of these models for the simulation of shal-
low landslides and hydraulic bank erosion is crucial for identifying hazardous zones
and for the prioritization of bio-engineering measures in New Zealand catchments.
Results from this study are useful in formulating a general guideline for the planning
of bio-engineering measures considering the temporal dynamics of poplar’s growth
and their e!ectiveness in sediment and erosion control.

Keywords: root reinforcement model; root distribution model; root bundle
model; shallow landslides; poplar; forestry management

4.1 Introduction
New Zealand’s pastoral hill country is a good example of how anthropogenic land use
has altered geomorphological processes. Specifically, the extension of natural forests
was reduced from about 85% prior to human habitation to 29% of land area nowadays
(McGlone, 1989; Holdaway et al., 2017). Most of the pastoral hill country is used
today for farming, grazing (mainly sheep and cows, and also deer). Within a few
decades after the first arrival of Europeans in the middle of the 19th century, the
extensive forest clearance and conversion to pasture applied by the colonists lead to
a dramatic increase of erosion (O’loughlin and Pearce, 1976; Beattie, 2003; Glade,
2003). Landslides have caused considerable loss of productive soil (Trustrum and
De Rose, 1988; Schwarz et al., 2016a), water holding capacity, movement of sediment
in streams and rivers, and decline in water quality (Rogers and Selby, 1980; Claessens
et al., 2007). Studies have documented that soil productivity recovery from shallow
landslide a!ected areas takes a long time (decades) and annual pastoral production
is less than 80% of that of areas una!ected by landslides (Lambert, Trustrum, and
Costall, 1984; Douglas, Trustrum, and Brown, 1986; Rosser and Ross, 2011).

New Zealand is a predominantly hilly and mountainous country. 69% area of the
pit country (equals ca. 18 million hectares) are steeper than 12o. This area then
divided into "hill-land" with slopes from 12-28o and "steep-land" with slopes exceed
28o. 45% of the 6.3 million hectares in the North Island is soft rock and crushed soft
rock terrain while another 23% is volcanic ash and loess-mantled terrain. The North
Island hill country is dominated by shallow landslides and mass movement erosion.
In contrast to the North Island, 56% of the 3.7 million hectares in the South Island
is situated on hard rock terrain. The South Island is dominated by surface erosion
hazards such as sheet erosion and soil slip erosion.

Before 1200 AD, around 85% of the nation was covered by forest (Blaschke,
Trustrum, and DeRose, 1992). The rest was mostly alpine regions, coasts, and wet-
lands. After 1200 AD, the Polynesians, explored New Zealand and became the first
native inhabitants of the islands. They were considered a contributor to forest removal
by introducing agricultural practices to the primordial land with cutting and burning
lowland forests on the plains, coasts or valley floors (Glade, 2003). Although such
deforestation had irreversible ecological consequences, such as changes of local flora
and fauna (McGlone, 1989), it did not generally a!ect the occurrence of landslides at
the large scale (DeRose, Trustrum, and Blaschke, 1993).
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Exotic fast-growing trees such as pines (Pinus radiata), willows (Salix spp.), and
poplars (Populus spp.) have been widely introduced on pastoral hill country because
of economic benefits including soil conservation, serve as fodder, shelter, and shade
for livestock, lower wind speed, produce carbon credits, and generate timber pro-
duction (McGregor et al., 1999 Jan 1; Parminter, Dodd, and Mackay, 2001 Jan 1;
Glade, 2003). For example, shade belts in hot weather have been declared to boost
reproductive performance and growth rates while decreasing the risk of hypothermia
and death in lambs (Gregory, 1995). Indigenous species with a slower growth rate
were not used in problematic areas (Van Kraayenoord, 1968). The most suitable and
proven tree species were poplar (Populus spp.) and willow (Salix spp.) because they
are (i) easy to reproduce vegetatively by means of cuttings, (ii) readily established
from large poles in the presence of stock, (iii) easily transported and can be planted
on steep hill country, (iv) grow quickly with 1 to 4 m per year in the first years,
(v) tolerate wet soil conditions during long periods and do not a!ect pasture growth
unless planted at narrow spacing or high density, (vi) possess an extensive and strong
root system which is able to rapidly stabilize the soil mass (Van Kraayenoord, 1968;
Wilkinson, 1999; Phillips, Marden, and Suzanne, 2014), (vii) obtain a high evapo-
transpiration rate so can remove a large amount of water from soil, (viii) obtain good
capacity to recover from mechanical damage such as soil movements or stock impacts
(Van Kraayenoord, 1968), (ix) provide shade, shelter, and quality fodder (especially
during drought periods), (x) sequester carbon (Fang, Xue, and Tang, 2007; McIvor
and Douglas, 2012), and lastly, (xi) may provide income for farmers with their timber.

In the present study, we focused on the e!ects of root distribution of Populus
deltoides x Populus nigra "Tasman" poplar on pastoral hill country in New Zealand.
"Tasman" poplar is one of the two clones of the most common poplar hybrid in New
Zealand (McIvor, 2012). "Tasman" poplar, as well as "Veronese" poplar, are hybrids
of the American (Populus deltoides) and the European (Populus nigra). However,
the former is a male clone while the latter is a female one (Sulaiman, 2006). Tas-
man poplar has a narrower crown and acquires more water compared to Veronese
poplar but is more resistant to rust. The incredible growth rate of these Populus
deltoides x P. nigra hybrids was highlighted by McIvor et al. (2008). Although some
studies have quantified the spatial distribution of roots in young trees (McIvor, 2012;
Phillips, Marden, and Suzanne, 2014; Schwarz et al., 2016a), data and modeling for
the quantification of older trees are missing. The present study aims to fulfill this
research gap. Specifically, the objectives are to quantify the spatial root distribution
and root reinforcement of 26-year-old Tasman poplars and apply analytical models
for upscaling and implementing root reinforcement in geomorphological models.

4.2 Materials and Methods
4.2.1 Site description
Data were collected at Ballantrae Hill Country Research Station (40°18’57"S, 175°50’24"E)
located in the Manawatu region, in the south of North Island (Figure 4.1). The el-
evation of the site is ca. 130 m ASL (Manaaki Whenua - Landcare Research 2019)
and the terrain is slightly northeast facing. The climate is temperate: frosty winters
and cool summers with the maximum 30oC on exceptional occasions. Details of our
study site are shown in Table 4.1.
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Table 4.1: Summary of study site characteristics (data from the
LRIS Portal)

Variables Description Variables Description

Region Hard Rock Hill
Country

Soil pH 5.5 - 7.5

Province Eastern Soft Rock Mean Erosion rate 2604 t/km2/yr
Rock type Sedimentary rocks Mean annual soil

temperature
11 - 15oC

Soil texture Silt loam Topsoil gravel
content

0 - 4 %

The site is steep to very steep developed on siltstone and banded mudstone, which
are very loose to compact, with moderate to high (more than 1200 mm) rainfall events.
Shallow landslides are the dominant erosion form and 1-10% of the area is a!ected
by earthflows. The erosion rate recorded in 2001 was ca. 2604 t/km2/yr. Soil pH
ranged from 5.5 to 7.5. Potential maximum rooting depth is moderately deep from
0.6 to 1.19 m belowground.

300 km

N

North Island

South Is
lan

d

48°S

46°S

44°S

42°S

40°S

38°S

36°S

34°S

166°E 168°E 170°E 172°E 174°E 176°E 178°E
Longitude

La
tit

ud
e

Figure 4.1: Location of the study site (presented as the red triangle)
in New Zealand.
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The poplar stand was 26 years old at the time when field measurements were
made. The poles were distributed in a radial pattern (Nelder layout) (Figure 4.2).
Tree spacing was about 3.5 m, corresponding to approx. 800 stems per hectare (sph)
in the densest zone and up to 12.9 m (ca. 60 sph) in the sparsest one. Double circular
trenches were excavated around four trees located in the sparse zone to recorded
data on root distribution and root mechanical properties (Figure 4.2). The high soil
clay content explains the low vertical permeability of the soil and the hydro-morphic
characteristics (Figure 4.3). A total of 11 soil pits were also dug to quantify the e!ect
of stand density on the root distribution of overlapping root systems.

Figure 4.2: Overview of the tree stand, being a "nelder" planting
trial. Trees from the wider spaced part of the stand were chosen to
have less overlap between the root systems of neighbouring trees and
are represented by pink dots. Transect pits are represented as red

squares.

Root counting and measurement were conducted manually from 30 September -
8 November 2019. The study was divided into two parts with di!erent objectives.
Details on the methodologies are presented in the following sections.

Figure 4.3: One of the trenches (a) before a rainfall event and (b)
with more than 0.7 m water after 3 days without rain, indicating slow

soil drainage.
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4.2.2 Root distribution measurements
Individual tree measurements

To quantify the spatial root distribution at the single tree scale, we used the method
similar to Giadrossich et al. (2020a). We selected four trees (Tree 1, 2, 3, and 4) in
the sparsest part of the stand in order to minimize the influence from neighbouring
trees, as shown in Figure 4.2, with DBH (Diameter at Breast Height) of 0.41, 0.42,
0.51, and 0.56 m, respectively. Two 360o trenches around the stem, with a width
and depth of approximately 1 m, were dug with an excavator. The distances from
the middle of the tree stem to these trenches were 1.5 m, 2.5 m, 3.5 m, and 4.5 m
. Trenches were divided into eight 45o sectors. Sectors 1 and 8 were situated uphill.
Each sector was separated into 7 depth layers [0-0.15 m], [0.15-0.30 m], [0.30-0.45
m], [0.45-0.60 m], [0.60-0.75 m], [0.75-0.90 m], and [0.90-1.05 m]. Living fine roots
belonging to the sampled tree were counted and assigned to diameter class [0.5-1.5
mm], whereas living coarse roots were classified into 1 mm diameter classes [1.5-2.5
mm], [2.5-3.5 mm], [3.5-4.5 mm], and so on. The maximum recorded root diameter
was 40 mm.

Transect measurements

To validate the upscaling of the model at the stand scale, eleven square pits were
dug in the stand along a transect between two rows of trees as shown in Figure 4.2.
Each pit had four soil faces, 1 m wide and 0.9 m deep. Roots were counted and
recorded separately for each face (1-4) of each square pit in the same manner as for
the circular trenches. All the surrounding trees’ parameters within a distance of 30
times its DBH to the pit were recorded as they possibly a!ected the presence of roots
in the pit. The transect pits are numbered from the sparsest zone (1) to the densest
zone (11) (Table 4.2). The tree density around the pits was approximately 84 stems
per hectare (sph) in the sparse zone and 770 sph in the dense zone.
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Table 4.2: Tree distribution surrounding transect’s pits. DBH refers
to tree diameters measured at breast height; dist. is the distance of

pit-tree.

Transect
pit

No of
sur-

round-
ing

trees

Mean
dist.
[m]

Min
dist.
[m]

Max
dist.
[m]

Average
DBH
[m]

DBH at
min
dist.
[m]

1 8 10.5 ±
4.0

4.6 16 0.58 0.52

2 10 11.5 ±
4.2

6.2 16.3 0.57 0.57

3 11 10.5 ±
4.7

3.2 16.8 0.54 0.55

4 12 11.0 ±
3.7

5.9 14.5 0.53 0.54

5 11 10.2 ±
3.8

4.1 15.3 0.53 0.55

6 14 10.8 ±
3.8

5.1 17.1 0.52 0.46

7 15 10.5 ±
3.8

3.5 17.1 0.51 0.46

8 14 9.9 ± 3.7 4.8 15.9 0.51 0.46
9 15 9.8 ± 3.8 3.1 15.5 0.49 0.52
10 14 8.9 ± 3.1 4.5 12.7 0.48 0.47
11 16 9.0 ± 3.7 2.7 15.9 0.47 0.47

Root Area Ratio

The cross-sectional area of roots per area of soil profile, known as the root-area-ratio
(RAR), is calculated for all trenches and transect’s pits. The RAR is defined as

RAR =
n∑

i=1

Ar,i
As

(4.1)

where Ar is root cross section area [m2] and As is soil area [m2], i is the root
diameter class, and n is the number of root diameter classes.

4.2.3 Root pullout tests
The mechanical properties of the root-soil interaction were tested by field pullout
experiments as described in previous studies (Giadrossich et al., 2017a; Vergani et
al., 2016; Vergani et al., 2017a; Vergani et al., 2017b; Dazio, Conedera, and Schwarz,
2018). Field root pullout testing is considered the most representative method to
quantify root reinforcement when using the Root Bundle Model approach (RBMw)
(Schwarz, Giadrossich, and Cohen, 2013). Trees used for the pullout tests were all in
good health and were of similar DBH (0.4 m). Selected roots were carefully excavated
to expose a su"cient length, anchored by threaded rods, and pulled towards the tree
stem by a pullout device. The pullout device consists of an aluminium frame equipped
with a steel rope winch and a crank handle. Force applied on the roots was measured
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by a load cell with a nominal maximum load capacity of 2 tons. A total of 66 pullout
tests and 124 laboratory tensile tests were performed.

4.2.4 Root distribution modeling
Root distribution is modeled using the Root Distribution Model (RDM) described
by Schwarz, Lehmann, and Or (2010). The RDM estimates the number of roots in
diameter class size i that cross a 1 m width vertical soil profile at a distance d from
an isolated tree stem with the diameter at breast height (DBH, in [m]) ϖt following
the equation:

Ni,t(d, ϖt) =





Dfr

[ln(1+ϑmax)→ln(1+ϑi)]
ln(1+ϑmax)

( ϑi
ϑ0
)ε, with d < dmax and ϖi < ϖmax

0, otherwise
(4.2)

dmax is the maximum rooting distance from the stem [m], Dfr is the density of
fine roots (smaller than 1.5 mm) per horizontal meter, ϖi is the mean root diameter
in class size i [m], ϖ0 is a reference diameter (in this paper equal to 1 mm), ϖmax is
the maximum root diameter [m], and ε is a constant exponent.

dmax(ϖt) = ωϖt (4.3)

ϖmax =
dmax → d

ϑ
(4.4)

ω is a proportionality constant, ϖt is the tree diameter at the breast height [m],
and ϑ is a dimensionless scaling coe"cient.

The density of fine roots [0.5-1.5 mm] crossing a 0.9 m depth and 1 m width
vertical soil profile at a given distance d from an isolated tree stem with DBH ϖt is
calculated as:

Dfr(d, ϖt) = [
µ(ϖ2

t
ϖ

4 )

dmax2ϱd
](

dmax → d

dmax

), with d < dmax (4.5)

where µ is the pipe coe"cient.
Model parameters µ, ε, ω, and ϑ were calibrated by minimizing the Sum of

Squares Errors (SSE) obtained as the di!erence between modeled and measured root
distribution data.

The RDM simulates lateral root distribution only, without considering the vertical
distribution. The calibration of the RDM is particularly useful for the application
of models such as BankforNET (Gasser et al., 2019; Gasser et al., 2020; Perona
et al., 2022), and for the modeling of hydraulic bank erosion influenced by riparian
vegetation.

4.2.5 Root reinforcement calculations: from single root to root sys-
tem

RBMw

The Root Bundle Model with Weibull survival function (RBMw) proposed in Schwarz,
Giadrossich, and Cohen (2013), Dazio, Conedera, and Schwarz (2018), and Murgia
et al. (2022) is used to quantify the reinforcement due to a root bundle. Root tensile
force as a function of displacement and root distribution are two essential inputs of
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the model. Applying in-situ data allows a better fit of the model calibration of the
local field conditions (Giadrossich et al., 2017a), assuming that the pullout force of a
single root is not a!ected by neighboring roots (Giadrossich et al., 2013a). A power-
law relationship is used to fit the regression curve between maximum tensile force
and root diameter:

Fmax(ϖ) = C(ϖ)F0ϖω (4.6)

Fmax is the maximum tensile force [N], ϖ is root diameter [m], F0 is a constant, and
ς is an exponential parameter. Because the fitting curve overestimates the strength
of roots with a diameter smaller than 5 mm in some cases, a cumulative normal
distribution function (Equation 4.7) with values ranging from 0 to 1 is used to improve
the model fit (Gehring et al., 2019).

C(ϖ) =
1
2 [1 + erf(

ϖ → ϖm

ϖsd

↑
2
)] (4.7)

where ϖm and ϖsd are coe"cients corresponding to the mean and standard devi-
ation of the cumulative normal distribution.

An apparent secant spring constant was calculated by the ratio of maximum root
pullout force over the displacement at root failure.

k = k0ϖ (4.8)

where k is the spring constant [N/m], ϖ is the root diameter [m], and k0 is a root
spring constant scaling factor.

In the RBMw, the survival probability of each root diameter is calculated as a
function of the normalized displacement, ∆x↑(ϖ).

∆x↑(ϖ) =
∆x

∆xfit
max(ϖ)

(4.9)

The Weibull survival function is defined as below:

S(∆x↑) = exp[→(
∆x↑

φ
)ϱ] (4.10)

where ↼ is the Weibull shape factor and φ is the Weibull scaling factor. The
parameters k0, ς, φ, and ↼ are calibrated using measured data from field pullout
tests and tensile tests, by minimizing the Sum of Squared Errors (SSE).

The total root reinforcement of a root bundle is calculated as the sum of all
tensile forces of roots in the bundle at di!erent displacements. Lateral tensile root
reinforcement is expressed in N/m, considering all the roots crossing a 1 m width
vertical soil trench.

RRbundle(∆x) =
ϑmax∑

ϑ=1
nϑF (ϖi, ∆x)S(∆x↑

ϑ) (4.11)

The lateral root reinforcement of all soil trenches in the study area is calculated
using the calibrated RBMw.

Root reinforcement at the root system scale

The maximum lateral root reinforcement RRmax, defined as the peak of the force-
displacement curve resulting from the RBMw, is used to upscale the value of root
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reinforcement from a single root to the root system scale. RRmax is calculated as
a function of the tree DBH, ϖt [m], and the distance from the tree stem, d [m].
The function for the lateral reinforcement is assumed to follow the gamma density
distribution Γ (Dazio, Conedera, and Schwarz, 2018; Gehring et al., 2019) as below:

RRmax(ϖt, d) =

{
a · ϖt · Γ( d

ϑt·18.5 ; b, c), for d < 18.5 · ϖt

0, for d ↓ 18.5 · ϖt

(4.12)

where ϖt is tree size (DBH, in [m]), d is the distance from the tree stem [m], a is
scaling factor, b is shape parameter, and c is rate parameter (Zadelho! et al., 2022).
The calibration of the parameters a, b, and c is achieved by minimizing the Sum of
Squared Errors.

From the lateral root reinforcement RRmax, it is possible to calculate the basal
reinforcement in accordance with Gehring et al. (2019) as below:

RRbasal(z) = RRmax · Γ(z; zω, zε) (4.13)

where z is the soil depth, zω and zε are calibrated coe"cients of the gamma
density function using minimizing SSE.

This model does not take spatially di!erentiated root distribution along the slope
gradient around a tree stem. It assumes that the roots are symmetrically distributed
all around the tree (Schwarz, Cohen, and Or, 2012b; Dazio, Conedera, and Schwarz,
2018).

4.2.6 Statistic analyses and models validation
RDM, RBMw, and root reinforcement models were implemented in the open-source
programming language R software. Cross-validation (Allen, 1974; Stone, 1974; Geisser,
1975; Yadav and Shukla, 2016) is used to estimate the generalization performance
and to evaluate the proposed models. Cross-validation has been widely regarded as
a standard method in model evaluation and selection (Hastie et al., 2009; Zhang and
Yang, 2015). The data is split into train/test in the percentage ratio of 80/20. This
partition has been commonly applied in various research fields for splitting data and
independent accuracy assessment because it was proved to perform better for large
datasets, avoid overfitting, achieve the best result as well as decrease computational
time (Huang, Yang, and Wang, 2003; Lyons et al., 2018; Vrigazova, 2021; Rácz, Ba-
jusz, and Héberger, 2021; Seidu et al., 2022). We then evaluated model performance
through the Sum of Squares Errors (SSE), R2, and the di!erence in normalised SSE
between training and testing datasets to examine the model stability. This operation
is repeated 30 times, changing training and testing datasets randomly, in order to
prove the convergence of the results. The formula is similar to the Mean Bias Error
(MBE) as below:

V ar =
1
n

n∑

i=1
(N_SSEtrain,i → N_SSEtest,i) (4.14)

where N_SSEtrain,i is normalised SSE of the training dataset, N_SSEtest,i is
normalised SSE of testing dataset, n is the number of assessed loops, and V ar is the
mean variance between the two datasets.
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4.3 Results
4.3.1 Root distribution measurements and modeling
Root distribution measurements of single root systems

The number of measured fine roots [0.5-1.5 mm] decreases with soil depth and also
with the increase in distances from the stem in all trenches (Figure 4.4). Considering
horizontal distribution, the greatest number of fine roots is recorded in the 1.5 m
trench in all trees.

The largest changes in fine root frequency are observed between the 1.5 m and
2.5 m trenches around all trees, whereas the number of fine roots in the three farther
distances does not change remarkably. In the first soil layer, the reduction of fine
roots between the 1.5 m and 2.5 m trench of tree 1, 2, 3, and 4 are 61%, 61%, 51%,
and 59%, respectively.
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Figure 4.4: Mean measured number of fine roots [0.5-1.5 mm] of
"Tasman" poplars in each soil depth of 1 m width at di!erent distances
1.5 m (red color), 2.5 m (green color), 3.5 m (blue color), and 4.5 m
(purple color) from stem with di!erent DBH (a) 0.41 m, (b) 0.42 m,

(c) 0.51 m, and (d) 0.56 m.

Considering the vertical root distribution, the number of fine roots is reduced
dramatically by increasing soil depth. In the first trench, the total number of fine
roots in the first soil layer is between 136 roots/m to 219 roots/m, decreasing down
to 37 roots/m to 52 roots/m in the second layer.

Tree 3 exhibits the most fine roots in the first soil layer, however, fewer fine roots
are present in deeper soil layers compared to other trees. Although the number of fine
roots of the largest tree is the least in the nearest trench, it becomes the greatest in
the farthest trench. In particular, fine roots of larger trees reaches deeper soil layers
and expands further than smaller ones.
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The amount of coarse roots has a similar pattern as fine roots, with decreasing
trend from 1.5 m to 4.5 m distances (Figure 4.5). The majority of coarse roots is in
the first 0.15 m soil layer. Tree 4 has the greatest number of coarse roots in both
horizontal and vertical directions. In the horizontal direction, the number of coarse
roots in tree 4 in the 4.5 m trench (presented as purple bars) is twice that of tree 1 and
tree 2. There are huge gaps in the number of coarse roots from the 1.5 m to the 2.5 m
trench in all trees, which reflected the pattern measured in the fine root distribution.
Given coarse root density in the 0-0.15 m soil layer, the di!erences between the 1.5
m and 2.5 m trench in tree 1, 2, 3, and 4 are recorded to be 54%, 54%, 56%, and
56%, respectively.
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Figure 4.5: Measured number of coarse roots (> 1.5 mm) of "Tas-
man" poplars in each soil depth at di!erent distances (1.5 m (red color),
2.5 m (green color), 3.5 m (blue color), and 4.5 m (purple color)) from
the stem with di!erent DBH (a) 0.41 m, (b) 0.42 m, (c) 0.51 m, and

(d) 0.56 m

Table 4.3 presents the measured partition of three root categories: fine roots,
1.5-10.5 mm roots and > 10.5 mm roots at the first two soil layers and two nearest
distances from the tree stem. Overall, fine roots comprise the greatest proportion of
the total number of roots in all trees, followed by 1.5-10.5 mm root classes and roots
> 10.5 mm.
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Table 4.3: Measured composition of root classes: fine roots, 2-10
mm root class and > 10.5 mm roots at the first two soil depths and

first two distances from the tree stem.

1.5 m distance 2.5 m distance

Tree Depth % fine
roots

%
1.5-10.5

mm
roots

% roots
> 10.5

mm

% fine
roots

%
1.5-10.5

mm
roots

% roots
> 10.5

mm

1 0-0.15 64 33 3 60 36 4
1 0.15-0.3 73 25 2 68 29 3

2 0-0.15 65 32 3 61 35 4
2 0.15-0.3 77 21 2 71 26 3

3 0-0.15 64 31 5 66 30 4
3 0.15-0.3 80 10 0.2 84 15 1

4 0-0.15 53 41 6 51 41 8
4 0.15-0.3 64 31 5 57 40 3

Root distribution modeling for single tree systems

The RDM was calibrated and validated with the collected in-situ data. Two types of
data are required to calibrate the model; (i) the distribution of fine roots in relation
to the distance from the stem, and (ii) the frequency of various diameter classes at
di!erent distances from the stem. The best-fitted parameters of the root distribution
model for "Tasman" poplar are presented in Table 4.4. R2 of two dataset were 0.78
and 0.85, suggesting the model fitted quite well with the measured data (Table 4.5).
We repeatedly fitted the parameters of the model randomizing the splitting of the
training and testing datasets with the proportion of 80/20 to evaluate the model
stability; the results are presented in sector Appendix A.

Table 4.4: Calibrated parameters of the root distribution model.

Symbol Parameter Value

µ Pipe coe"cient 97056.03
ε Empirical exponent of

coarse root density
-1.501547

ϑ Scaling coe"cient for
maximum root diameter

at a distance

0.1319465

ω Proportionality constant
for maximum root lateral

extension

16.21262
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Table 4.5: Summary table of the calibration and validation of the
root distribution model. 80% of total measured data (n = 140) was
applied to calibrate the model whereas 20% (n = 32) was used to
validate the model. SSE is the sum of square errors, and R2 is the

coe"cient of determination.

Dataset n SSE R2

Training 140 634.60 0.79
Testing 32 173.45 0.75
Trench 128 684.65 0.78

Pit 44 123.40 0.85

Figure 4.6 shows the fine root distribution of mean measured data and best-fitted
modeled data considering di!erent sizes of trees and various distances from the tree
stems. The model underestimates fine root density in the first three trenches but
well simulates it well in the farthest trench. The percentage errors between measured
and modeled fine root density in the 1.5 m trench of the smallest to the biggest trees
are 41%, 42%, 25%, and 10%. Similarly, the percentage errors between measured
and simulated fine root density in the farthest trench are 33%, 23%, 17%, and 36%.
Overall, our findings indicate that the root distribution model tends to underestimate
the number of fine roots in all trees.
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Figure 4.6: Mean measured (dots) and modeled (lines) number of
fine roots per linear meter along the trenches (number/m), from four
distances of 1.5 m, 2.5 m, 3.5 m, and 4.5 m from the four stems of
"Tasman" poplars with di!erent DBH. Tree 1 with 0.41 m DBH was
presented in green, Tree 2 with 0.42 m DBH was indicated in orange,
Tree 3 with 0.51 m DBH was exhibited in red, and Tree 4 with 0.56

m DBH was presented in blue.

The measured and modeled number of coarse roots from 1.5 to 10.5 mm diameter
classes at each distance from the stem is presented in Figure 4.7. In general, the
model tends to underestimate the abundance of coarse roots in all trenches of trees
except from tree 3.

For the 10 mm class of root diameters, the di!erences between measured and
predicted values in the 1.5 m trench from the smallest tree to the biggest tree are
correspondingly 0.05, 0.13, 0.57, and -1.44 roots/m with simulated values higher
than measured ones except from tree 4; whereas in 4.5 m trench, the variations are
-0.17, -0.19, 0.11, and -0.47 roots/m, respectively with simulated values smaller than
collected data in tree 1, 2 and 4. Therefore, the model exhibits a better estimation of
coarse roots than fine roots. Generally, root distribution simulates the root density
at each distance well with R2 = 0.78.
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Figure 4.7: Measured (red bars) and modeled (blue bars) number of
coarse roots in four poplar trees with di!erent sizes at four distances
of 1.5 m, 2.5 m, 3.5 m, and 4.5 m away from the stems. The red bars
presented measured data whereas blue bars indicated simulated data.

Root distribution modeling at the stand scale

With the aim of validating our root distribution within a stand, we compared the
simulated fine root abundance with measured data from four faces of the eleven soil
pits in the transect. According to Figure 4.8, RDM performs well in the sparse zone
in the stand (pits 1 to 5), whereas it tends to overestimate the number of fine roots
in the pits situated in the denser zone (pits 6 to 11). In soil pit 1 and 2, which
were located in the sparsest zone, the model estimates the number of fine roots with
di!erences of 0.88 and 12 fine roots/m. In contrast, in pit 11, which was located in
the densest zone, the modeled value is around 2.6 times greater than the measured
one, reaching up to 204 fine roots/m while mean measured value is just ca. 79 fine
roots/m. The percentage errors between the mean measured and modeled fine root
density in each pit from sparse to dense zone are 1%, 17%, 94%, 0.1%, 17%, 45%,
42%, 87%, 175%, 83%, and 159%.
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Figure 4.8: Comparison between measured and modelled number
of fine roots in di!erent transect pits (mean over the four soil faces).
Red dots represent collected data at four soil faces of each pit; the
green curve indicated the simulated average number of fine roots in 1

m width and 0.9 m depth of each pit.

Figure 4.9 compares the measured and modeled number of coarse roots in the
transect of soil pits. Overall, the model overestimates the number of coarse roots,
especially the 2 mm root class. The maximum and minimum variations between two
types of data of the 2 mm root diameter class are recorded up to 32 roots in pit 11 and
0.72 roots in pit 1, respectively. The percentage errors of the predicted coarse root
density compared to measured ones increase correspondingly from sparse to highly
planting zone. We used the t-test to compare the means of two datasets and observed
that the di!erence in number of roots in pit 1 between measured data (mean = 3.89)
and simulated data (mean = 3.95) was insignificant (t(58) = 0.017112; p = 0.9864).
The t-test performance on the comparison of measured and modeled root abundance
in pit 11 showed that the number of roots simulated (mean = 10.80) was higher than
measured values (mean = 4.06) but insignificant with a di!erence of (t(38) = 0.91348;
p = 0.3669). Overall, the root distribution model performs well at the stand scale
with R2 = 0.85.
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Figure 4.9: Comparison between measured and modeled number of
coarse roots in root diameter class from 2 mm to 10 mm along the
transect of soil pits in the stand (mean over the four vertical profiles

of each pit).

4.3.2 Root Area Ratio
We calculated the cross-sectional area of roots per area of a soil profile (the root-area-
ratio, RAR) at di!erent distances from the stems.

Generally, most of the RAR is concentrated in the first 0.4 m soil depth and then
decreases sharply close to 0 in all tree sizes, in accordance with the data on root
distribution (Figure 4.10).
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Figure 4.10: Correlations of measured RAR of four "Tasman" poplars
with soil depth and distances from the stems. RAR values of tree 1
(DBH = 0.41 m) is represented in green dots, values of tree 2 (DBH
= 0.42 m) is recorded in orange dots, values of tree 3 (DBH = 0.51
m) is indicated in red dots, and values of tree 4 (DBH = 0.56 m) is

exhibited in blue dots.

Results of RAR exhibit great variation with di!erent tree sizes and distances to
the stem (Figure 4.11). Generally, RAR values decrease when the distance from the
stem increases. In all single tree datasets, the maximum RAR values are recorded in
the closest trench (1.5 m) ranging from 1.048% to 0.69%. For the 1.5 m trenches, the
maximum RAR value is measured in Tree 3 with DBH of 0.51 m, and the minimum
value is recorded in Tree 1 with DBH of 0.41 m. The biggest di!erences between
measured and simulated RAR values are found to be at the first trench, especially
in tree 2 with a residual up to 0.43%. At the distance of 4.5 m, the di!erences
between the two datasets are not large with values of 0.08%, 0.05%, 0.02%, and 0.07%
corresponding to the tree sizes from smallest to largest. Overall, the root distribution
model tends to underestimate the RAR of all trees at all distances. However, the
model performs better at 3.5 and 4.5 m distance from the stems.
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Figure 4.11: Comparison between measured (red dots) and simu-
lated (blue dots) root-area-ratio (RAR) from di!erent sizes of poplar

trees at various trenches from the stems.

Along the transect of soil profiles, the biggest di!erences between collected and
simulated RAR values are observed in transect pit 3, which is similar to the results of
both fine and coarse root distribution (Figure 4.8, 4.9 and 4.12). The modeled RAR
values are greater than the measured ones, even in pits located in the sparse zone. In
contrast, the di!erence in RAR values between collected data and modeled is much
smaller compared to the di!erence in fine root density in pit 11.
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Figure 4.12: Comparison between measured (red dots) and simu-
lated (blue dots) root-area-ratio (RAR) in various faces of transect’s

pits.

4.3.3 Root reinforcement upscaling
Root bundle model

The mechanical properties of poplar’s roots were quantified using both laboratory
tensile tests (124 tests) and pullout tests (66 tests) with root diameters ranging from
1.7 mm to 40 mm. Figure 4.13 shows all 190 collected data and presents a clear
increase in maximum tensile force with increasing diameter. A shape increase in data
variability can be observed in roots from 0.005 m to 0.01 m in diameter. However,
with roots from 0.01 m and thicker, the rise appears to remain rather constant. The
fitting correction with the cumulative normal distribution function (power-law fit +
Survival curve) visibly diminishes residuals for small roots, especially roots smaller
than 0.01 m. The R2 = 0.88 suggests that the curve predicts the measured tensile
forces well.
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Figure 4.13: Maximum tensile force in relation to root diameter of
"Tasman" poplars.

Figure 4.14 shows the survival function estimated from both root tensile tests in
laboratory and pullout tests in-situ. The best-fitted Weilbull shape factor ↼ was 1.83
and the scaling factor φ was 1.53.
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Figure 4.14: Survival function for collected data from both labora-
tory tensile test and pullout test. Grey dots are measurements. The

red dashed line represents the best fit.

Table 4.6 summarizes the calibrated parameters of the root mechanical properties
required for the root reinforcement quantification with the RBMw model of "Tasman"
poplars.

Table 4.6: Calibrated parameters of the RBMw model.

Symbol Parameter Value

F0 Root force scaling factor 2.9 x 106

ς Root force shape factor 1.55
k0 Root spring constant

scaling factor
9.7 x 106

φ Weibull scaling factor 1.53
↼ Weibull shape factor 1.83

ϖm Mean of cumulative
normal distribution

0.00643

ϖsd Standard deviation of
cumulative normal

distribution

0.00365
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Root reinforcement as a function of distance and DBH

In general, lateral root reinforcement increases with increasing stem sizes and de-
creases with increasing distances from the stem. The coe"cients fitted by the mini-
mum Sum of Squared Errors in equation 4.12 are listed in tables 4.7 and 4.8. R2 of
the training and testing dataset are 0.60 and 0.69, respectively, indicating that the
model performs reasonably well. Figure 4.15 compares measured (dots) and simu-
lated (lines) lateral root reinforcement as a function of stem size (DBH) and distances
from the stem.

Table 4.7: Calibrated parameters of the root reinforcement model.

Symbol Parameter Value

a Scaling factor 41030.49
b Shape parameter 0.9892003
c Rate parameter 9.750829

Table 4.8: Summary table of the calibration and validation of the
root reinforcement model. 80% of total measured data (n = 140) was
applied to calibrate the model whereas 20% (n = 32) was used to
validate the model. SSE is the sum of square errors, and R2 is the

coe"cient of determination.

Dataset n SSE R2

Training 140 1157700 0.60
Testing 32 275801 0.69
Trench 128 1259770 0.64

Pit 44 173731 0.32

The results of the model show that a single tree with 0.6 m DBH is able to con-
tribute to soil strength with a root reinforcement up to 64 kN/m in the 1.5 m trench
and still provide up to 4.5 kN/m reinforcement at 4.5 m distance. However, a sin-
gle tree with 0.4 m DBH can reach ca. 22 kN/m at 1.5 m distance and around 0.4
kN/m at 4.5 m distance from stem. Based on figure 4.15, there seems to be insignifi-
cant influence of DBH on the root reinforcement, especially from 2.5 m distance and
upwards.
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Figure 4.15: Maximum root reinforcement as a function of the tree
DBH at four distances from the stem. Black dots represent measured
root reinforcement calculated with RBMw while the black line indi-
cates root reinforcement estimated with maximum lateral root rein-

forcement.

Figure 4.16 shows the residuals of the modeled lateral root reinforcement as a
function of distance from the tree stem and the DBH. The data shows a higher
variability of the residual near the tree stem and a decrease with increasing distance
from the stem. The variability of residuals is similar between the DBH values. The
greatest variations are up to 40 kN/m in the 1.5 m trench and 15 kN/m in the 4.5 m
trench. The proportion of the positive values of residuals is higher than the negative
ones, especially at greater distances from the tree stem. However, the mean values
of variances from the closest to the farthest trenches were 9.4, 9.4, 4.03, 4.15 kN/m
respectively, indicating a general underestimation of the model.
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Figure 4.16: Residuals of the modeled lateral root reinforcement.

Along the transect, the modeled lateral root reinforcement values tend to be in
good agreement with the measured ones. Only for the trenches with high tree density,
the model tends to overestimate (Figure 4.17). Interestingly, the highest and lowest
measured forces are in two neighbor pits in the low density part of the stand. The
highest value is in the pit 3 (by the nearest distance between 2 trees), whereas the
weakest one is in the pit 2 (by the farthest distances between 4 trees).
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Figure 4.17: Comparison of the modeled (blue dots) and measures-
based (red dots) values of root reinforcement along the transect of pits
in the poplar stand. The modeled values are calculated for the center
of the pits, whereas the measures-based values are calculated for each

of the four profiles of the pits.

Vertical distribution of root reinforcement

Most lateral root reinforcement is concentrated within the first 0.30 m of soil depth, in
both the trenches and transect pits. Equation 4.13 was calibrated with the measured
data, shown with the red points and lines in Figure 4.18. The best-fitted values of
the parameters are summarised in Tables 4.9 and 4.10 with an overall R2 value of
0.99.

Table 4.9: Calibrated parameters of the root reinforcement model.

Symbol Parameter Value

Zω Shape parameter 1.151732
Zε Rate parameter 14.98385

Calibration and validation parameters of the model for the vertical distribution
of root reinforcement (n = 172) with Zω is the shape parameter, Zε is the rate
parameter, and SSE is the sum of square errors.
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Table 4.10: Summary table of the calibration and validation of the
root reinforcement model. 80% of total measured data (n = 140) was
applied to calibrate the model whereas 20% (n = 32) was used to
validate the model. SSE is the Sum of Square Errors, and R2 is the

coe"cient of determination.

Dataset n SSE R2

Training 140 0.09 0.99
Testing 32 0.15 0.99
Trench 128 0.16 0.99

Pit 44 0.09 0.99

Within the first soil layer, the maximum root reinforcement value is measured
up to 103.72 kN/m in the 1.5 m trench of Tree 3. The mean root reinforcement in
each soil depth among the soil trenches are 17.12, 1.90, 0.80, 0.50, 0.34, and 0.30
kN/m, respectively. The strongest root reinforcement among transect pits is found
to be 16.67 kN/m located in the first soil layer of pit 3. From 0.3 m and downwards,
the basal root reinforcement decreases very rapidly. Among the second soil depths,
the maximum root force is recorded in the first trench of Tree 4 with a value of 36
kN/m and in pit 11 with a value of 3.17 kN/m. At the average depth of 0.375 m,
the strongest force is found in the first trench of the biggest tree - Tree 4 with values
of 10.48 kN/m while at the depth of 0.525 m, the maximum force is recorded in the
first trench of Tree 1 with 16.44 kN/m. From 0.6 m and downwards, the basal root
reinforcement of all soil profiles is so weak that its contribution to soil strength would
be insu"cient. Unfortunately, we could not collect data from the roots under the
stem. Vertical root distribution was recorded at 1.5, 2.5, 3.5, and 4.5 m from the
stem. However, one pit was found to have a thick root of up to 100 mm running
vertically. Such a root would have great influence on the basal root reinforcement,
explaining the big variation of root reinforcement at the soil layer 0.8 m in pit data.
According to Figure 4.18, most of the basal root reinforcement concentrates in the
first soil layers and decreases sharply following deeper layers.
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Figure 4.18: Normalised basal root reinforcement as a function of
soil depth. Blank dots represent measured data, blue triangles rep-
resent mean measured normalised root basal reinforcement, and red

dots show the modeled data.

4.4 Discussion
4.4.1 Distribution of the RAR
According to Gasser et al. (2020), the root-area-ratio is one of the key factors to
quantify root mechanical and hydrological e!ects on soil strength on hydraulic bank
erosion. In this study, the values of RAR increase with increasing DBH and decrease
with increasing soil depth and distance from the tree stem. These results are similar
to others reported in the literature (Bischetti et al., 2007; Abdi et al., 2010; Burylo,
Hudek, and Rey, 2011; McIvor and Douglas, 2012). However, the values of RAR
measured in this study are two orders of magnitude higher than the values reported
for the same stand at the age of 9 years old. The DBH reported in Douglas et
al. (2010) ranged between 0.173 and 0.192 m for tree densities of 84 and 770 sph,
respectively. The values of RAR reported in Douglas et al. (2010) ranged between
0.00001 and 0.00003% at a distance of 0.9-1.8 m. These values are surprisingly low
compared to the values reported by Zydro(, Gruchot, and Kluba (2019) for black
poplars with RAR up to 0.44% and on average 0.225% for an 8-year-old tree at 0.5
m distance, grown in Poland. The values of RAR calculated in this study at age
26 years, in the same study area as Douglas et al. (2010), reach values that ranged
between 0.02 to 1% at a distance of 1.5 m from trees with a DBH of 0.41-0.56 m (tree
density of ca. 84 sph). This huge increment in RAR within 17 years reflects the rapid
growth potential of poplar root systems.

The majority of the RAR is located in the first 0.4 m soil depth, confirming the
results of similar studies on younger stands (Douglas et al., 2010; Zydro(, Gruchot,
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and Kluba, 2019). In the specific case of the Ballantrae study area, the limitation in
the vertical distribution of roots is mostly due to the type of soil, where the hydromor-
phological characteristics of the mineral horizons indicate a clear influence of water
fluctuation. Additionally, other factors may contribute to confine the root distribu-
tion in the upper soil horizons, as discussed in Douglas et al. (2010). Nevertheless,
some roots were measured at depths greater than 0.8 m too, as confirmed in Douglas
et al. (2010) and Zydro(, Gruchot, and Kluba (2019) for younger trees.

The measured RAR values among di!erent soil faces of the transect pits suggest
that the root distribution can be greatly influenced by the distance to the nearest
tree and its DBH more than the characteristics at stand scale. Roots with diameters
ranging from 4-10 mm contribute the highest to the value of the RAR, as shown in
other studies (Abdi et al., 2010). In comparison with pit 3 situated where tree density
is lower (84 sph), pit 10 was located in an area of greater tree density (770 sph) and
has much lower RAR values. This is probably due to the distance between the nearest
tree and its DBH. This strong influence of the nearest tree is also confirmed by the
model results. As observed from Table 4.2, pit 3 was 3.2 m far from a tree of 0.55 m
DBH, whereas pit 10 was 4.5 m from a tree with a 0.47 m DBH. Moreover, pit 3 had
a higher root density than pit 7, located at a similar distance to the nearest tree, but
the tree size was smaller with 0.46 m in DBH. Similarly, pit 1 also shows a slightly
higher value in RAR compared to pit 10 due to the DBH of the nearest tree. Other
studies have shown that for the high planting density of younger trees, the influence of
the DBH on root distribution is less dominant than in older plantations (Genet et al.,
2006). Moreover, several studies have shown that measured root density distributions
are a!ected by several factors such as tree species, climate, sampling time/season, soil
type, land use management, and orientation of soil trenches (Turmanina, 1965; Gray
and Sotir, 1996; Lindström and Rune, 1999; Operstein and Frydman, 2000; Genet et
al., 2005; Al Afas et al., 2008a; Douglas et al., 2010). The di!erences in DBH values
measured within the analysed 26-year-old poplar stand are clearly correlated with
the stand density and thus with the competition for resources (light and nutrients).
The initial size of the poles used for the plantation may also have had an influence,
as discussed in Phillips, Marden, and Suzanne (2014) and Schwarz et al. (2016a). As
observed in Table 4.2, the average DBH values of all trees decrease with increasing
planting density, from 0.58 m in pit 1 to 0.47 m in pit 11. The results of the root
distribution show that considering the influence of the tree dimension using the "pipe-
theory" (Shinozaki et al., 1964b; Schwarz et al., 2010a) is an appropriate assumption
for a single tree, less influenced by the concurrence of neighboring trees (such as
in spaced planted tree conditions). However, the model seems to produce poorer
predictions in the case of densely planted trees, due to stronger competition between
neighbors. Future research needs to focus on how the influence of tree-neighbor
competition in densely spaced trees induces a lateral and vertical optimisation of the
roots occupancy, drifting the shape of the root system from a symmetrical-circular-
like shape to an irregular one, defined by the position of the neighbor trees. This
e!ect was previously discussed in Phillips, Marden, and Suzanne (2014), where root
growth in densely planted poplar tends to occupy unplanted areas.

4.4.2 Spatial and temporal distribution of the root reinforcement,
and its implication for shallow landslide stabilisation

Basal and lateral root reinforcement are the principal mechanisms that contribute
long-term to the prevention of shallow landslides (Cohen and Schwarz, 2017). The
results of this study show that basal root reinforcement is limited to the first 0.4
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m depth, with low values extending deeper than 0.8 m (mostly near the tree stem),
whereas lateral root reinforcement reaches values up to 20 kN/m at a 4.5 m distance
from single isolated trees. Within the stand, the values of lateral root reinforcement
are strongly influenced by the distance from tree stems and their dimensions, analo-
gous to the observation made for the distribution of RAR. However, the model tends
to overestimate root reinforcement for tree densities higher than 200 sph. Poplars
would not normally be planted at densities higher than this in practice. Considering
that for wide-spaced tree planting measures to control erosion, the tree density is
usually less than 200 sph, the validated model can be applied for that condition. As
discussed in Schwarz et al. (2016a), the optimum stand density for erosion control,
carbon sequestration, and pasture productivity corresponds to a tree canopy cover of
30%, which corresponds to about 70 sph for a mean DBH of 0.3 m and to about 30
sph for a mean DBH of 0.53 m. This would lead to values of lateral root reinforcement
near 0. In order to ensure su"cient root reinforcement, stem densities between 160
and 330 sph are needed, confirming the indication given in Schwarz et al. (2016a).
Based on the result of this study, this range of stand density would guarantee a lateral
root reinforcement between 1 and 16 kN/m for a mean DBH of 0.5 m in a triangular
lattice of trees, following the approach described by Flepp et al. (2021).

The vertical distribution of root reinforcement determines the amount of basal
root reinforcement. As previously discussed, the site conditions limit most of the
roots on the first 0.4 m soil depth. It is documented that basal root reinforcement is
significantly a!ected by the characteristics of the studied site and the depth of the
potential shear plane of a landslide (Mao et al., 2015; Gehring et al., 2019). However,
even a low value of basal root reinforcement at 0.5-1.0 m of perpendicular depth,
corresponding to the thickness of most shallow landslides in NZ, may have a major
contribution to slope stability. Especially considering that in correspondence with
each tree stem, sinker roots as observed by McIvor et al. (2008) act locally as anchors
transferring forces of the superficial root networks deeper in stable soil layers.

The temporal variation of root reinforcement may be mainly due to two types of
processes: one is due to the dynamic of root distribution and mechanical properties
during di!erent seasons, and the second is due to the tree growth and stand dynamic
over the years. McIvor et al. (2011) found that "Tasman" poplar has a significant
reduction in fine-root length density during the dormant season, whereas coarse root
distribution shows little change. Considering that, due to the fact that coarse roots
dominate the contribution of root reinforcement (Schwarz et al., 2016a; Giadrossich
et al., 2019), no significant seasonal changes are expected in root reinforcement where
coarse roots are present. Little is known about the seasonal changes in the mechan-
ical properties of poplar roots and more needs to be explored in future research, as
discussed in Schwarz et al. (2016a). However, the fitting of the force-root diameter
model shows a good agreement between the two di!erent datasets. A clear positive
correlation between maximum tensile force and root diameter is observed, similar
to previous findings of poplars (Watson, McIvor, and Douglas, 2015; Zydro(, Gru-
chot, and Kluba, 2019), indicating that even in di!erent growing conditions, di!erent
sampling seasons the obtained values are quite similar.

Over the years, tree root systems develop, increasing their capability to e!ectively
stabilise soil on steep slopes. McIvor et al. (2008) concluded that poplar trees, which
were situated on erosion-prone slopes, needed at least 5 years to obtain a structural
root network su"cient to stabilise soil. The poplars analysed in the Ballantrae study
site over the years (McIvor, 2012; Schwarz et al., 2016a), showed a considerable con-
stant DBH-growth rate of about 0.019 m/year (slightly influenced by stand density).
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Under this condition, a stand with a density of 100 sph (about 10 m distance be-
tween trees), would reach a minimum lateral root reinforcement in between the four
or three neighbor trees of about 1.1-1.9 kN/m only after 30 years; whereas for a stand
density of 250 sph (about 6 m distance between trees) after 30 years, the minimum
lateral root reinforcement would reach values larger than 13 kN/m. An overview of
the estimated minimum lateral root reinforcement as function of stand age is given
in Table 4.11. These results are an important basis for the formulation of guidelines
for the planning of erosion control measures using wide-spaced trees in New Zealand
pasture hill country.

Table 4.11: Calculated dynamic of lateral root reinforcement (kN/m)
for di!erent stand densities, based on the results of this study. The
results are calculated for the minimum expected value within a stand
with squared (lower values) or triangular lattice (higher values), fol-

lowing the approach described in Zadelho! et al. (2022)

Stand
Density

Distance
between

trees in a
squared
lattice

Root reinf.
10 years

Root reinf.
20 years

Root reinf.
30 years

sph m kN/m kN/m kN/m

100 10.0 0 0 - 0.1 1.1 - 1.9
150 8.2 0 0.2 - 0.3 3.8 - 5.6
200 7.1 0 0.5 - 0.9 7.9 - 10.6
250 6.3 0 1.0 - 1.7 13.0 - 16.4

Compared to other tree species, the lateral root reinforcement of "Tasman" poplar
results is greater within the first 1-2 m distance from stem than chestnut (Castanea
sativa) (Dazio, Conedera, and Schwarz, 2018) or spruce (Picea abies) (Flepp et al.,
2021). For the same tree size of 0.5 m, "Tasman" poplars had the highest root force
in the first 3.0 m and rapidly reduced to about 1 kN/m at a 5.0 m distance. Among
the three species, chestnut trees have the highest values of root reinforcement at the
largest distances from the stem (Figure 4.19).
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Figure 4.19: Compared maximum lateral root reinforcement of "Tas-
man" poplar with calibrated parameters from the present study, of
chestnut coppices from the study of Dazio, Conedera, and Schwarz

(2018), and spruce from the study of Flepp et al. (2021).

4.5 Conclusion
This study provides a unique and detailed dataset of root distribution and mechanical
properties of "Tasman" poplar growing in the pastoral hill country in New Zealand.
Moreover, numerical models for root and root reinforcement distribution have been
calibrated and validated for the first time using a combination of single tree excava-
tions and a transect along a gradient of stand densities. Additionally, 124 laboratory
tensile tests were combined with 66 in-situ pullout tests to quantify the root pullout
forces for root diameters up to 0.04 m.

The collected data extends the research from previous studies allowing for the
quantification of the temporal dynamics of root distribution and reinforcement over
26 years of tree growth, considering di!erent stem densities. In general, the high
growth rate of the young trees is also confirmed in older trees and is reflected in
the increment of root distribution and reinforcement as a function of the DBH. The
results show that at least 20 years are needed to reach a minimum value of lateral
root reinforcement at the stand scale, and at least 30 years are needed to reach root
reinforcement su"cient to stabilise most of the shallow landslides depending on their
disposition, as discussed in Schwarz et al. (2016a).

The applied root distribution model well estimates spatial root distribution in
individual poplar trees (R2 = 0.78) and within a stand with low density, whereas it
tends to overestimate the number of roots in the stand with stem densities higher
than 200 sph. We suggest improving root distribution model performance in dense
stands by adding a threshold into the model to limit overestimation.
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The lateral root reinforcement model has a trend of underestimating root force in
individual trees (R2 = 0.64), whereas it performs well along the transect in the stand
with tree stem densities lower than 200 sph. The model also predicts the vertical
distribution of root reinforcement well, which is mostly limited to the first 0.4 m of
soil depth.

The results presented in this paper allow the implementation of the temporal and
spatial distribution of root reinforcement in numerical models for the estimation of
the e!ectiveness of di!erent types of bio-engineering measures to reduce soil erosion
due to hydraulic bank erosion and shallow landslides (Gasser et al., 2020; Zadelho!
et al., 2022; Schwarz et al., 2016a). Moreover, these tools are fundamental to develop
strategies to prioritise interventions and optimise investments in green-based solutions
at large spatial scales.

Further studies are needed to extend the application of the results, knowledge,
and tools discussed in this paper for other plant species considering a wide range of
environmental conditions, including the e!ects of climate change.

4.6 Appendices
Figure 4.20 displays boxplots of normalised SSE of 30 random generated combina-
tions of training/testing datasets (80/20) for each proposed model. In Figure 4.20(a),
the di!erence in normalised SSE between training and testing datasets fluctuated
from ca. -187 to 283 N of cumulative root-force. Whereas for the testing dataset,
the variability of the normalised SSE was higher. For maximum lateral root rein-
forcement, the di!erence varied greatly from -6·102 kN/m to 4·102 kN/m; however,
the mean value of di!erences was -1.242 kN/m (Figure 4.20(b)). Lastly, the residuals
between modeled and measured values of basal root reinforcement varied from -253
N to 256 N. Nevertheless, the mean value of the residuals was just 4.7 N. The mean
normalised SSE of all models were quite close to 0, suggesting that in general, the
models converged to similar accuracy in the training as well as in the testing results.
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Figure 4.20: Normalised SSE of training dataset, testing dataset and
residuals of (a) Root distribution model, (b) Lateral root reinforcement

model, and (c) Basal root reinforcement model.
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Chapter 5

Assess the compatibility of
spatial root distribution and root
reinforcement of Cryptomeria
Japonica D. Don between
Switzerland, China and Japan

Abstract

Root reinforcement is an important factor contributing to the mitigation of risk due to
shallow landslides. Each forest species has its distinct root mechanical properties and
root distribution patterns, leading to di!erent reinforcing capacities. Japanese cedar
(Cryptomeria japonica), a species native to Japan, has been widely planted for use of
wood materials and is one of Japan’s most important silvicultural trees. It also has
been planted for climate change adaptation and biodiversity in di!erent nations, in-
cluding Switzerland. However, the ecosystem services provided by Cryptomeria forest
stands remain challenging to quantify due to the limited amount of quantitative infor-
mation. The aims of this study is to (1) quantify the spatial root distribution and me-
chanical properties of Cryptomeria roots, (2) quantify the 3-dimensional distribution
of root reinforcement, and (3) compare above-mentioned properties between datasets
from Switzerland and from Japan. We used unique dataset from China, Japan, and
Switzerland of root distribution, root pullout tests, and tensile tests to calibrate mod-
els to upscale root reinforcement at the stand scale. Our findings demonstrated that
the measured root distribution of Cryptomeria between Japan and Switzerland was
similar for coarse roots (with diameters larger than 6 mm). However, the root distri-
bution of roots with small diameters significantly di!ered between the forest stations.
This suggests that the root distribution patterns vary based on the soil properties
and climatic conditions of each study site. The relationship between root tensile force
and root diameter showed that laboratory tests with small roots (less than 10 mm in
diameter) can be combined with field pullout tests to obtain representative datasets
for the calibration of root reinforcement models. Comparing trees with the same
diameter, the maximum lateral root reinforcement in the Japanese stand was similar
to the Swiss stand (range between 0-10 kN/m), with slightly higher values in Japan
of about 2.4, 1.7, and 1.1 kN/m at the distance of 2.5, 3.5, and 4.5 m from the stem.
For common stand conditions in Japan and in Switzerland, the minimum lateral root
reinforcement ranged between 0 and 7 kN/m depending on the tree dimension (DBH)
and stand density. Basal root reinforcement was distributed di!erently between Swiss
and Japanese study sites. In Swiss sites, highest reinforcement values were found in
the topsoil layer, while in Japanese sites, they were concentrated at greater depths
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Chapter 5. Assess the compatibility of spatial root distribution and root

reinforcement of Cryptomeria Japonica D. Don between Switzerland, China and
Japan

(between 0.15 and 0.45 m). For practical applications, our calibrated models can
provide reliable estimates of root distribution and reinforcement at the stand scale,
aiding in slope stability assessments.

Keywords: Root Reinforcement; Root Distribution; Cryptomeria japonica D.
Don; Shallow Landslides; Forestry Management

5.1 Introduction
Vegetation has been demonstrated to play a substantial role in mitigating the risks
of natural hazards in mountainous areas including landslides (Schwarz et al., 2010b),
floods (Sakals et al., 2006), avalanches (Berger et al., 2013), debris flows (Sakals et al.,
2006), and rockfalls (Dorren et al., 2007) by enhancing soil structure (Jastrow, Miller,
and Lussenhop, 1998; Fattet et al., 2011), improving hydraulic conductivity (Stokes
et al., 2014), and increasing soil strength through root systems (Gyssels et al., 2005).
Root distribution patterns and root mechanical properties are considered the most
important factors influencing the root reinforcement capacity (Wu, 1976; Wu, 2007;
Marzini et al., 2023). For example, the maximum tensile force of the European Beech
(Fagus sylvatica L.) (Gehring et al., 2019) di!ers from that of Norway Spruce (Picea
abies L. H: Karst) (Vergani et al., 2017c), significantly influencing root reinforcement
capabilities.

The selection of tree species for slope stabilization is normally based on qualitative
evaluations such as previous experiences regarding habitat adaptation, availability,
commercial availability, and above-ground characteristics, rather than the mechanical
e!ects of roots (Watson and Marden, 2005). The contribution of root reinforcement
to slope stability can be described through three distinct mechanisms (as shown in
the Figure 5.1): (1) Basal root reinforcement: roots intersect the shear surface of
the shallow landslides (the most e!ective), (2) Lateral root reinforcement: acts along
the edges of shallow landslides during various triggering phases, and (3) Soil mass
sti!ness: roots enhance the apparent sti!ness of the rooted soil mass (Cohen and
Schwarz, 2017). Basal root reinforcement is most e"cient when the shear plane of
the shallow landslides is located within the rooting zones, normally at depths of less
than 1 m in temperate regions, and potentially extending several meters deeper in
tropical regions (Kim et al., 2017). On the other hand, lateral root reinforcement
involves both root tension and compression within the unstable soil mass at its edges
(Figure 5.1(c)). Previous studies have revealed that lateral root reinforcement is only
e!ective in small shallow landslides with surface areas less than 1000 m2, although
this varies with slope angle and soil mechanical properties (Schwarz et al., 2010b).
While there are several studies on the root properties of Cryptomeria japonica, there
is still insu"cient data to quantify the root reinforcement at the stand scale. This lack
of information limits its practical application in decision support for the management
of protective forests.
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(a) Basal root reinforcement

(b) Stiffening of the soil mass

(c) Lateral root reinforcement

Tension

Compression

Figure 5.1: Three mechanisms of root reinforcement: (a) Basal root
reinforcement, (b) Soil mass sti!ness, and (c) Lateral root reinforce-
ment. The solid black line indicates the shear surface of a shallow

landslide (Modified from Giadrossich et al. (2013b)).

Cryptomeria japonica (Thunb. ex L.f.) D. Don, commonly known as Japanese
cedar or Sugi, is a forest tree species extensively native to Japan and China, but it
is also world-wide distributed. This species is one of the most important forest trees
in Japan, both culturally and economically, constituting 44% of the country’s man-
made forests (Takahara et al., 2023). Cryptomeria is a monotypic genus, including
only one species with two varieties: japonica and sinensis, the latter of which is
native to China (Lima et al., 2021). It is a key species in ecological restoration in
Southwestern China. According to Orwa (2009), Japanese cedar is a large evergreen
conifer, typically reaching heights of 35-60 m and obtaining a bole diameter of 1-3 m at
maturity. This species is both wind-tolerant and shade-tolerant, with frost resistance,
and is commonly found in high-rainfall mountainous zones. C. japonica grows in
free-draining, deep, rich, moist alluvial soils and prefers warm, sunny conditions.
It is intolerant of poor nutrient soils and cold, dry environments. Japanese cedar
has distinct characteristics such as reddish-brown bark, fibrous with vertical strips
in its bark, needle-like leaves, light wood density, rapid growth, and susceptibility
to drought due to higher photosynthetic and transpiration rates compared to other
conifers (Kenzo et al., 2021; Lima et al., 2021).

The objectives of this study are to quantify the three-dimensional spatial root
distribution and root mechanical properties of C. japonica, upscale the root reinforce-
ment of C. japonica at the stand scale, and compare the root distribution patterns
and root reinforcement capacities of this species across di!erent regions. The detailed
hypotheses of the study are explained below:
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(1) Our first hypothesis is that the root system of C. japonica is similar between
Japan and Switzerland in terms of spatial distribution and dimensions. This similarity
could allow future studies to utilize existing root distribution data from previous
research, thereby reducing the need for laborious and destructive field measurements.

(2) Various techniques have been performed to measure the mechanical character-
istics of roots, including laboratory tensile tests and field pullout tests (Giadrossich
et al., 2017b). Our second hypothesis is that there is no significant di!erence in the
maximum breaking force for small root diameter ranges between the two measure-
ment methods, allowing them to complement each other in creating a comprehensive
database.

(3) Our third hypothesis is that the spatial distribution of root reinforcement of
C. japonica trees of equal dimensions is similar between Japanese and Swiss forest
stands.

5.2 Materials and Methods
The spatial root distribution pattern of Japanese cedar is estimated using the Root
Distribution Model (RDM) (Schwarz, Cohen, and Or, 2012a), whereas the spatial root
reinforcement is calculated using the Root Bundle Model with the Weibull survival
function (RBMw) (Schwarz, Giadrossich, and Cohen, 2013) and the Root Reinforce-
ment Model (RRM) (Moos et al., 2016b). The general framework of this study is
illustrated in Figure 5.2.

Figure 5.2: General framework of the present study.

The root distribution data utilized in this study was collected from three di!erent
sites: one site at HAFL Forest in Switzerland and two sites in Japan: (i) Kamikawa
and (ii) Kobe (Yamase et al., 2018). Detailed information on each study site, including
the methodologies and models used to assess the root distribution pattern of C.
japonica, is presented in Table 5.1, and in Sections 2.1, 2.3 and 2.5.

Measured root distribution and root tensile force were used to calibrate the
RBMw, which calculated the force-displacement curve and scaled up to spatial root
reinforcement at the root system level using the RRM. Further details on root rein-
forcement are described in Sections 2.2, 2.4 and 2.5.
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Site Location
MAP

(mm)

MAT

(°C)

Soil con-

dition

Stand

density

Age

(years)
Paper

HAFL,

Switzer-

land (CH)

47°0’N,

7°28’E,

594m

1137 9.2

Acidified

Cam-

bisol

125

trees/ha
50 This study

Kamikawa,

Japan (K1)

35°8’N,

134°4’E,

889m

1740 9.7 Andisol
723-1625

trees/ha
49

Yamase et

al., 2019

Kobe,

Japan

34°4’N,

135°1’E,

430m

1216 16.7 Cambisol
900

trees/ha
43

Yamase et

al., 2018

Table 5.1: Summarized information on three fieldwork sites where
the root distribution pattern of Cryptomeria japonica was measured.

5.2.1 Root distribution
Root distribution data were collected from HAFL Forest in Switzerland (CH), Kamikawa
in Japan (K1), and Kobe in Japan. The methodologies were similar across all three
locations: soil profiles were excavated, divided into 1 m wide sectors, and roots were
counted. In HAFL Forest and Kamikawa, soil profiles were dug manually, recording
all roots with diameters. In contrast, the fieldwork in Kobe utilized an air spade and
focused only on coarse roots with diameters of 5 mm and above. A summary of the
root distribution measurements is presented in Table 5.1.

Figure 5.3 shows the combination of fieldwork photos from the di!erent sites: (a)
and (b) show two candidate trees at HAFL Forest, (c) illustrates 2 m wide survey
lines in Kamikawa, and (d) captures root system excavation in Kobe.
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Figure 5.3: Trenches of two candidate trees: (a) Tree S1 and (b) Tree
S2 at four distances (1.5, 2.5, 3.5, and 4.5 m from the stem) in HAFL
Forest in Switzerland; (c) 2 m wide survey lines at the Kamikawa site;
and (d) Tree excavation at the Kobe site, showing root counting at

distances from 0.5 to 2.0 m from the stem.

Collected data from HAFL Forest in Switzerland

The root distribution of Japanese cedar was measured from two trees at HAFL Forest,
behind the School of Agricultural, Forest and Food Sciences (BFH-HAFL), and named
as Tree S1 and Tree S2. Both trees have the same diameter at breast height (DBH)
of 0.355 m and are approximately 50 years old. The main criteria for selecting these
candidate trees were: (i) isolated distance from neighboring trees to avoid overlap of
root systems, (ii) absence of evident pathogens, and (iii) similar slope steepness and
soil conditions between the two trees.

Four trenches were dug at distances of 1.5, 2.5, 3.5, and 4.5 m from each stem
(Figure 5.3(a) and (b)). Roots were counted separately in each soil layer: [0-0.15
m], [0.15-0.30 m], [0.30-0.45 m], [0.45-0.60 m], and [0.60-0.75 m], and classified into
diameter classes at 1 mm intervals starting from 0.5 mm: 1 mm [0.5-1.5 mm], 2 mm
[1.5-2.5 mm], 3 mm [2.5-3.5 mm], and so on. In this study, fine roots are defined
as roots with a diameter in the range of 0.5 to 1.5 mm, referred to as 1 mm root
diameter class. For Tree S2, we were able to reach a depth of 0.75 m in the soil
profile; however, for Tree S1, large rocks were present at a depth of 0.60 m. The soil
type was identified as acidified Cambisol (WRB) (mean pH = 3.6) with increased clay
content (24%) between 0.50 and 1 m depth, compared to the upper horizons, which
contained 14-20% clay. The density of C. japonica trees in the area was approximately
125 trees per hectare.
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The trenches covered a length corresponding to approximately 180° around the
tree stems. In the first trench at a distance of 1.5 m from the stem, we measured
root distribution across five 1 m width soil profiles. At greater distances of 2.5, 3.5,
and 4.5 m from the stem, the number of measured 1 m width profiles increased to
6, 9, and 9 profiles, respectively. This excavation methodology has been applied in
previous studies of various species such as Pinus radiata (Giadrossich et al., 2020b)
and "Tasman" poplar (Ngo et al., 2023). In this study, "CH" refers to the samples
collected from HAFL Forest in Switzerland.

Collected data from Kamikawa in Japan

A 49-year-old Japanese cedar forest, planted in 1963 in the Mineyama Highlands,
Kamikawa, Hyogo, Japan (35°8’N, 134°4’E, 889 m a.s.l.), was selected for studying
the root distribution of C. japonica. Thinning was carried out in 1995, 17 years before
the fieldwork took place in 2008. The tree densities were approximately 723 trees per
hectare in the thinning site and 1625 trees per hectare in the control site. The soil
in this area developed from black volcanic ash. The average temperature was 9.7°C,
and the maximum snow depth reached 1.50 m.

Five survey lines, each 2 m wide and 1 m deep, were excavated in the thinning
site, while six survey lines of the same dimensions were excavated in the control site
(Figure 5.3(c)). Each survey line was located between two trees, with one tree always
fixed at a distance of 1 m from the stem. The slope gradient in this study area ranged
from 5° to 15°. After excavation, the diameter and position of all roots within the
survey lines were measured. Similar to the CH data, root distribution data from
this site was analyzed by dividing the soil depth into layers of [0-0.15 m], [0.15-0.30
m], [0.30-0.45 m], and so on. However, the roots in this site were classified starting
from 1.0 mm, unlike the CH data, which began at 0.5 mm. Roots were categorized
into classes such as 1 mm [1-1.5 mm], 2 mm [1.5-2.5 mm], 3 mm [2.5-3.5 mm], and
so on. Therefore, there is a di!erence in the real fine root quantities within this
diameter class between the two study sites. Table 5.2 provides the exact location of
each survey line corresponding to the target trees and adjacent trees. Data from this
site are referred to as "K1" in the rest of the manuscript.
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Site Stand ID
DBH_1

(m)
Dist_1 (m)

DBH_2

(m)
Dist_2 (m)

K1 Thinned T_1 0.345 1.0 0.300 3.8

K1 Thinned T_2 0.335 1.0 0.315 3.9

K1 Thinned T_3 0.345 1.0 0.337 3.8

K1 Thinned T_4 0.340 1.0 0.337 3.7

K1 Thinned T_5 0.358 1.0 0.276 3.5

K1 Control C_1 0.297 1.0 0.313 2.1

K1 Control C_2 0.306 1.0 0.322 2.4

K1 Control C_3 0.308 1.0 0.253 2.1

K1 Control C_4 0.299 1.0 0.268 2.5

K1 Control C_5 0.290 1.0 0.329 2.5

K1 Control C_6 0.301 1.0 0.305 2.3

Table 5.2: Summary of information regarding the 11 survey lines in
the K1 study site. DBH_1 refers to the diameter at breast height of
the target tree, while Dist_1 indicates the distance from the survey
line to the center of the target tree’s stem. DBH_2 and Dist_2 are
diameter at the breast height and distance from the survey line to the

center of the adjacent tree’s stem, respectively.

Collected data from Kobe in Japan

A field study on the root distribution of Japanese cedar was conducted in a 43-year-
old forest at Futatabi park in the Rokko Mountains, Kobe, Hyogo, Japan (34°4’N,
135°1’E, 430 m a.s.l.) by Yamase et al. (2018). The mean annual temperature and
precipitation recorded at the nearest meteorological station were 16.7°C and 1216
mm, respectively. The soil type was classified as brown forest soil and Cambisol
(WRB), mainly consisting of weathered granite. The mean diameter at the breast
height (DBH) of the trees was 0.329 m, with a stand density of 900 trees per hectare
and the presence of understory vegetation including Eurya japonica and Pleioblastus
argenteostriatus f. glaber.

The root systems of two C. japonica trees with diameters at breast height (DBH)
of 0.329 m and 0.369 m were excavated at various distances from the stem: 0.50, 0.75,
1.00, 1.25, 1.50, 1.75, and 2.00 m, to a depth of 1 m using an air spade (Figure 5.3(d)).
Information on coarse roots bigger than 5 mm, including root size and position, was
recorded. Root diameters were measured in 0.1 mm units using a digital caliper.
Similar to the CH data, measured roots in Kobe were classified into di!erent root
diameter classes for comparison, starting from 5.5 mm: 6 mm [5.5-6.5 mm], 7 mm
[6.5-7.5 mm], 8 mm [7.5-8.5 mm], and so on. The volumetric water contents in the
soil at depths of 0-0.1 m and 0.2-0.3 m were 37.9±2.3% and 26.9±6.5%, respectively
(n=3). Detailed information about the study site and excavation methodology were
described in Yamase et al. (2018).

5.2.2 Root mechanical properties
Collected data from Longchi National Forest in Southwestern China

The Longchi National Forest (located at 31°8’29"N, 103°34’30"E, 1829 m mean alti-
tude) is an ecosystem conservation forest rich in subtropical alpine vegetation and
situated at approximately 10 km from Dujiangyan City, on the western border of the
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Sichuan Basin, serving as a transition zone between the Qingzang Plateau and the
Chengdu plain. The local climate is characterized as moist semi-tropical, with dis-
tinct four seasons (Ma and Li, 2017). An average annual rainfall of 1135 mm makes
this forest an ideal habitat for the growth of C. japonica. Summer months experience
a high frequency of rainstorms, with intense rainfall occurring over short periods,
and precipitation mainly occurs from May to September (Ma and Li, 2017). Field
investigations were conducted in August.

Root samples from the Longchi National Forest were collected and tested using
a laboratory tensile machine to observe their mechanical properties, as described in
Mehtab et al. (2021). After being collected and preserved from the field, all root
ends were fixed in the tensile machine with synthetic resin reinforcement to prevent
slippage and damage when clamping in the test device. The root specimens were
then stored in a refrigerator at 4°C for 48 hours. Prior to testing, root diameters
were measured at the middle and both ends using an electronic Vernier caliper with
an accuracy of 1/50 mm. A total of 55 root samples, with diameters ranging from
0.43 mm to 9.81 mm, were measured. Only straight roots with no anomalies were
selected for testing. In this study, "CN" refers to the samples collected in the Longchi
National Forest in China and measured using laboratory tensile tests.

Collected data from HAFL Forest in Switzerland

The study in Switzerland (47°0’N, 7°28’E, 594 m a.s.l.) was conducted behind the
School of Agricultural, Forest and Food Sciences (BFH-HAFL). The study site is situ-
ated at the transition between the pre-alpine hills and the Swiss plateau. The climate
is strongly influenced by both the Alps together with the Atlantic Ocean. In 2021,
the average temperature and total precipitation recorded in the Bern region (553 m
a.s.l) were 9.2°C and 1137 mm, respectively (MeteoSwiss, 2021), with approximately
55 mm of precipitation in February. Field investigations were carried out in January
2021. The C-horizons, rich in skeleton, were observed at depths of approximately 0.45
to 0.75 m. These un-weathered materials of these horizons originated from tertiary
deposits of fluvial sediments.

Field pullout tests are considered the most representative measurements for ap-
plying the RBMw model and upscaling root reinforcement to the stand scale for slope
stability models (Schwarz, Giadrossich, and Cohen, 2013; Giadrossich et al., 2017b).
The primary advantage of field pullout tests is their potential to quantify root tensile
behavior by considering the entire root-soil system. This includes changes in root
diameter along the full root length (instead of small segments, as in laboratory tests),
local changes in root direction, and root geometrical anomalies. Moreover, the in-
fluence of external factors such as soil moisture, soil type, soil-root friction, and soil
confining pressure is also considered in these tests.

Following the methodology described by Giadrossich et al. (2017b), vertical trenches
were excavated to perform root pullout tests on roots with diameters ranging from
1.25 to 36 mm, using a test speed of approximately 30 mm/min. A total of 35 pull-
out tests were carried out. In the trench face, soil was carefully removed to expose
su"cient root length for each test. We removed bark to prevent root slippage during
the anchoring and pulling process. A wire displacement sensor was positioned at a
known distance from the trench face to measure displacement. Each root was pulled
until either breakage or slippage occurred. Root diameters were measured at both
the clamping and breaking points with a digital caliper. The tests were conducted
under wet conditions. In this study, "CH" refers to samples collected from HAFL
Forest in Switzerland.
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5.2.3 Root distribution model
Root distribution at the stand scale is estimated based on the Root Distribution
Model (RDM) proposed by Schwarz, Cohen, and Or (2012a). The model was orig-
inally developed to simulate lateral root distribution without accounting for verti-
cal variations. Several modified versions have been proposed to estimate the root
distribution of di!erent forest species (Vergani et al., 2016; Schwarz et al., 2016b;
Giadrossich et al., 2016). In this study, we followed the approach described in Gi-
adrossich et al. (2016). The model estimates the quantity of roots in di!erent root
diameter classes i that cross a 1 m wide vertical soil profile at a distance d from an
isolated tree stem with the diameter at breast height (DBH, in [m]) ϖt following the
equation:

Ni,t(d, ϖt) =





Dfr

[ln(1+ϑmax)→ln(1+ϑi)]
ln(1+ϑmax)

( ϑi
ϑ0
)ε, with d < dmax and ϖi < ϖmax

0, otherwise
(5.1)

dmax is the maximum rooting distance from the stem [m], Dfr is the density of
fine roots (ranging from 0.5 to 1.5 mm in this study) per horizontal meter, ϖi is the
mean root diameter in class size i [m], ϖ0 is a reference diameter (set to 1 mm in this
study), ϖmax is the maximum root diameter [m], and ε is a constant exponent.

dmax(ϖt) = ωϖt (5.2)

ϖmax =
dmax → d

ϑ
(5.3)

ω is an empirical coe"cient, ϖt is the tree diameter at the breast height [m], and
ϑ is a dimensionless scaling coe"cient.

The density of fine roots crossing 1 m wide vertical soil profile at a given distance
d from an isolated tree stem with DBH ϖt is calculated as:

Dfr(d, ϖt) = [
µ(ϖ2

t
ϖ

4 )

dmax2ϱd
](

dmax → d

dmax

), with d < dmax (5.4)

where µ is the pipe coe"cient.
Model parameters ε, ω, ϑ, and µ from equations 5.1, 5.2, 5.3, and 5.4 were cali-

brated by minimizing the Sum of Absolute Errors (SAE) obtained as the di!erence
between the model prediction and the root distribution data, shown in Section 2.5.

The RDM assumes that the roots are symmetrically distributed all around the
stem parallel to the slope.

The calibration of the model for the CH dataset was done considering a single tree,
whereas for the K1 the interaction between the 2 neighbor trees has been considered,
as listed in Table 5.2.

5.2.4 Root reinforcement model: from single root to a bundle of
roots

In recent decades, various root reinforcement models has been developed to under-
stand the mechanical role of roots in stablizing slope (Mao, 2022). In this study, we
applied the Root Bundle Model with Weibull survival function and Root Reinforce-
ment Model approach.
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Root Bundle Model with Weibull survival function (RBMw)

The root distribution and root mechanical properties data were used to upscale root
reinforcement through the Root Bundle Model with Weibull survival function ap-
proach (RBMw) as described in Dazio, Conedera, and Schwarz (2018), a modified
version of the original model (Schwarz, Giadrossich, and Cohen, 2013), because this
model considers the strength variability of roots within root diameter classes. The
RBMw is a strain-step loading fiber bundle model that implements a Weibull sur-
vival function to consider the uncertainties caused by the mechanical and geometrical
variability of roots. In each displacement step, individual roots contribute di!erently
to the total reinforcement based on their apparent sti!ness and tensile force. The
model inputs include (i) force-displacement behavior measured by laboratory ten-
sile tests and/or field pullout tests, and (ii) lateral root distribution across vertical
cross-sections.

A power-law relationship is applied to the maximum root tensile force at failure
Fmax with respect to root diameter ϖ as shown below:

Fmax(ϖ) = C(ϖ) · F0 · ϖω (5.5)

where Fmax is the maximum root tensile force at failure [N], ϖ is root diameter
[m], ς is the power-law exponent, and F0 is a pre-exponential factor.

A fitting correction is applied to address the overestimation of tensile force in small
roots. The function is modified by adding a multiplier in the form of a cumulative
normal distribution function (CDF) with values ranging between 0 and 1:

C(ϖ) =
1
2 [1 + erf(

ϖ → ϖm

ϖsd

↑
2
)] (5.6)

where ϖm and ϖsd are coe"cients corresponding to the mean and standard devi-
ation of the cumulative normal distribution, respectively.

The secant spring constant of roots k [N/m] is calculated assuming linear-elastic
behavior on the part of pulled roots (Schwarz, Giadrossich, and Cohen, 2013). Several
modified versions have been applied to estimate the spring constant (Schwarz, Gi-
adrossich, and Cohen, 2013; Giadrossich et al., 2016; Dazio, Conedera, and Schwarz,
2018). In this study, an apparent secant spring constant was computed by the ratio
of maximum root pullout force over the displacement at root failure and then plotted
as a linear curve in the relation to root diameter as below:

k(ϖ) = k0ϖ (5.7)

where k is the spring constant [N/m], ϖ is the root diameter [m], and k0 is a
constant parameter.

The progressive failure of the root bundle, caused by the variability in root-soil
mechanical properties such as lignin vs. cellulose content, water content, fiber orien-
tation, and heterogeneity in soil mechanical properties, is evaluated using a Weibull
survival function. In the RBMw, it is hypothesized that the probability of root sur-
vival is a function of the normalized displacement and is described by the Weibull
survival function parameter:

S(∆x↑) = exp[→(
∆x↑

φ
)ϱ] (5.8)

where S is the survival function, ∆x↑ is normalized displacement, ↼ is the Weibull
shape factor, and φ is the Weibull scaling factor.
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The normalized displacement ∆x↑ in a function of root diameter ϖ was computed
as shown below:

∆x↑(ϖ) =
∆x

∆xfit
max(ϖ)

(5.9)

The root reinforcement as force (RRbundle) of a bundle of roots as a function of
displacement (∆x) is obtained by total force contribution from each root multiplied
by the survival function (S) as shown below:

RRbundle(∆x) =
imax∑

i=1
niF (ϖi, ∆x)S(∆x↑

i ) (5.10)

where RRbundle is the total root reinforcement of a bundle of roots per 1-m width
of the trench in [N/m], ∆x is the displacement (i.e., the distance over which the roots
are stretched) in [m], n is the number of roots in a given root diameter class i, ϖi is
mean root diameter of each root diameter class, imax is the maximum root diameter
class under consideration, and ∆x↑

i
is normalized displacement of each root diameter

class.
The parameters of equations 5.5, 5.6, 5.7 and 5.8 including F0, ς, ϖm, ϖsd, k0,

φ, and ↼ are calibrated using the data from the laboratory tensile tests and/or field
pullout tests and minimizing the Sum of Absolute Errors, shown in Section 2.5.

The aforementioned model assumes that neighboring roots or crossing roots do not
a!ect the pullout force of a single root; therefore, each single root acts independently
(Giadrossich et al., 2013a).

Root reinforcement: from the bundle of roots to the root system scale

The maximum lateral root reinforcement RRmax, defined as the peak of the force-
displacement curve from the calibrated RBMw, is used to upscale the value of root
reinforcement from a bundle of roots to the root system scale. RRmax is correlated
to tree size ϖt (DBH, in [m]) and the distance from the tree stem d [m] as described
in Moos et al. (2016b), using the following formula:

RRmax(ϖt, d) =

{
a · ϖt · Γ( d

ϑt·18.5 ; b, c), for d < 18.5 · ϖt

0, for d ↓ 18.5 · ϖt

(5.11)

where a is scaling factor, the Gamma distribution with b is shape parameter, and
c is rate parameter.

Basal root reinforcement is calculated from the calibrated RBMw and by using
the Gamma distribution function fitted to the calculated distribution of root rein-
forcement (with measurements taken every 0.15 m) as shown below:

RRbasal(z) = RRmax · Γ(z; zω, zε) (5.12)

where z is the soil depth, zω and zε are calibrated coe"cients of the Gamma
density function.

The parameters of equations 5.11 and 5.12 including a, b, c, zω, and zε are cali-
brated by minimizing the Sum of Absolute Errors (SAE), shown in Section 2.5.

The upscaling of lateral root reinforcement at the stand scale is based on following
assumptions from Schwarz, Cohen, and Or (2012a), including (i) Root reinforcement
is spatially distributed uniformly across the slope, and (ii) minimum lateral root re-
inforcement at the stand scale is computed as the sum of root reinforcement resulting
from overlapping neighboring root systems.
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5.2.5 Statistical Analysis
Di!erent methods to calibrate Root Distribution Model

In previous studies, we calibrated the Root Distribution Model using a weighting
function related to root tensile force (Ngo et al., 2023). Although coarse roots, es-
pecially those larger than 10 mm in diameter, are less frequent compared to fine
roots, they play a crucial role in root reinforcement capacity. The weighting function
improves the model’s ability to better predict the quantity of big roots. However,
the variation in the number of fine roots may increase, as their significance is less
emphasized when the weighting function is applied.

In this manuscript, we test di!erent methods to fit the Root Distribution Model.
First, by comparing cumulative versus frequency analysis; and second, by evaluating
the application of the weighting function related to root tensile force. The model
fittings in this paper are carried out by minimizing the Sum of Absolute Errors
(SAE), which as shown below:

SAE =
n∑

i=1

√
(yi → ŷi)2 (5.13)

Calibrate models

All statistical analyses were performed using the R packages (R Core Team, 2018). We
conducted a Student’s t-test for each parameter of the Root Bundle Model (RBMw)
to assess the di!erences in the C. japonica dataset between laboratory tensile tests
conducted with CN samples and field pullout tests measured with CH samples. To
evaluate the performance of the Root Distribution Model (RDM) and Root Reinforce-
ment Model (RRM), we assessed their e"ciency using the Sum of Absolute Errors
(SAE) and Taylor Diagram (Taylor, 2001). Taylor Diagram visually summarizes mul-
tiple key statistical indices for model evaluation in a single diagram. The azimuth
angle of the Taylor Diagram represents the Pearson correlation coe"cient between
the observed and predicted values, while the radial distance from the original point
indicates the "normalized" standard deviation of the simulation relative to the mea-
sured values. Finally, the radial distance from the measured point reflects the RMSD
(Root Mean Squared Deviation). Considering the general shape of the data distri-
bution (many roots for fine roots and few roots for large diameter classes, meaning
a long tail on one side of the data distribution), the interpretation of the Taylor Di-
agram is di"cult and it is meant to give just a general view of model performances.
The Pearson correlation term is the most appropriate to compare the performances
of the RDM.

5.3 Results
5.3.1 Spatial root distribution of Cryptomeria japonica
Root distribution data at the HAFL Forest in Switzerland

In this section, we present the results of root distribution measurements from Switzer-
land, focusing on both horizontal and vertical distribution. In general, the root sys-
tems of the candidate trees exhibit a lateral extension exceeding 4.5 m and the data
indicate that the majority of measured roots at the HAFL Forest are concentrated
within the upper 0.15 m of soil depth.
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The horizontal distribution of fine roots reveals a declining frequency as the dis-
tance from the tree stem increases. Similarly, the frequency of coarse roots also
decreases with increasing distance from the stem. Figure 5.4 illustrates these trends,
displaying data scaled to a 1-m width profile. The largest root sizes recorded at dis-
tances of 1.5, 2.5, 3.5, and 4.5 m from the two trees were 66 mm, 27 mm, 13 mm, and
13 mm, respectively. The root system of Tree S1 obtained more big roots compared
to those of Tree S2.
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Figure 5.4: Mean values of measured horizontal root distribution per
diameter class at various distances from the tree stem (as indicated in
the legend), scaled for a soil profile of 1 m width and 0.75 m depth
for the trees studied in Switzerland. The middle subplots (b) and (e)
and right-hand subplots (c) and (f) display zoomed-in views of the
corresponding left-hand subplots (a) and (d). The first row represents

Tree S1, while the second row represents Tree S2.

The vertical distribution of roots indicates a decrease in root frequency with in-
creasing soil depth, with all diameter classes being most abundant in the upper soil
layer, specifically from 0 to 0.15 m. Roots with diameters greater than 30 mm were
only observed in Tree S1 within the first soil layer of the first trench (Figure 5.5). In
the depth range of 0 to 0.15 m, Tree S2 exhibited a greater total quantity of roots
but had fewer roots with diameters exceeding 10 mm compared to Tree S1. The
maximum root diameter recorded at this depth was 66 mm in Tree S1, whereas Tree
S2 was only 13 mm. Closer to the stem, Tree S1 had larger root diameters even in
the deeper soil layers compared to Tree S2. At a distance of 4.5 m from the stem
(Figure 5.5(d) and Figure 5.5(h)), the root quantities in Tree S2 were lower than
those in Tree S1 at all soil depths.
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Figure 5.5: Vertical root distribution at varying distances from tree
stem. The X-axis presents the mean number of roots measured, scaled
to a 1-m width for each 0.15 m soil depth layer. Subplots (a), (b), (c),
and (d) represent the mean number of roots per meter for Tree S1,
while subplots (e), (f), (g), and (h) indicate the number of roots per
meter for Tree S2. Root diameter classes are categorized as follows: 1

mm, 2-5 mm, 6-10 mm, and > 10 mm.

Modelling of root distribution at the HAFL Forest in Switzerland

Di!erent methods have been used to calibrate the Root Distribution Model (RDM).
The comparison between measured fine roots and simulated fine roots using these
three methods is shown in Figure 5.6. At a distance of 1.5 m from the stem, all
methods fit within the range of measured values. However, at greater distances,
all methods tended to underestimate the number of fine roots. Tree S1 exhibited a
distinct pattern in fine root distribution, with a higher fine root frequency at 2.5 m
compared to 1.5 m, and at 4.5 m compared to 3.5 m from the stem. The biggest
di!erence in measured fine roots between the two trees was observed at a distance of
4.5 m from the stem, with a di!erence of 11 fine roots per meter.

The comparison between measured coarse roots and simulated coarse roots gen-
erated from the three models as well as summarized results of these three calibrated
models are presented in the Appendix section: Figure 5.25 and Table 5.9.

Based on the performance of the three methods and the summarized results in
Table 5.9, we selected the method that minimizes the Sum of Absolute Errors which
results to be the one using the cumulative root number (CRN). The blue lines in
Figure 5.6 illustrate the comparison between measured fine roots and simulated fine
roots from this selected method. This model e!ectively predicted fine root quantities
at a distance of 1.5 m, although it underestimated the number of fine roots at farther
distances. The di!erences between the mean measured fine roots and simulated fine
roots at distances of 1.5 m, 2.5 m, 3.5 m, and 4.5 m for Tree S1 were approximately 2,
14, 12, and 19 fine roots per meter, respectively. For Tree S2, the di!erences between
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the mean measured fine roots and simulated fine roots at those same distances were
approximately 4, 3, 6, and 2 fine roots per meter.
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Figure 5.6: Comparison between measured and simulated fine roots
using three calibration methods for the RDM to determine the best-
fitted coe"cients for the CH dataset. Black dots represent measure-
ments from Tree S1, and gray dots represent measurements from
Tree S2. CRF (red line) represents the calibrated model minimiz-
ing the SAE of cumulative root-force. CRN (blue line) represents the
RDM calibrated by minimizing the SAE of cumulative root number.
RN+CRF (green line) represents the RDM calibrated by combining

root number and cumulative root-force conditions.

Even though Tree S1 and Tree S2 had the same size, were located in the same
site, and were in the same health condition, the root frequency between the two trees
was not identical. As illustrated in Figure 5.7, the presence of 10 mm diameter class
roots was recorded up to a distance of 4.5 m from the stem in Tree S1; in contrast,
only 2 mm diameter class roots were recorded at the same distance in Tree S2. In
Figure 5.7, the red columns represent the mean measured root number per meter,
while the black lines indicate the maximum and minimum measured root numbers
for each root diameter class, and the blue columns display the simulated root numbers.
At a distance of 1.5 m from the stem, the calibrated RDM overestimated the number
of coarse roots in Tree S1 but underestimated the coarse root quantities in Tree S2.
As the root size increased, the di!erence between the mean measured and simulated
values decreased. At the distance of 2.5 m, the RDM well predicted the number
of coarse roots in both trees. At 3.5 m from the stem, the calibrated model did not
generate roots bigger than 6 mm, despite the observation of 10 mm roots in both trees.
At a distance of 4.5 m from the stem, Tree S1 exhibited a maximum root number
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of 8 roots per meter for the 2 mm diameter class. Additionally, a 10 mm diameter
root was recorded at this distance in Tree S1. However, the calibrated model did not
simulate any coarse roots at this distance, resulting in a general underestimation of
coarse root frequency for individual trees at 4.5 m from the stem.
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Figure 5.7: Comparison between measured coarse roots and simu-
lated coarse roots fitted using the method of minimizing the Sum of
Absolute Errors (SAE) of cumulative root number (CRN). The red
columns represent the mean measured root number in 1-m width pro-
files, while the blue columns show the simulated root number from the
model for the same profiles. The two ends of the black lines indicate

the maximum and minimum measured root numbers per meter.
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Root distribution data from Kamikawa in Japan

In this section, we present the results of root distribution measurements and modeling
from Kamikawa site (K1) in Japan, focusing on both horizontal and vertical distri-
bution. Given the sampling design of this dataset, the measurements are presented
for each 1-m wide by 1-m deep soil profile and compared with the corresponding
modeling results.

Figure 5.8 reveals significant di!erences in measured fine root numbers among
profiles T4_1, T4_2, T5_1, T5_2, C1_1, and C1_2 compared to other profiles.

Similar to the CH dataset, the results from Table 5.9 indicate that the coe"-
cient set generated from the CRN method was the best fit for calibrating K1 data.
Figure 5.8 displays the comparison between the measured and simulated fine root
numbers from the calibrated RDM for both the thinned (T) and unthinned-control
(C) stands. The findings show that the fluctuation in measured fine root frequency
across 22 survey lines was considerably larger than the simulated values.
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Figure 5.8: Number of fine roots per meter measured from 22 survey
lines in K1 site in comparison with simulated number of fine roots
from calibrated RDM using CRN method. The black dots represent

measured values while blue dots represent simulated values.

Figure 5.9 shows the performance of the calibrated RDM in the thinned site. The
model generally underestimates the number of coarse roots within the diameter range
of 2 to 5 mm across most profiles, with a mean underestimation percentage of 33.52%.
In contrast, for roots larger than 5 mm in diameter, the model performs better with
an overestimation percentage of 18.44%.
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Figure 5.9: Root quantities in each coarse root diameter class mea-
sured from ten 1-m wide soil profiles in thinned forest in K1 site com-
pared to simulated values of RDM. The black dots represent measured
root numbers while the blue curves represent simulated root numbers

from RDM.

The calibrated RDM exhibited di!erent performance in the control site compared
to the thinned stand. In general, the model tended to underestimate the quantity of 2
mm roots, with a percentage underestimation of 33.43%. Conversely, it overestimated
the root frequency within the diameter range of 3 to 5 mm, with an overestimation
percentage of 18.20%. For roots > 5 mm, the model simulated poorer in the control
site than in the thinned site, resulting in an overestimation percentage of 30.96%.
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Figure 5.10: Root quantities in each coarse root diameter class mea-
sured from twelve 1-m width soil profile in control stand in K1 site
compared to simulated values of RDM. The black dots represent mea-
sured root number while the blue curves represent estimated root dis-

tribution from RDM.
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Compare root distribution data between Switzerland and Japan

To quantitatively evaluate how well the models simulate root distribution compared
to observations and to assess the similarity between root distribution of C. japonica in
Switzerland and Japan, we calibrated the RDM using a merged dataset from both the
CH and K1 sites (referred to as Model K1+CH). Then, we compared the performance
of three calibrated models (Model CH, Model K1, and Model K1+CH) against all
combinations of measured datasets. The sum of absolute errors (SAE) (Table 5.3) and
the Taylor Diagram are used to compare the performance of the models (Figure 5.14).

Model CH µ=21573.35 ς=15.08331 ε=-1.05014 φ=0.2899179

SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf Profiles

CH data 621.9751 410.1329 1032.108 28.99972 157.3558 5979.593 58

K1 data 343.5232 1375.8388 1719.362 27.22777 152.8446 14600.51 22

K1+CH data 965.4982 1785.9708 2751.469 56.22749 310.2004 20580.1 80

Kobe data - 141.1594 - 240.6244 536.4201 15029.56 14

Model K1 µ=42805.75 ς=29.82645 ε=-0.40036 φ=0.660599

SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf Profiles

CH data 530.6008 1081.1452 1611.746 68.92025 220.7381 12453.1 58

K1 data 457.6351 910.8129 1368.448 16.14252 135.3163 12877.45 22

K1+CH data 988.2359 1991.9581 2980.194 85.06276 356.0544 25330.54 80

Kobe data - 428.1417 - 236.9732 532.1665 20760.46 14

Model

K1+CH
µ=26173.24 ς=15.00192 ε=-0.57244 φ=0.3052915

SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf Profiles

CH data 599.7446 589.6924 1189.437 32.46714 156.4513 7483.003 58

K1 data 418.0102 963.0288 1381.039 19.14162 143.1854 12051.26 22

K1+CH data 1017.755 1552.722 2570.477 51.60877 299.6367 19534.26 80

Kobe data - 326.4388 - 240.7348 537.3977 18665.96 14

Table 5.3: Results of the three calibrated root distribution mod-
els compared with measured datasets (including Kobe, which was
not used for calibration). µ, ω, ε, and ϑ are coe"cients of Equa-
tions 5.1, 5.2, 5.3, and 5.4. SAE_fr refers to the Sum of Absolute
Errors (SAE) for fine root number, SAE_cr refers to the SAE for
coarse root number, SAE_ar refers to the SAE for all root numbers,
SAE_crn represents the SAE for cumulative root number, SAE_crf
represents the SAE for cumulative root force, and SAE_rf is the SAE
for root-force. "Profiles" indicates the number of assessed profiles. Bold
values indicate the models that performed the best for each dataset

based on the minimum SAE of cumulative root number.

Based on Figure 5.11, the three models showed to well simulate root abundance at
various distances in the CH site, particularly for coarse roots. From Figure 5.11(b),
the biggest root residuals are in the range of 1 to 5 mm roots with Model CH tends to
underestimate while Model K1 tends to overestimate root frequencies within this root
diameter range. In particular, for the 2 to 5 mm root diameter class, at distances
of 1.5 m and 2.5 m from the stem, Model K1 overestimated root abundance the
most, with a total overestimation of 169.96%, while Model CH and Model K1+CH
performed better, with overestimations of 4.48% and 101.36%, respectively. At 3.5
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m from the stem, Model K1 performed better in estimating 2 mm roots for Tree S2,
with an overestimation of 9.53%, compared to Model CH’s underestimation of 70.69%.
For the 3 mm root class and onwards, the percentage errors for Model CH, Model
K1 and Model K1+CH compared to CH data, were 66.48%, 244.93%, and 36.28%,
respectively. At 4.5 m from the stem, Model K1+CH performed the best in simulating
coarse root frequency, with a percentage error of 88.18%. Overall, considering all root
diameter classes and all four distances from the stem of the two C. japonica trees in
the CH site, the percentage errors for Model CH, Model K1, and Model K1+CH were
30.95%, 55.27%, and 4.85%, respectively. This suggests that Model K1+CH showed
the best performance in simulating root distribution for the two trees in the CH site,
with an error percentage of less than 10%. Although Model CH and Model K1 were
less accurate, they still performed well, with percentage errors below 100%. Overall,
the Root Distribution Model well simulated the spatial root distribution patterns of
two candidate trees in CH site.
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Figure 5.11: Comparison of root quantities and cumulative root
number between measurements (Tree S1 as black dots and Tree S2 as
gray dots) in CH site and three calibrated models (Model CH as red
lines, Model K1 as blue lines, and Model K1+CH as green lines). Sub-
plot (a) presents di!erence of fine root quantities from various datasets
at di!erent distances from the stem. Subplot (b) shows the root resid-
ual per meter in each root diameter class between measurement and

models.

In the K1 site, as shown in Figure 5.12, the measured fine root numbers exhibited
greater variability across di!erent survey lines compared to the simulated values.
From Figure 5.12(b), all three models (Model CH, Model K1, and Model K1+CH)
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tended to underestimate the number of coarse roots, especially in the 2 to 5 mm root
diameter class, with percentage errors of 70.52%, 22.55%, and 43.47%, respectively.
As mentioned above, Model K1 better simulated the frequencies of roots bigger than
5 mm in the thinned stand than at the control stand. However, considering all coarse
root diameter classes, these calibrated models (Model CH, Model K1, and Model
K1+CH) performed better at simulating in the control site (with percentage errors of
67.58%, 3.38%, 35.76%, respectively) than in the thinned site (with percentage errors
of 74.38%, 24.68%, and 46.52%, respectively). Even though Model K1 worked better
than Model K1+CH in estimating the total root numbers, with percentage errors of
1.71% and 19.74%, respectively, Model K1+CH still performed well overall.
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Figure 5.12: Comparison of (a) root quantities between measure-
ments from the K1 site (Data K1) and three calibrated models: Model
CH (red lines), Model K1 (blue lines), and Model K1+CH (green lines);
(b) root residual per meter in each root diameter class between mea-
surement and models. The upper plot displays the comparison for fine
roots, while the smaller plots illustrate the comparison for root diam-

eter classes of 2 mm and onwards.

We compared the results of Model K1, Model CH, and Model K1+CH in simu-
lating the root distribution of two trees with diameters of 0.3 m and 0.4 m at various
distances from the stem. We selected diameters of 0.3 m and 0.4 m because these sizes
fall within the range of observed tree sizes in our study. Additionally, we assessed
root distribution at distances ranging from 1.0 m to 4.5 m from the stem, as this
range corresponds to the distances of our excavated trenches. The biggest di!erence
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in root numbers between Model K1 and Model CH was observed at 1 to 5 mm root
diameter classes. Model K1, calibrated with the measured K1 dataset, generated a
higher root density compared to Model CH, particularly for the 1 to 10 mm root
diameter classes. For instance, at a diameter at breast height (DBH) of 0.3 m and
a distance of 1.5 m, Model K1 simulated 59.69% more roots than Model CH. As the
distance from the stem increased, the percentage di!erence between the two models
also increased.
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Figure 5.13: Simulated root distribution for Model CH, Model K1,
and Model K1+CH at varying diameters at breast height and di!erent
distances from the tree stem. Red lines represent the performance of
Model CH, blue lines indicate Model K1, and green lines exhibit the

performance of Model K1+CH.

Based on Figure 5.14(a), the Taylor Diagram for the CH dataset demonstrates
that all models e!ectively simulated root distribution in CH site with Pearson corre-
lation coe"cients of approximately 0.90 and a centered RMSD of 0.5. Out of three
models, Model CH fits the best with measured CH dataset due to the highest value
of Pearson coe"cient and the smallest value of RMSD. Figure 5.14(b) illustrates the
Taylor Diagram for the K1 dataset. Similarly, all three models simulated well root
distribution, closely aligning with the measurements, with Pearson correlation coef-
ficients in the range of 0.80 to 0.85, along with a centered RMSD of 0.6. Model K1
shows to simulate the root distribution the best with K1 measurements due to highest
correlation and smallest RMSD value. The Root Distribution Model proves to be a
good model for predicting root distribution in both sites.

Based on above-mentioned results, the root distribution patterns of C. japonica
from CH site and K1 site are similar within the root diameter range of 6 mm and
onwards. For root diameters smaller than 6 mm, the root frequencies are significantly
di!erent with percentage errors ranging between 10 and 170%.
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(a) Taylor Diagram of CH data
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(b) Taylor Diagram of K1 data
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Figure 5.14: Taylor Diagram illustrating the predicted root distri-
bution from various models for (a) the CH dataset and (b) the K1
dataset. Dark green squares represent measured values, the red point
indicates Model CH, blue dots represent Model K1, and green dots

refer to Model K1+CH.

Validate RDM with Kobe dataset

As shown in Table 5.3, columns SAE_fr and SAE_ar for the Kobe dataset were
marked as NA because no data for roots with diameters between 1 and 5 mm was
recorded at this site. Therefore, only the di!erences in root quantities from the 6 mm
diameter class and above were calculated between the modeled and measured values
for Kobe. SAE_crn is used as a coe"cient for comparing the goodness of fit across
di!erent models. Based on this criterion, all three models have similar performances
with SAE_crn values between 237 and 240.7.

The two candidate trees in Kobe were similar in size to the two candidate trees in
the HAFL Forest, Switzerland. At a distance of 1.5 m from the stem, the maximum
root diameters recorded for Tree 1 and Tree 2 at the Kobe site were 28.9 and 27.4
mm, respectively. In contrast, the maximum root diameter observed in the HAFL
Forest was significantly larger, measuring 66 mm. Additionally, the number of coarse
roots smaller than 15 mm in diameter was greater in Switzerland compared to Kobe.

Unlike other studied sites, the measured root data in Kobe did not exhibit a
decreasing curve in root frequency relative to root size. Instead, at most distances,
the Kobe data showed increasing curves in the number of roots within the 6 to 9
mm root diameter classes. When comparing the measured root numbers in the two
Kobe trees with those in the two CH trees at a distance of 1.5 m, the root frequencies
recorded in the CH trees were 1.7 up to 12.6 times higher than those in the Kobe
trees for the 6 to 9 mm diameter range. For the 10 to 15 mm diameter class, the
di!erence between the two datasets was small: for Tree Kobe_1, root residuals were
0.89 and 0.31 roots per meter compared to CH Tree S1 and CH Tree S2, respectively.
In the same diameter range, the residuals between the measured root numbers of
Tree Kobe_2 and CH Tree S1 and CH Tree S2 were 0.14 and 1.06 roots per meter,
respectively.

Figure 5.15 and Figure 5.16 present a comparison among the three calibrated
models (Model CH, Model K1, and Model K1+CH), the measured CH data (Tree
S1 and Tree S2), and two candidate trees in the Kobe site (Tree 1 with a DBH of

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



90
Chapter 5. Assess the compatibility of spatial root distribution and root

reinforcement of Cryptomeria Japonica D. Don between Switzerland, China and
Japan

0.329 m and Tree 2 with a DBH of 0.369 m). The results indicate that the calibrated
RDMs well predict the root frequency in the diameter range of 10 to 15 mm in the
Kobe site. The models tended to overestimate the number of coarse roots within the
diameter range of 6 to 9 mm, while it underestimated the number of coarse roots
bigger than 15 mm.

In particular, the total number of roots ranging from 6 to 9 mm at all 7 distances
in Tree Kobe_1 and Tree Kobe_2 were 6 and 3 roots per meter, respectively. Model
K1 generated approximately 132 roots per meter and 175 roots per meter for Tree
Kobe_1 and Tree Kobe_2; Model K1+CH generated 97 and 134 roots per meter while
Model CH simulated 34 and 46 roots per meter for Tree Kobe_1 and Tree Kobe_2.
For total root numbers within the range of 10 to 15 mm at all the distances, the
measured values were 11 and 10 roots per meter for Tree Kobe_1 and Tree Kobe_2,
respectively. The generated values were 30 and 64 roots per meter for Model K1, 20
and 44 roots per meter for Model K1+CH, and 7 and 14 roots per meter for Model
CH. For roots bigger than 15 mm, the total numbers measured at all distances from
Tree Kobe_1 and Tree Kobe_2 were similar with 24 roots per meter. Only Model
K1+CH and Model CH simulated roots bigger than 16 mm with very small values of
0.3 roots per meter for trees with DBH of 0.369 m. The biggest di!erence between
measured and simulated root quantities was at 0.5 m distance from the stem and the
di!erence decreased with the increasing distance from the stem. The maximum root
diameter recorded at the Kobe site was 265 mm, which belonged to the soil trench
located 0.5 m distance from the stem of Tree 2.
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Figure 5.15: Validation of the performance of three Root Distri-
bution Models against measured data from the CH dataset and the
measured dataset of Tree 1 at the Kobe site in Japan. Black dots
represent the measured data for Tree 1 at the Kobe site, while purple
and orange dots correspond to the measured data for Trees S1 and S2
in the CH site, respectively. Red lines indicate Model CH, blue lines

represent Model K1, and green lines refer to Model K1+CH.
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Figure 5.16: Validation of the performance of three Root Distri-
bution Models against measured data from the CH dataset and the
measured dataset of Tree 2 at the Kobe site in Japan. Black dots
represent the measured data for Tree 2 at the Kobe site, while purple
and orange dots correspond to the measured data for Trees S1 and S2
in the CH site, respectively. Red lines indicate Model CH, blue lines

represent Model K1, and green lines refer to Model K1+CH.

5.3.2 Mechanical properties of roots
Root mechanical properties were analyzed by considering the maximum root pullout
forces and their apparent secant spring constant (Schwarz, Giadrossich, and Cohen,
2013; Schwarz et al., 2015). Table 5.4 summarizes the equations relating root di-
ameter to maximum tensile force/strength of C. japonica from previous studies and
our research. Genet’s study evaluated various tensile forces of C. japonica based on
di!erent species ages, categorizing them into juvenile plantations (9 years old), in-
termediate plantations (20 years old), and mature plantations (30 years old). We
selected the output from the mature plantations in Genet’s research for comparison,
as the age of these stands was most close to that of our forest (Genet et al., 2008).
The maximum diameter of tested roots from laboratory tensile tests was 9.81 mm,
whereas the maximum diameter from field pullout tests was 42.8 mm.
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Studies
No of

samples

Min ϑ

[mm]

Max ϑ

[mm]
T.S. Equation R2

Sampling

time

Abe and

Iwamoto

(1986)

76 0.1 8.5 ex-situ Tr (kg.f) = 8.064 · d1.447 0.81 -

Genet et al.

(2008)
100 0.30 4.30 ex-situ Tr (MPa) = 31.9 · d→0.41 0.36

July

2005

Yamase

et al. (2019)
34 3.1 42.8 in-situ Fr = 15.69 · d1.75 0.87

October

2012

HAFL For-

est
35 1.25 36 in-situ Fr = C(ϑ) · 7.0 · 105 · d1.45 0.85

January

2021

Longchi

Forest
55 0.43 9.81 ex-situ Fr = C(ϑ) · 4.6 · 105 · d1.36 0.77 August

Table 5.4: Summary of the relationship between root diameter and
maximum tensile force (Fr) or tensile strength (Tr) of Japanese cedar

(Cryptomeria japonica) from various studies.

Figure 5.17 illustrates the relationship between maximum tensile force and root
diameter of C. japonica. The analysis of the root diameter - maximum force curve
indicated an increasing trend in root tensile force with larger root diameters. The
fitted power-law regression curve well simulated maximum tensile force for diameters
smaller than 10 mm; however, it fluctuated significantly for bigger root diameters.
The root tensile forces recorded by Abe and Iwamoto (1986) were greater than those
in other studies. Both the in-situ CH dataset and the data collected from Yamase
et al. (2019) showed no significant di!erence in root tensile force within the root
diameter range of 1 to 10 mm. Similarly, both ex-situ tests from CN dataset and
Genet et al. (2008) showed similar results. In the diameter range of less than 10 mm,
laboratory tests measured higher root tensile forces than field pullout tests. However,
the di!erence was insignificant. The mean tensile force for roots under 10 mm from
the field pullout tests was 320.27 N, while from the laboratory tensile tests, the force
was 373.89 N. The di!erence was not statistically significant, with a t-value of -1.37
and a p-value of 0.1731.

The di!erence between field pullout tests and laboratory tensile tests became
more significant for roots bigger than 10 mm. This di!erence is due to the fact
that no laboratory tests were conducted on roots bigger than 10 mm. By using the
field pullout method, Yamase et al. (2019) conducted field pullout tests with root
diameters up to 42.8 mm. In the Swiss study site, the assessed root diameters of
the C. japonica ranged from 1.25 mm to 36 mm, with the lowest, highest, and mean
values of maximum tensile force being 0.008 kN, 6.199 kN, and 0.948 kN, respectively.
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Figure 5.17: (a) Number of tested roots in each root diameter class
[mm] from CH field pullout tests (red bars) and CN laboratory tensile
tests (blue bars); (b) Power-law relationship between the maximum
tensile force of Cryptomeria japonica trees as a function of root diam-
eter, obtained from field pullout tests in Switzerland (solid red line)
and laboratory tensile tests in China (solid blue line), compared with
Genet et al. (2008) (solid purple line), Yamase et al. (2019) (solid green
line), and Abe and Iwamoto (1986) (solid orange line). Data fitting in
our studies follows Dazio, Conedera, and Schwarz (2018); (c) Zoom-in

of subplot (b) with root diameters ranging from 0 to 10 mm.

As no laboratory tensile tests were conducted on roots bigger than 10 mm and
no significant di!erence was observed between the CH and CN datasets for roots
smaller than 10 mm, we merged these two measured dataset to obtain a comprehensive
maximum tensile force - root diameter curve. This combined dataset was then used for
calibrating the RBMw model. Figure 5.18 presents the power-law curve relationship
between the merged dataset of root diameter and maximum tensile force.
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Figure 5.18: Maximum tensile force - root diameter curves from our
merged dataset of CN and CH (shown in red color), from the study by
Genet et al. (2008) (shown as purple line), from the study by Yamase
et al. (2019) (shown as green line), and from the study by Abe and

Iwamoto (1986) (shown as orange line).

Table 5.5 presents the best-fitted coe"cients for the RBMw model of C. japonica.

Symbol Parameter Value Unit
F0 Root force scaling factor 6.55 · 105 N
ς Root force shape factor 1.43 -
k0 Root spring constant scaling factor 2128911.215 N/m
φ Weibull scaling factor 1.251361072 -
↼ Weibull shape factor 2.46 -
ϖm Mean of cumulative normal distribution 0.002 m

ϖsd

Standard deviation of cumulative normal distri-
bution 0.001189115 m

Table 5.5: Best-fitted coe"cients for the RBMw model of Cryptome-
ria japonica.

The variability of root mechanical properties is quantified using the Weibull dis-
tribution. The fitting of the Weibull distribution is shown in Figure 5.19. The fitted
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model has a Weibull exponent of 2.46 and a Weibull scaling factor of 1.25. The
R-squared value of the fit is 0.99, with a Sum of Absolute Errors of 2.06.
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Figure 5.19: Fitted curves of survival function in relation to normal-
ized displacement.

5.3.3 Root reinforcement
Lateral Root reinforcement

Figure 5.20 shows the bundle force at di!erent trenches of the two C. japonica trees
in both horizontal and vertical directions. It can be observed that the closest trench
exhibited the highest force, while force decreased with increasing distance from the
trees in both cases. For Tree S1, the bundle force in the 0 - 0.15 m layer reached up to
4.76 kN/m at a 1.5 m distance, then decreased to 1.98 kN/m at 2.5 m, and further to
0.21 kN/m at 3.5 m. Roots with diameters bigger than 30 mm were only found in the
1.5 m trench, and bigger roots contribute significantly more to root reinforcement due
to the power-law relationship between root diameter and force. Similarly, in Tree S2,
root bundle force weakened as the distance from the tree increased, with a maximum
force of approximately 2.18 kN/m recorded at the 1.5 m trench. The large di!erence
in root reinforcement between the 1.5 m trenches of the two trees is explained by
root size; although Tree S2 had more roots, the largest root diameter was only 13
mm, whereas Tree S1 had a root with a diameter of 66 mm. At 4.5 m, root bundle
reinforcement was relatively small compared to the other trenches.

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



96
Chapter 5. Assess the compatibility of spatial root distribution and root

reinforcement of Cryptomeria Japonica D. Don between Switzerland, China and
Japan

In the vertical direction, the first soil layer 0 - 0.15 m played a crucial role as the
primary contributor to root reinforcement in all trenches at the CH site. For Tree
S1, this layer contributed the greatest root reinforcement among all soil layers at the
trenches 1.5 m, 2.5 m and 3.5 m from the stem. However, unlike the other trenches,
root reinforcement was highest in the second soil layer 0.15 - 0.30 m at the 4.5 m
distance, with a value of 0.110 kN/m. The di!erence in root force between each soil
layer also became smaller as the distance from the stem increased. For Tree S2, the
highest root reinforcement in each trench was consistently recorded in the first soil
layer, followed by the second soil layer. In the last trench, root reinforcement across
all soil layers was less than 0.02 kN/m.
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Figure 5.20: Root reinforcement per meter computed by RBMw as
a function of displacement at distances of 1.5 m, 2.5 m, 3.5 m, and
4.5 m from the stem, based on field pullout tests in the HAFL Forest
for Tree S1 (Sub-figures (a), (b), (c), (d), respectively) and Tree S2
(Sub-figures (e), (f), (g), (h), respectively). Root bundle force for the
first soil layer (0 - 0.15 m) is represented by the red line, for the second
soil layer (0.15 - 0.30 m) by the blue line, for the third soil layer (0.30
- 0.45 m) by green line, and for the forth soil layer (0.45 - 0.60 m) by

the purple line.

We applied the measured root distribution data in combination with the cali-
brated RBMw model to calculate root reinforcement and determine the best-fitted
coe"cients for the Root Reinforcement Model (RRM). The calibrated values are
summarized in Table 5.6.

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



5.3. Results 97

Model CH a = 40237.1 b = 0.4102142 c = 9.494713
SAE_rf No. profiles

CH data 51817.04 58
K1 data 82982.18 22
K1+CH data 134799.2 80
Model K1 a = 40055.71 b = 0.166209 c = 1.776659

SAE_rf No. profiles
CH data 107544.8 58
K1 data 57625.78 22
K1+CH data 165170.6 80
Model K1+CH a = 49706.6 b = 0.4660286 c = 10.37495

SAE_rf No. profiles
CH data 56790.38 58
K1 data 64951.22 22
K1+CH data 121741.6 80

Table 5.6: Best-fitted coe"cients of the Root Reinforcement Model
for estimating maximum lateral root reinforcement. Coe"cients a, b,
and c are the calibrated parameters of the model. SAE_rf represents
the SAE between the measured root-force and simulated root-force
(unit: N); "No. profiles" refers to the number of profiles assessed at

each site.

We assessed the di!erences in the maximum lateral root reinforcement in CH site
between forces calculated by the RBMw model with the measured root distributions
of two trees, compared to the predicted values using the RRM (shown in Figure 5.21).
The nearest trench to the tree stem consistently exhibited the highest root reinforce-
ment, with forces decreasing as the distance from the tree increased for both trees.
Among 4 distances from the stem, the highest root reinforcement was observed at 1.5
m distance of a tree with 0.355 m DBH. At this distance, the mean measured root
reinforcement was 3.89 kN/m, with values ranging from a minimum of 0.19 kN/m to
a maximum of 10.09 kN/m. In comparison, Model CH estimated 4.54 kN/m, Model
K1 estimated 6.40 kN/m, and Model K1+CH estimated 5.68 kN/m. The highest
measured reinforcement at this distance was nearly twice as high as the estimates
from the models. Compared to the mean measured root reinforcement, Model CH
predicted the most accurately.

At a distance of 2.5 meters, the mean measured root reinforcement was 1.61 kN/m,
with values ranging from a minimum of 0.10 kN/m to a maximum of 5.54 kN/m.
Model CH estimated the root reinforcement at 0.79 kN/m, while Model K1 estimated
a higher value of 3.19 kN/m, and Model K1+CH estimated root reinforcement at
0.89 kN/m. Therefore, Model K1+CH estimated the root reinforcement best at this
distance.

At a distance of 3.5 m, the mean measured root reinforcement was 0.41 kN/m,
with values ranging from a minimum of 0 kN/m to a maximum of 1.79 kN/m. Model
CH and Model K1+CH both estimated the root reinforcement at 0.15 kN/m, while
Model K1 provided a significantly higher estimate of 1.84 kN/m. As a result, Model
CH and Model K1+CH predicted root reinforcement the best at this distance.

At 4.5 m distance, the root reinforcement was relatively small compared to other
trenches. The mean measured root reinforcement at this distance was 0.19 kN/m,
with values ranging from a minimum of 0 kN/m to a maximum of 2.23 kN/m. Model
K1 provided the highest estimate at 1.14 kN/m, while both Model CH and Model
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K1+CH estimated 0.03 kN/m. This indicates that while the measured root reinforce-
ment reached up to 2.23 kN/m, the model estimates were significantly lower. The
relatively low reinforcement at 4.5 m from the stem of a 0.355 m DBH tree suggests
that root reinforcement at this distance may be negligible.

Overall, Model CH and Model K1+CH performed better but tended to underes-
timate the mean root reinforcement, while Model K1 overestimated it.
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Figure 5.21: Maximum lateral root reinforcement of 0.355-m DBH
trees in the HAFL Forest, Switzerland. The black dots represented
measured root reinforcement whereas three lines represented three

models as legend.

Figure 5.22 displays the di!erence in maximum lateral root reinforcement between
the measurements and models predictions at the K1 site. Based on the results shown
in Figure 5.22 and Table 5.6, the RRM calibrated with measured K1 data and the
merged K1+CH data performed the best among the three models. The SAE between
the measured root force in K1 and the simulated root force from Model K1 and
Model K1+CH were 57.626 kN and 64.951 kN, respectively. This indicates that the
di!erences in root force were approximately 2.619 kN and 2.952 kN per 1-m wide
profile. For the simulation of Model K1+CH, the smallest di!erence between the
measured root force and the simulated root force was 0.0028 kN/m (profile C6_1)
and the biggest di!erence was 9.345 kN/m (profile T2_2).
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Figure 5.22: Maximum lateral root reinforcement for 22 survey lines,
each 1 m wide, at the K1 site. The black dots represent the measured
root reinforcement, whereas the three lines correspond to the predic-

tions from the three models, as indicated in the legend.

Basal Root reinforcement

From lateral root reinforcement, we calibrated the coe"cients to model the basal
root reinforcement (Equation 5.12). Table 5.7 presents the best-fit coe"cients for
simulating basal root reinforcement.

Model CH zω = 0.933328 zε = 6.093315
SAE_nrf R2 No. profiles

CH data 0.093746 0.999999 58
K1 data 0.802567 0.338406 22
K1+CH data 0.269490 0.960967 80
Model K1 zω = 1.829686 zε = 4.573089

SAE_nrf R2 No. profiles
CH data 0.729897 0.456638 58
K1 data 0.105699 0.948940 22
K1+CH data 0.520474 0.572178 80
Model K1+CH zω = 0.861826 zε = 4.046038

SAE_nrf R2 No. profiles
CH data 0.185757 0.991645 58
K1 data 0.598560 0.434978 22
K1+CH data 0.083988 0.986168 80

Table 5.7: Best-fit coe"cients of the RRM for simulating basal root
reinforcement. Coe"cients zω and zε represent the parameters of the
model. SAE_nrf is the SAE for normalized root reinforcement. R2

indicates the coe"cient of determination, and "No. profiles" refers to
the number of profiles assessed at each study site.

Figure 5.23 presents the normalized basal root reinforcement profiles for di!erent
soil layers. A notable disparity in root reinforcement distribution between C. japonica
trees in the HAFL Forest and the Kamikawa site was observed. In Switzerland,

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



100
Chapter 5. Assess the compatibility of spatial root distribution and root

reinforcement of Cryptomeria Japonica D. Don between Switzerland, China and
Japan

the most substantial root reinforcement was concentrated in the topmost soil layer
(0-0.15 m), with a gradual decline in strength with increasing depth. For the CH
dataset, root reinforcement became negligible below 0.6 m. Conversely, the K1 data
revealed that the strongest root reinforcement was anchored in the second (0.15-0.3
m) and third (0.3-0.45 m) soil layers, and the root system maintained a relatively
high reinforcement capacity up to 0.8 m depth, unlike the CH data. As evidenced
by the R2 values in Table 5.7 and the trends depicted in Figure 5.23, the models
demonstrated a satisfactory representation of basal root reinforcement across various
soil depth horizons.
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Figure 5.23: Normalised root reinforcement in relation to soil depth
of Cryptomeria japonica was calculated by measured data and root
reinforcement model. Dots refer to measured values, triangles present
mean measured values, and solid lines refer to the simulated values
from the models. The red color refers to CH site, blue color refers to
K1 site and the green solid line represents the simulated normalised

basal root reinforcement of Model K1+CH.

5.4 Discussion
5.4.1 Root distribution
The observed decreasing trend in root quantity with increasing distance from the
stem has been previously documented in tree species such as Picea abies (Schwarz
et al., 2012), Castanea sativa Mill. (Dazio, Conedera, and Schwarz, 2018), Populus
nigra ita. (Ngo et al., 2023), and Cryptomeria japonica (Thunb. ex L.f.) D.Don
(Liu et al., 2024). Liu et al. (2024) indicated that the root frequency and root size
of Cryptomeria decreased with increasing distance from the trunk with an average
DBH of 0.16 m in the Boshan Mountain in China. However, at the CH site, Tree S1
exhibited an atypical pattern with a higher number of fine roots at a distance of 4.5
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m from the stem compared to 3.5. This di!erence with previous findings could be due
to the influence of neighboring trees. Despite our e!orts to select the most isolated
candidate tree and to di!erentiate target roots from those of neighboring trees based
on root morphology, root bark, and growth direction, it remains uncertain whether
all fine roots counted at the 4.5 m distance originated from the target tree. Tree S2
had a higher number of fine roots and coarse roots than Tree S1; however, no roots
larger than 30 mm in diameter were found in Tree S2, whereas a root with a 66 mm
diameter was observed in Tree S1. The di!erence in the maximum root size between
two trees may be due to the fact that trenches were excavated only along a 1800

arc around each tree, rather than a full 3600. Consequently, it is possible that the
largest root of Tree S2 was located on the side not covered by the trenches, despite
e!orts to maintain consistent trenching direction for both trees to ensure the optimal
conditions for comparison.

The vertical distribution of roots of Tree S2 extended up to 0.75 m depth while
in Tree S1, we could not dig deeper than 0.60 m. At the CH site, the majority
of observed roots were concentrated in the first soil layer (0-0.15 m depth). This
pattern is consistent with findings in other forest species (Vergani et al., 2016; Ngo
et al., 2023). Similarly, Genet et al. (2008) reported that half of the below-ground
biomass in C. japonica stands was located between 0.1 and 0.2 below the soil surface.
In contrast, Liu et al. (2024) observed the maximum root-area-ratio of C. japonica in
the depth of 0.2-0.4 m.

At the Kamikawa study site, a consistent decreasing trend between root quantity
and increasing root diameter class was observed across all 22 survey lines. A notable
di!erence in the number of fine roots was observed between 6 survey lines (T4_1,
T4_2, T5_1, T5_2, C1_1, and C1_2) and the other lines. This variation could
be attributed to di!erences in soil properties among these lines. Another possible
explanation could be due to the root overlap, although overlap is likely less significant
than soil properties in influencing the maximum number of fine roots. In practice,
when root overlap occurs, the root distribution pattern at the overlap point may be
altered. Fine roots are unlikely to continue growing in the overlapping area due to
competition for space and nutrients. The maximum number of fine roots per meter
at the overlapping points may be interpreted from Figure 5.8. Although Dist_2 at
the control site (1625 trees/ha) was shorter, ranging from 2.1 m to 2.5 m from the
survey lines compared to Dist_2 at the thinned site (723 trees/ha) with a range of
3.5 m to 3.9 m (Table 5.2), the mean number of fine roots did not vary significantly.
The fine root density ranged from 20 to 40 roots per meter, similar to the quantities
recorded in the first trench of Tree S1 and Tree S2 in Switzerland. The variability in
the number of roots with a diameter of 2 to 5 mm between the thinned and control
sites (Figure 5.9 and Figure 5.10) is more likely attributable to di!erences in tree
densities. In the thinned stand, individual trees may have a higher leaf area index,
enabling faster growth and a higher demand for water and nutrients, leading to a
more extensive root system. In contrast, in the control stand, greater competition
among trees may result in a reduced root system.

We tested three di!erent methods to calibrate the Root Distribution Model (RDM),
using minimization of the Sum of Absolute Errors (SAE) of cumulative root number
to determine the best-fit coe"cients. If the primary objective is to calculate root re-
inforcement, it is recommended to minimize the SAE of cumulative root-force (CRF)
during model calibration, as the precision of coarse root counts becomes more criti-
cal. Larger roots contribute significantly more to root reinforcement compared to fine
roots; for example, a single 10 mm root can provide substantially greater reinforce-
ment than fine roots (Giadrossich et al., 2019). However, cumulative root-force is not
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the ideal calibration metric for models aimed at other purposes. For understanding
root distribution patterns, fine root density, or calculating root biomass, it is more
appropriate to calibrate the RDM by minimizing the SAE of cumulative root number
(CRN).

The analysis of performance of the models (Figure 5.14) proves that the Root
Distribution Model simulates well root distribution patterns at both sites (CH and
K1). However, some limitations exist: (i) the model tends to underestimate the fre-
quency of roots bigger than 6 mm at the CH site, (ii) the model is unable to express
variations in fine roots between the two stands at the K1 site, and (iii) the model
does not account for soil property variability. To improve its performance, a poten-
tial enhancement could be establishing a threshold related to the maximum number
of fine roots per meter at overlap points. Additionally, incorporating more detailed
measurements of environmental and site-specific variables such as soil heterogeneity,
tree competition, or environmental influences that can a!ect root distribution pat-
terns, as well as adding a threshold to better account for larger root sizes at varying
distances from the stem could eventually improve the model’s ability to simulate root
distribution more accurately across a range of distances and root sizes.

Based on our analysis, the root distribution of C. japonica at the CH and the K1
sites was similar in the root diameter range of 6 mm and onwards. This suggests
that the Root Distribution Model (RDM), calibrated with a combined dataset from
both sites, could be applied to predict root distribution within this diameter range
at other locations with similar conditions. Furthermore, it could serve as a useful
data for comparing C. japonica root distribution across sites with more variability
in soil and climatic conditions, helping to assess the similarity between di!erent root
classes and the sensitivity of root distribution patterns with various environmental
factors. The calibrated RDMs from this study o!er several practical applications: (i)
extrapolate root frequency of C. japonica in the diameter range of 6 mm and onwards
at sites with similar conditions to CH and K1 sites, reducing the need for destructive
and labor-intensive root excavation, (ii) estimate the root biomass of C. japonica and
its capability in sequestering carbon, and (iii) be implemented in other models, such
as BankforNET, to assess the e!ects of vegetation on bank erosion.

While Taylor Diagram is often used to evaluate the performance of calibrated
models, they have some limitations in the interpretation of root distribution modeling.
The standard deviation and RMSD values can be biased towards fine roots and may
fail to represent the variability in larger roots, even though the correlation coe"cient
remains a reliable indicator.

When validating the calibrated RDM with Kobe dataset, the measured data
showed the best alignment with simulated root numbers from Model K1 based on
the Table 5.3. The root distribution pattern for the 6 to 9 mm diameter range at
Kobe di!ered from the other study sites with an increasing trend. Notably, Kobe was
the only site where an air spade was used for soil excavation, and the compressed
air may have removed several roots, potentially explaining the di!erence in this root
diameter range. As a result, some data for roots in the 6 to 9 mm class may be miss-
ing at the Kobe site. For root diameters ranging from 10 to 15 mm, the di!erence
in measured root frequency between the two Kobe trees and the two CH trees was
insignificant.

From the study’s outcome, we observed the similarity in root distribution patterns
of C. japonica in the root range of 10 to 15 mm across three di!erent sites. Apart from
this root diameter range, the root distribution patterns were significantly di!erent in
the root classes between 3 and 10 mm. This di!erence could be due to the variations
in soil properties and climate conditions between the study sites. The measured
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numbers of coarse roots at Kamikawa and Kobe study sites were higher than at the
HAFL Forest.

5.4.2 Root mechanical properties
As shown in Table 5.4, a limitation of ex-situ tensile tests is the testing of roots
with diameters ↓ 10 mm. In Genet’s studies, the tested root diameters for mature
plantations ranged from 0.30 mm to 4.30 mm, while Abe and Iawamoto (1986) tested
only roots with diameters smaller than 8.5 mm. Similarly, in our experiment, the
C. japonica roots tested for tensile strength in a laboratory in China were limited
to diameters between 0.43 mm and 9.81 mm. There was no restriction on maximum
size of tested roots in field pullout tests as long as the safety is secured and force
does not exceed load cell sensor capacity. For example, Yamase et al. (2019) tested
roots with diameters ranging from 3.1 to 42.8 mm while field tests conducted at the
CH site in Switzerland included roots with diameters ranging from 1.25 to 36 mm.
On the other hand, laboratory tensile tests were able to conduct a larger quantity
of samples compared to field pullout tests, likely because the field pullout apparatus
requires transportation, setup, and manual operation, making it more labor-intensive
than laboratory tensile tests.

As observed from Figure 5.19(c), the root tensile force measured by laboratory
tensile tests was higher than that recorded by field pullout tests with the same root
diameter. This finding is consistent with both studies of Tosi (2007) and Docker and
Hubble (2008) that tensile force measured in the laboratory was greater than that
observed in field measurements. This discrepancy in results may be attributed to the
limited sample length used in laboratory testing. This can reduce the likelihood of
encountering defects, while field pullout tests assess the root’s full length, including
potential weak points along its entire structure. In the study of Abe and Iwamoto
(1986), Genet et al. (2008), and from Longchi Forest, no laboratory tests were con-
ducted on roots ↓ 10 mm, leading to a lack of accuracy for bigger root diameters.

Yamase et al. (2019) also conducted field pullout tests on C. japonica but reported
higher tensile forces than our results. The di!erences between field pullout tests for
the same tree species were previously explained by several factors: (i) Tree age,
(ii) Slope steepness, (iii) Tree location, with root tensile strength higher on uphill
compared to downhill areas (Schmidt et al., 2001; Chiatante et al., 2003a; Norris
et al., 2008), (iv) Measuring season, as root tensile strength tends to increase in
winter compared to summer due to seasonal changes in root water content, (v) Soil
properties, such as soil water content, which directly a!ects the root-soil friction
(Schwarz, Cohen, and Or, 2011; Zhu et al., 2022), and (vi) Pullout direction, as roots
pulled in the direction toward its originating stem. Pulling a root in the direction of
its growth (from stem to root tip) can result in a significantly higher tensile force,
which fails to represent the condition of breakage during the triggering of shallow
landslides.

In our study, the candidate trees for pullout tests in both Japanese and Swiss sites
were of similar age, at 49 and 50 years, respectively. The slopes at both sites were
relatively gentle, ranging from 5° to 15°, minimizing the influence of slope steepness
on the results. Furthermore, both research teams ensured that the pullout tests were
conducted in the correct direction. Therefore, di!erences in soil properties provide
the most appropriate explanation for the di!erences observed in the field pullout test
results between the Swiss and Japanese sites. The study site of our research was
acidified Cambisol, distinct from Andisol at the Kamikawa site. Cambisols have been
reported to show bulk density values ranging between 1.09 and 1.70 g/cm3 (Brahim,
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Bernoux, and Gallali, 2012; Vopravil, Formánek, and Khel, 2021), while Andisols
typically exhibit lower soil bulk density values (< 0.9 g/cm3) which means very soft
surface soils (Imaya, 2020). This might influence the potential for root breakage
during pullout tests, leading to the di!erences in root tensile forces.

Our study confirmed that the tensile force required to break a root in the field,
as measured by pullout tests, is consistently weaker than the tensile force obtained
from laboratory tests on roots of the same diameter. However, the di!erence could
be negligible with roots smaller than 10 mm. The p-value of the t-test comparing
roots smaller than 5 mm was 0.886 (>0.05), with mean values of 146.61 N for the CH
data and 155.16 N for the CN data. The similarity of these means, combined with
the p-value, indicates no statistically significant di!erence between the two datasets.
This suggests that the average tensile force of roots smaller than 5 mm, measured by
both techniques, is comparable. This finding aligns with previous studies, including
Tosi (2007), which reported similar outcomes and demonstrated that the di!erences
between in-situ and ex-situ tests could be negligible for roots smaller than 5 mm.
Furthermore, as reported in the Results section, the p-value of the t-test comparing
roots smaller than 10 mm was 0.1731 (>0.05), with mean values of 320.27 N for the
CH data and 373.89 N for the CN data, also suggesting the insignificant di!erence in
tensile force of roots smaller than 10 mm measured by two methods.

Combining the facts that (1) it is challenging to test tensile force of roots ↓ 10 mm
in the laboratory, (2) unlike laboratory tensile tests, field pullout tests are less suitable
for very fine roots due to the challenges of anchoring during the test process and also
laborious, and (3) the insignificant di!erence in root tensile force between two testing
methods, we suggested to use both methods, and merge the data to complement each
other and broaden the sample size for further studies.

Our study found that the relationship between maximum tensile force and root
diameter in C. japonica closely resembled patterns observed in other tree species
(Schwarz, Cohen, and Or, 2012a; Vergani et al., 2017a; Dazio, Conedera, and Schwarz,
2018). The regression curves of the measured dataset, as shown in Figure 5.19(b),
indicated an overall increasing trend, demonstrating that root tensile force increases
with bigger root diameters. Figure 5.24 illustrates the relationship between maximum
tensile force and root diameter for the C. japonica, compared with other tree species
studied through either field pullout tests or a combination of laboratory tensile tests
and field pullout tests. These species include Ash (Fraxinus excelsior L.) (Schwarz,
Cohen, and Or, 2012a), Norway Spruce (Picea abies (L.) Karst.) (Vergani et al.,
2016), Scots pine (Pinus sylvestris) (Vergani et al., 2017a), Chestnut (Castanea sativa
Mill.) (Dazio, Conedera, and Schwarz, 2018), European Beech (Fagus sylvatica L.)
(Gehring et al., 2019), and Poplar (Populus nigra ita.) (Ngo et al., 2023). Each
species exhibits varying root reinforcement capacities. Ash and Scot Pine roots have
the weakest tensile forces, while "Tasman" Poplar shows the highest. For instance, a
"Tasman" Poplar root with a diameter of 30 mm has a tensile force of approximately
12.6 kN, which is 2.92 times greater than that of C. japonica of the same diameter.
Additionally, Figure 5.24(b) highlights that Chestnut roots exhibit the highest tensile
force for diameters ranging from 0 to 3 mm, but are more average in strength for larger
root sizes. Overall, C. japonica shows average tensile force capacity compared to these
other forest species.
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Figure 5.24: (a) Comparison of maximum root tensile force between
Japanese cedar and other species recorded in previous studies that
measured by field pullout tests or by the combination between labora-
tory tensile tests and field pullout tests. Subplot (b) in the right-hand

is the zoom-in figure with root diameters ranging from 0 to 6 mm.

Table 5.8 summarizes the maximum tensile force in relation to root diameter for
various European forest species based on findings from previous studies. This data
provides a comparative analysis of the root tensile force across species, highlighting
the variations in root reinforcement capacities depending on species and root size.
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Fmax = F0 · ωω

Species Studies F0 ε
Tested root

range

R2

Ash

Schwarz, Cohen,

and Or (2012a)

21.8 1.3 up to 5.5 mm 0.67

Norway

Spruce

(control

forest)

Vergani et al.

(2016)

16.91 1.89 2 - 13 mm 0.56

Scots pine

Vergani et al.

(2017a)

1·10
6

1.72 up to 50 mm 0.9

Chestnut

(Castanea

sativa Mill.)

Dazio, Coned-

era, and

Schwarz (2018)

3.16·10
5

1.337 1 - 46 mm 0.68

Beech

Gehring et al.

(2019)

C(ωm=0.0031,ωsd=0.0023)·909501 1.43 up to 25 mm -

"Tasman"

Poplar

Ngo et al. (2023) C(ωm=0.00643,ωsd=0.00365)·2.9·10
6

1.55 1.7 - 40 mm 0.88

Japanese

cedar

Present study C(ωm=0.002,ωsd=0.001189115)·6.55· 10
5

1.43 0.43 - 36 mm 0.89

Table 5.8: Fitted maximum tensile force Fmax [N] in relation to root
diameters ϖ of di!erent species recorded in previous studies measured
by field pullout tests or by the combination of laboratory tensile tests

and field pullout tests.

5.4.3 Root reinforcement
Maximum lateral root reinforcement is greatest when closest to the stem and de-
creases as the distance from the stem increases. There was a sharp decrease in root
reinforcement between the 1.5 m and 2.5 m trenches despite a relatively small dif-
ference in the number of roots (Figure 5.5). This decline in root reinforcement with
distance is due to the decreasing presence of large roots, which dominate near the
stem and play a critical role in stabilizing the soil. As the distance from the tree
increases, smaller roots become more prevalent, contributing more to overall rein-
forcement. For example, at a distance of 1.5 m from the stem of Tree S1, a single
66 mm root contributed 61.3% of the total bundle force, despite representing only
1.39% of the total root quantity (1 out of 72 roots recorded in the sector). Similar
findings were reported by Yamase et al. (2019) and Giadrossich et al. (2019), where
larger roots were shown to have a significantly higher impact on root reinforcement.
Based on the measured root reinforcement of two trees at the CH site, the root rein-
forcement at a distance of 4.5 m from the tree stem is relatively small compared to
other trenches.

At the K1 site, a distinct pattern was observed between the number of fine roots
(black dots in Figure 5.8) and the measured maximum lateral root reinforcement
across survey lines (black dots in Figure 5.22). This suggests that fine roots do not
play a key role in determining the maximum lateral root reinforcement in K1 site.
The two highest root reinforcement were recorded at survey lines T2_1 and T2_2,
both were located in the thinned site while the root reinforcement was overall lower
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in the control site. This could be due to the di!erence in the dimensions of the trees
(the DBH of the thinned stand are about 0.05 m greater).

The comparison of the three models for predicting maximum lateral root rein-
forcement at varying distances from the two tree stems in the CH site shows that
overall Model CH and Model K1+CH demonstrated good performance across the
CH site. At the K1 study site, Model K1 exhibited the best performance with SAE
of 2.619 kN for each 1-meter width survey line. The second-best calibrated model was
Model K1+CH, which had a SAE of 2.952 kN per 1-meter width profile. All models
tended to underestimate the root force across the survey lines. Overall, the RRM
tends to underestimate the root reinforcement but better simulates maximum lateral
root reinforcement in the individual tree than in a stand. The high variability of the
root reinforcement of the single trenches confirms the finding of previous study, and
highlights the need to include this characteristic in the calculation of slope stability
(either as partial safety factor or as probability distribution). An example of this type
of approach is illustrated in the SlideforNET manual (https://dev.slidefornet.cosci-
llc.com/).

There is a significant di!erence in the basal root reinforcement distribution of C.
japonica between the CH site and the K1 site. Explanation for this di!erence in basal
root reinforcement could be due to:

- Frequency and magnitude of the rainfall: Kamikawa has a mean annual precip-
itation of 1740 mm, higher than the mean annual rainfall in HAFL Forest with 1137
mm. Higher amounts of rain means more available water infiltrates in the deeper soil
layer, creating a better environment for root growth in the deeper zone. In contrast,
if the water cannot penetrate well into deeper layers, the root will concentrate in
the topsoil horizon, where water availability is highest (Laio, D’Odorico, and Ridolfi,
2006).

- The amount of water is stored in the soil: The Andisol at the Kamikawa study
site has high porosity, which allows it to retain a large amount of water. The high
volumetric water content in the soils, measured at 67.8 ± 6.8% (0-0.10 m) and 64.8
± 7.3% (0.20-0.30 m) in thinned stand, and 65.8 ± 5.3% (0-0.10 m) and 59.3 ± 6.0%
(0.20-0.30 m) in the unthinned stand, highlights this unique soil property. With more
water stored in the soil, the root system of C. japonica trees at the Japanese study
site can develop deeper than at the Swiss site. Di!erences in groundwater levels may
also influence coarse root development.

- Understory species: The roots of understory species could be another factor
influencing the di!erences in the vertical rooting pattern of Japanese cedar between
two study sites. The Kamikawa site may have more understory vegetation, and the
roots of these plants might force the distribution of C. japonica roots in the deeper
soil layers.

- Nutrient availability: The shallow rooting in the Swiss study site can be related
to plant nutrient demands. C. japonica trees in Switzerland may be located in low
productivity stands where nutrients are more available in the organic rich topsoil
compared to deeper horizons. In the study of Hirano et al. (2017) Hirano, Tanikawa,
and Makita, 2017 on fine roots of C. japonica, the biomass was larger and shallower at
nutrient poor sites (soils with low acid bu!ering capacity, low base cations such as Ca,
Mg and high Al) compared with nutrient rich sites (soils with high base cations such
as Ca and Mg and low Al) (Hirano, Tanikawa, and Makita, 2017). The finding from
the study of Hirano could relate to the di!erence in basal root reinforcement even
though fine roots play less important role than coarse roots in root reinforcement.

- Soil type and grain size: This can a!ect root penetration and anchorage.

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



108
Chapter 5. Assess the compatibility of spatial root distribution and root

reinforcement of Cryptomeria Japonica D. Don between Switzerland, China and
Japan

Overall, based on the results presented in Table 5.7 and illustrated in Figure 5.23,
it was observed that the models e!ectively generated basal root reinforcement corre-
sponding to each depth layer. The high R2 values indicate a good correlation between
the model predictions and the observed data, suggesting that the RRM accurately
reflects the distribution of root reinforcement across di!erent soil depths.

Although our study provided insights into the root mechanical properties of C.
japonica and highlighted the spatial variability of root reinforcement of C. japonica
across di!erent study sites, several questions remain unanswered. There was a signif-
icant di!erence in root distribution between two candidate trees, which may be due
to partial excavation of the root system. A 3600 excavation could have led to more
similar results. The root frequency was similar in the range of 10 to 15 mm across
three sites while root frequency was significantly di!erent in lower diameter ranges.
Further research is needed to investigate the root reinforcement of C. japonica in
relation to geographical mapping on slope stability. The findings from this study can
inform further research on evaluating the impact of this species on slope and river
bank stability, and contribute to formulate e!ective forestry management strategies.

5.5 Conclusion
To quantify and compare the spatial root reinforcement of Japanese cedar across
di!erent study sites, we measured root frequency at various soil depths and distances
from tree stems at Swiss and Japanese locations, and assessed the root mechanical
properties through both laboratory tensile tests and field pullout tests.

This study presents a comprehensive analysis of C. japonica root distribution and
reinforcement. Our findings provide valuable insights for understanding root system
dynamics in di!erent environmental conditions and can be applied to various forestry
management practices. The main conclusions of the study can be summarized as
follow:

- Lateral Root Distribution: Statistical analysis revealed higher root number from
1 to 5 mm in Japanese study site than Swiss site and no significant di!erences in lateral
coarse root distribution among the analyzed Cryptomeria japonica sites (6 mm and
upwards).

- Vertical Root Distribution: Vertical root distribution varied considerably be-
tween Swiss and Japanese stands, likely due to di!erences in soil and climatic condi-
tions.

- Root Distribution Modeling: The RDM accurately estimated root distribution
for both Swiss and Japanese sites, as indicated by similar Pearson coe"cients. No sig-
nificant di!erences in root numbers across three sites were observed for root diameters
between 10 and 15 mm.

- Root Mechanical Properties: Root mechanical properties varied significantly
between forest stands. For roots larger than 20 mm, maximum field pullout force
di!ered by approximately 20%. Extrapolating results from smaller diameter roots
could lead to underestimates of root reinforcement.

- Data Merging: The datasets for laboratory tensile tests and field pullout tests
showed strong overlap for root diameters between 0 and 10 mm. This supports the
hypothesis that these datasets can be merged for calibrating the RBMw.

- Lateral Root Reinforcement: Measured lateral root reinforcement ranged from
0 to 10 kN/m in Swiss trees and 3 to 16 kN/m in Japanese stands.

- Basal Root Reinforcement: Basal root reinforcement di!ered significantly be-
tween Swiss and Japanese stands. In Swiss stands, reinforcement was concentrated in
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the top 0.15 m of soil, while in Japanese stands, most reinforcement occurred between
0.15 and 0.45 m depth.

The high variability of root distribution and reinforcement highlights the impor-
tance of expanding data collection and international collaboration to improve our
understanding of tree root systems and their role in environmental processes.

5.6 Appendices
Figure 5.25 compared the performance of three calibrated RDMs through number of
coarse roots, cumulative root number, and cumulative root-force between measured
and simulated values at di!erent distances from the stems in CH dataset.
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Figure 5.25: Comparison between measured and simulated root
number, cumulative root number, and cumulative root-force from three

methods to find the best-fitted coe"cients for CH.
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Model

CH
µ ς ε φ SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf

No.

profiles

CRN 21573.35 15.08331 -1.05014 0.28992 621.98 410.13 1032.11 28.99 157.36 5979.59 58

CRF 20225.26 15.00997 -0.73386 0.30608 633.68 446.57 1080.26 30.15 156.08 4503.22 58

RN 29951.82 19.82105 -1.22056 0.66909 551.34 394.77 946.11 31.87 176.60 5680.57 58

Model

K1
µ ς ε φ SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf

No.

profiles

CRN 42805.75 29.82645 -0.40036 0.66060 457.64 910.81 1368.45 16.14 135.32 12877.45 22

CRF 37421.59 29.89949 -1.47997 0.21070 389.94 1376.27 1766.21 22.19 117.85 16344.39 22

RN 47128.80 29.43846 -0.42443 0.81876 532.18 825.88 1358.06 19.83 151.37 11716.86 22

Model

K1+CH
µ ς ε φ SAE_fr SAE_cr SAE_ar SAE_crn SAE_crf SAE_rf

No.

profiles

CRN 26173.24 15.00192 -0.57244 0.30529 1017.76 1552.72 2570.48 51.61 299.64 19534.26 80

CRF 18278.09 15.02018 -0.55500 0.25759 965.00 1649.46 2614.46 54.47 294.17 20221.06 80

RN 24269.52 18.26657 -0.18150 0.55757 934.62 1577.74 2512.36 56.94 326.20 19473.56 80

Table 5.9: Results from three di!erent methods to calibrate Root
Distribution Model (RDM) and compare simulated data with mea-
sured data in each site. µ, ω, ε, and ϑ are coe"cients of Equa-
tions 5.1, 5.2, 5.3, and 5.4. SAE_fr is shortened for the Sum of Abso-
lute Errors in fine root number. SAE_cr is shortened for the Sum of
Absolute Errors in coarse root number. SAE_ar is shortened for the
Sum of Absolute Errors in all root number. SAE_crn is the Sum of
Absolute Errors of cumulative root number. SAE_crf is the Sum of
Absolute Errors of cumulative root force. SAE_rf is the Sum of Ab-
solute Errors of root-force. And No. profiles is the number of assessed

profiles.

Figure 5.26 showed linear lines between measured root reinforcement and simu-
lated root reinforcement of three calibrated models.
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Figure 5.26: Comparison between measured root reinforcement in
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Chapter 6

Analysis of poplar’s (Populus
nigra ita.) Root Systems for the
Assessment of Ecosystem
Services in New Zealand’s
Pastoral Hill Country

Abstract

Understanding root biomass is essential for estimating carbon storage and assessing
the ecological role of forest systems. This study quantified root biomass and carbon
storage capacity in 26-year-old Populus deltoides × nigra "Tasman" poplar trees grow-
ing on a pastoral hill site in New Zealand. Four trees of varying sizes (DBH ranging
from 41 to 56 cm) were fully excavated in a full 360o radius at four distances from the
stem: 1.5, 2.5, 3.5, and 4.5 m. The Root Distribution Model (RDM) was calibrated
using the observed root distribution data and then applied to estimate root biomass,
carbon storage, and CO2 sequestration potential. Field measurements revealed that
root biomass is positively correlated with tree diameter at breast height (DBH) and
negatively with soil depth and distance from the stem. A generalized allometric equa-
tion was developed by combining measured data with previous studies at the same
site and same species but di!erent diameters, enabling reliable estimation of root dry
weight across a wide DBH range. The model performed reliably for mature trees but
underestimated biomass in smaller trees, likely due to missing root data near the stem,
where the root density is highest, and also further than 4.5 m from the stem. The
RDM presents a promising approach for non-destructive estimation of root biomass
and belowground carbon stocks in forestry and agroforestry systems, contributing to
the precision of carbon sequestration estimates for use in climate policy and carbon
trading schemes.

Keywords: Root biomass; Root Distribution Model; Populus; Carbon storage;
Forestry Management; Climate change mitigation

6.1 Introduction
New Zealand is a unique country with at least 40% of its land surface comprising
steep hill below 1,000 m. These areas are commonly referred to as "New Zealand
hill country" (Blaschke, Trustrum, and DeRose, 1992). A significant portion of New
Zealand’s pastoral farmland lies within this unstable hill country. To mitigate soil
erosion, poplars are widely considered one of the most suitable tree species in these
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landscapes (Wilkinson, 1999; Douglas et al., 2006; McIvor et al., 2008). Beyond
erosion control, poplars o!er additional benefits such as biomass production and
potential contributions to climate change mitigation in New Zealand.

Poplars (Populus spp) are deciduous trees native to the Northern Hemisphere
(Van Kraayenoord, 1968; Sulaiman, 2006) and were introduced to New Zealand by
early Europeans settlers. The Tasman poplar (Populus deltoides x P. nigra) is one
of the most common planted hybrids in the country (McIvor, 2012). Tasman poplar,
as well as Veronese poplar, is an hybrid between the North American species east-
ern cottonwood (Populus deltoides) and the European black poplar (Populus nigra).
Hybrids poplar often exhibit greater productivity than their parent species (Heilman
and Stettler, 1985). They share mechanical properties with cottonwood but di!er
slightly from aspen (Populus tremuloides). In North America, hybrid poplars have
widely replaced aspen in many structural panel products (Geimer and Crist, 1980;
Zhou, 1990). Hybrid poplars are bred to enhanced disease resistance and increased
wood fiber production under particular site conditions (Balatinecz and Kretschmann,
2001). Their rapid growth, extensive the moisture-loving and flood-tolerant, which
made them a perfect choice for riparian agroforestry systems (Fortier et al., 2010).
More than that, poplar is a fast-growing species with extensive radial root growth,
which is of great advantage for hillslope soil stabilization (McIvor, Douglas, and Bena-
vides, 2009). McIvor, Douglas, and Benavides (2009) discovered that a mass growth of
9.5 years old trees was more than 30 times higher than 5 year old ones. Hybrid poplar
plantations are relatively fast accumulators of root biomass. Friend et al. (1991) dis-
covered the rapid fine root development in the hybrid poplar plantation, which was
probably thanks to the rapid growth capacity of the hybrid clones. As consequences,
poplar is extremely well suited for rapid biomass production with its high photosyn-
thetic competence and superior growth performance (Barigah et al., 1994). Poplar
wood, as well as hybrid poplar wood, is generated into various products such as pulp
and paper (Dickmann and Stuart, 1983; Laureysens et al., 2004), lumber, veneer and
plywood (Terrasson and Valadon, 1995), composite panels, pallets, boxes, millwork,
hockey sticks, furniture components, fruit baskets, containers, and chopsticks (Bal-
atinecz and Kretschmann, 2001). Hybrid poplars obtain extra benefits, they are easy
to propagate through vegetative cuttings and have wide habitats; therefore, closer
to production and consumption industries. Hybrid poplars are genetically adjusted
with higher quality traits for several specific products. In addition, hybrid poplars
potentially become a major source of wood fiber and contribute greatly to energy
supply in the next century (Balatinecz and Kretschmann, 2001). Intensive hybrid
poplar plantation was thought to have rescued power companies during the energy
crisis in the 1970s when petroleum was in short supply and petroleum prices kept
increasing. After the crisis, European countries have paid a considerable attention in
renewable energy topics (Vande Walle et al., 2007).

An extensive literature review demonstrated the important contribution of biomass
in the future energy supply on a global scale (Berndes, Hoogwijk, and Broek, 2003).
The European Union (EU) has promoted the strategy of utilizing biomass instead
of fossil fuel to reduce climate change e!ects, secure energy supply, diversify energy
sources (IEA, 2003) and lessen its dependence on exteral energy sources, e.g., the
major oil-exporting and gas-exporting countries (EU commission, 2005; Gasol et al.,
2007; Fischer et al., 2010). As estimation of tree biomass has become much vital dur-
ing the last decades, there are a great number of researches on this topic. Botanists
and foresters often have to deal with a various choices of biomass and plantation
productivity estimation (Reed, 1989). Three most-used methods in principle are:
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• Harvest entirely plots and subsequently extrapolate to a hectare (Klinge and
Herrera, 1983; Klinge et al., 1975).

• Build a functional correlation between tree weight and other easily measured
tree variables such as stem diameter at breast height (DBH), tree height (H),
crown width (CW), tree age, and wood density (Jordan and Uhl, 1978; Saldar-
riaga et al., 1988; Overman, Witte, and Saldarriaga, 1994). Considering the
regression equations between tree biomass and tree variables, in most cases,
these relationship are exhibited under the form of linear regression Biomass
= a·Tree Variableb or log-transformed equation log(Biomass) = a + b·log(Tree
Variable). As mentioned above, the most used tree variables are DBH, or DBH
x H (Freedman, 1984). These above regressions do not only apply to estimate
entire tree or plot but also tree components such as aboveground biomass, be-
lowground biomass, branches, stumps, twigs, foliage, roots, and nutrients. To
construct an equation, whole trees may be sampled by component, collecting
each representative subsample is often more applied (Whittaker and Marks,
1975; Ruark, Martin, and Bockheim, 1987).

• Utilize published biomass allometric equations that obtained from populations
of similar species in di!erent locations or same locations if available.

Without a doubt, the most reliable procedure to determine tree biomass is har-
vesting and weighing of all trees or all their components in-situ, but it is destructive,
laborious, costly and time-consuming. The first two methods are ideal to develop
equations for small areas but then are not practical in several specific sites such as
in scientific or protected natural areas - the most interesting places to study but cut-
ting is forbidden. Transportation of samples out of remote areas are also restricted.
In such cases, the third approach is the most optimal. It is the easiest, most eco-
nomic, and also non-destructive (Campbell, Lie!ers, and Pielou, 1985). There are
several regressions from previous studies were constructed for this reason, also called
as generalized biomass allometric equations, are e!ective within a region rather than
a specific site (Young, Hoar, and Ashley, 1965; Kinerson and Bartholomew, 1977;
Wiant et al., 1977; Goldsmith and Hocker, 1978; Pastor, Aber, and Melillo, 1984).
Generalized allometric equations that ignored specific tree species performed well on
tree biomass estimation except for branch and foliage biomass which need species-
specific equations. Allometric models have been improved to meet the need of various
targets in forest ecology and forest management.

It has been noted that equation including tree height (H) is more accurate in
estimating biomass, especially foliage biomass, but at the same time more field work
required (Pastor, Aber, and Melillo, 1984; Ruark, Martin, and Bockheim, 1987; Nils-
son and Wasielewski, 1987; Ketterings et al., 2001). However, several researchers
revealed that only DBH is adequate for local or regional biomass estimation (Honer,
1971; Crow, 1978; Gower, Kucharik, and Norman, 1999). Wang (2006) suggested
applying DBH-only equations for most forest management purposes because (1) H is
rarely used in practice (Pastor, Aber, and Melillo, 1984; Bond-Lamberty, Wang, and
Gower, 2002; Martin et al., 1998), (2) H is much more di"cult and time-consuming
while less accurate to be estimated than DBH (Gower, Kucharik, and Norman, 1999),
(3) adding H may introduce consequent variance due to a cumulative inaccuracy cre-
ated by H measurements and then generate estimation errors at di!erent subsequent
prediction phase (Mowrer and Frayer, 1986). Wang (2006) found an increase of only
<4% in R2 by adding H as the second predator, which is not worth unless estimating
components biomass as branch and foliage since the goal of all allometric equations

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



120 Chapter 6. Analysis of poplar’s (Populus nigra ita.) Root Systems for the
Assessment of Ecosystem Services in New Zealand’s Pastoral Hill Country

is as much accessible to all researchers as possible. Pontailler et al. (1997) noted that
the power model predicted tree biomass better than the linear model.

Estimating precisely tree biomass remains a challenge due to the lack of unity in
calculated results among published allometric models. Several generalized biomass
prediction equations have been introduced for tropical forests (Brown, Gillespie, and
Lugo, 1989; Overman, Witte, and Saldarriaga, 1994; Chambers et al., 2001; Chave
et al., 2005) and for temperate forest (Ter-Mikaelian and Korzukhin, 1997; Martin et
al., 1998; Wang, 2006). Published allometric regression models are mostly developed
on a small quantity of trees and very few large diameter trees studied, therefore, not
well representing the large-scale forest. In natural forests, allometric equations must
be combined from various species to provide reliable biomass estimation. Otherwise,
if the equation of a specific tree species is available, the biomass prediction of that
particular species becomes more accurate (Litton and Boone Kau!man, 2008). These
species normally obtain high value or essential for a research or forestry management
plan.

In the present study, we focused on the root distribution and biomass of Tasman
poplar on pastoral hill in New Zealand for ecosystem services. Several biomass esti-
mates equations of poplars have been published (Pontailler et al., 1997; Brahim, Gava-
land, and Cabanettes, 2000; Wullschleger et al., 2005; Dillen et al., 2007; Walle et al.,
2007; Fang, Xue, and Tang, 2007; Al Afas et al., 2008b; Felix et al., 2008; Johansson
and Kara*i#, 2011; Ajit et al., 2011; Parsapour et al., 2013; Truax et al., 2014; Fischer
et al., 2014; Taeroe et al., 2015; Lupi et al., 2015; Verlinden, Broeckx, and Ceulemans,
2015; Heidari Safari Kouchi, Rostami Shahraji, and Iranmanesh, 2015; Zhang et al.,
2016; Fortier et al., 2017; Headlee and Zalesny, 2019; Rebola-Lichtenberg, Schall,
and Ammer, 2021). However, most of reported biomass equations for poplar trees
are valid over smaller diameters than ones in our studies. For instance, Zhang et al.
(2016) developed aboveground biomass equations for poplar plantations in Jiangsu
Province of China with DBH ranged from 1.7 to 38.6 cm. Johansson and Kara*i#
(2011) constructed a biomass equation for poplar trees in Sweden with the mean DBH
over bark was 21.0 cm (range 4.9 - 44.7 cm). Taeroe et al. (2015) predicted biomass of
Populus trichocarpa × Populus maximowiczii hybrid poplar clone in southern Scan-
dinavia with DBH from 1.2 to 41 cm. Truax et al. (2014) developed clone-specific
allometric relationships between DBH and leafless aboveground biomass production
of 5 unrelated hybrid poplar clones with DBH ranged from 4.3 to 37.3 cm. Headlee
and Zalesny (2019) used allometric biomass equations to describe woody aboveground
biomass of 11 hybrid clones with mean DBH of 20 cm (range 8.9 - 34.2 cm) in the
north-central USA. Accurately biomass estimations of large trees is crucial because
large trees commonly account for a major portion of biomass in a given stand (Crow
and Schlaegel, 1988; Gower, Kucharik, and Norman, 1999).

While above-ground biomass in poplar plantations has been widely studied around
the world (Fang, Xue, and Tang, 2007; Fortier et al., 2010; Laureysens et al., 2004;
Truax et al., 2012; Zabek and Prescott, 2006; Christersson, 2010), allometric equa-
tions available for belowground biomass estimation of these species are limited. Lod-
hiyal and Singh (1993) ordered biomass of each component of poplar tree: bolewood
> branches > stump roots > foliage > bole bark > lateral roots > twigs > fine roots.
One of the reasons that most former studies focused on the aboveground components
of hybrid poplars is because of its high value and flexibility from an economic per-
spective. Di!erent aboveground parts of hybrid poplars can generate various kinds of
marketable products, e.g., branches and stems can be cut to produce bioenergy and
particle boards; Stem wood can be used for pulp (Labrecque and Teodorescu, 2005;
Yu et al., 2008; Balatinecz and Kretschmann, 2001; Fortier et al., 2010); In drought
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pastures, the leaves and small branches of hybrid poplars can be pruned to become
an economical livestock feed (McWilliam et al., 2004); Leaves and branches can be
used for agricultural land fertilization (Singh and Sharma, 2007). Another reason is
that belowground biomass estimates can require a laborious and time-costing e!ort.
The techniques developed to quantify root morphology and biomass of hybrid poplars
are e!ective but destructive and require a huge amount of labor (Friend et al., 1991).
Three common schemes to estimate belowground biomass in general are:

• Whole tree root system excavation, so-called destructively harvested. The entire
root system of the sample tree is excavated using a device, or manually digging,
or combination approach.

• Soil excavation. In most cases, 1m3 of soil around the base of the sample tree
was excavated. Obviously, several roots of the tree extend beyond 1 m but
these roots are assumed to be compensated by roots from adjacent trees that
expand into the excavated soil cube (Friend et al., 1991). Therefore, all the
roots collected within the this 1m3 of soil were attributed to the sample tree.
This technique is normally applied to young plantations. The volume of soil
excavated depends on the size of the sampled tree.

• Excavated along roots. Radial roots were dry excavated, digging along the
course followed by the roots in the soil, and the path of each root was plotted
on graph paper (McIvor et al., 2008).

• Estimated by some theoretical proportion of aboveground values or total biomass
of a tree.

The excavation of tree roots is very hard work, depending greatly on root mor-
phology and soil conditions (Wang, 2006). A whole excavation provides priceless
knowledge of correlations between root system and other factors such as soil proper-
ties, underlying rocks, steepness, and prevailing wind. Nevertheless, complete excava-
tion is very laborious in complicated or tricky sites (McIvor, Douglas, and Benavides,
2009). The work of estimating precisely fine roots (<0.5 mm) is unrealistic.

Belowground biomass is accounted for approximately 25% of total biomass in
forest ecosystems (Niklas and Enquist, 2002). Poplar root systems can represent
approximately 25 - 35% of total plant biomass (Heilman, Ekuan, and Fogle, 1994; KS,
1996), this proportion can be higher (up to 63%) in juvenile trees (King, Pregitzer,
and Zak, 1999; Yin et al., 2004; Oliveira et al., 2018). As trees increase in size,
their root:shoot ratio tends to decrease. Although total root biomass was positively
correlated with stand age, the increase was caused mainly by the increase in stump
weight, whereas fine and coarse root mass did not vary (Ruark, Martin, and Bockheim,
1987).

In addition to biomass production, forests also contribute greatly to the global
carbon cycle and climate change. Forest biomass estimation is an vital step to quan-
tify the carbon budget (Zhang et al., 2016). Hybrid poplar, thanks to its specific
characteristics include fast-growing, high-yield and strong adaptability to environ-
mental changes, is considered as a high e"cient carbon sink and can be planted to
compensate CO2 emissions (Oelbermann, Voroney, and Gordon, 2004; Updegra!,
Baughman, and Ta!, 2004; Yemshanov and McKenney, 2008; Fortier et al., 2010;
Zhang et al., 2016). Liu et al. (2010) revealed that the carbon sequestration of poplar
trees is nearly 20 times higher than other tree species. Since tree biomass can be eas-
ily estimated with published allometric equations, converting tree biomass to carbon
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storage capacity through multiplying by the ratio of CO2 to C could be the most
ideal and reliable approach to estimate weight of carbon dioxide sequestered over
large areas.

In the case of New Zealand, poplars are qualified for carbon credits under the
New Zealand Government Emissions Trading Scheme (ETS) providing the planted
area exceeds one hectare, and trees are su"ciently close to reach 30% of canopy cover
(McIvor and Douglas, 2012). At maturity (DBH > 30 cm), 78 SPH "Tasman" poplars
would be required to achieve 30 % canopy cover. The New Zealand Government has
chosen the Emissions Trading Scheme (ETS) as the most economical method to eval-
uate greenhouse gas emissions with the aim of declining greenhouse gases emission in
New Zealand. Within the New Zealand ETS system, New Zealand Units (NZUs) are
used as a mean for trading. One NZU allows to discharge one tonne of carbon dioxide
or of other greenhouse gases. Agroforestry systems such as hybrid poplar have a high
potential to store carbon in both above- and below-ground biomass (Tufekcioglu et
al., 2003), with biomass carbon storage ability of poplar bu!ers being largely a!ected
by site fertility (Fortier et al., 2010).

In the present study, we focused on the root distribution of Tasman poplars,
applied RDM to assess its biomass and carbon storage capacity in New Zealand
pastoral hillcountry.
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6.2 Materials and Methods
6.2.1 Site description

Figure 6.1: Location of the study site shown as a red star in New
Zealand.

Data was collected at Ballantrae Hill Country Research Station (40°18’56"S, 175°50’23"E)
in the region of Manawatu, locating in the south of the North Island (Figure 6.1).
This region is commonly known for pastoral production. The elevation is approxi-
mately 130 m ASL (Manaaki Whenua - Landcare Research 2019). The terrain tends
to incline (4-15o) towards northeast. The study region is regulated by temperate cli-
mate with frosty winters and cool summers. Average monthly precipitation is between
50 and 80 mm. It is an ideal condition for tree growth and cultivation.
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Figure 6.2: Overview of the tree stand. Trees from the more spaced
part of the stand have been chosen for root counting in order to have

less overlap between the root systems of neighboring trees.

The studied Tasman poplar stand was 26 years old. The poles were distributed
in a radial disposition (Figure 6.2). Tree spacing was around 6 m in the densest zone
(SE) and up to 14 m in the sparsest one (NW). Four trees located in the sparse zone
were excavated to obtain root mechanical properties and root distribution.

Root counting and measurement were conducted from the 30th of September 2019
to the 8th of November 2019. The study were divided into two parts with di!erent
objectives. Detailed methodologies were presented in the following sectors.

6.2.2 Individual tree measurements
To quantify the spatial root distribution of a single tree scale, we selected four trees
(Tree 1, 2, 3, and 4) with di!erent DBH in the sparsest part of the stand as shown
in Figure 6.2 to avoid the overlapping of neighbouring tree root systems and then
dug two 360o trenches of 0.9 meter depth with an excavator. The distances from the
middle of the tree stem to these trenches were 1.5 m, 2.5 m, 3.5 m, and 4.5 m as shown
in the Figure 6.3. Trenches were divided into 8 sectors of 45o each. The first and the
last sectors were situated in uphill. Each sector was separated into 7 depth layers
[0-15 cm], [15-30 cm], [30-45 cm], [45-60 cm], [60-75 cm], [75-90 cm], and [> 90 cm].
Living fine roots coming from identified trees were counted and put in diameter class
[0-1.5 mm] whereas living coarse roots were classified into 1-mm diameter class such
as 1 mm [1.5-2.5 mm], 2mm [2.5-3.5 mm], 3 mm [3.5-4.5 mm], and so on. Collected
data were applied to calibrate and validate the Root Reinforcement Model and Root
Distribution Model.
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Figure 6.3: Schematic representation of the trenches (in grey) with

the di!erent sectors and distances.

6.2.3 Root distribution modeling
Root Distribution Model (RDM) described by Schwarz, Lehmann, and Or (2010) was
applied to estimate the number of roots in diameter class size i that cross 0.9-m depth
and 1-m width vertical soil profile at a distance d from an isolated tree stem with
diameter at the breast height (DBH) ϖt following the equation:

Ni,t(d, ϖt) =





Dfr

[ln(1+ϑmax)→ln(1+ϑi)]
ln(1+ϑmax)

( ϑi
ϑ0
)ε, with d < dmax and ϖi < ϖmax

0, otherwise
(6.1)

dmax is the maximum rooting distance from the stem, Dfr is the density of fine
roots (smaller than 1.5 mm) per horizontal meter, ϖi is the mean root diameter in
class size i, ϖ0 is a reference diameter (in this paper equals to 1 mm), ϖmax is the
maximum root diameter, and ε is a constant exponent.

dmax(ϖt) = ωϖt (6.2)

ϖmax =
dmax → d

ϑ
(6.3)

ω is a proportionality constant, ϖt is the tree diameter at the breast height, and
ϑ is a dimensionless scaling coe"cient.
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The density of fine roots (< 1.5 mm) crossing a 0.9-m depth and 1-m width
vertical soil profile at a given distance d from an isolated tree stem with diameter at
the breast height (DBH) ϖt is calculated as:

Dfr(d, ϖt) = [
µ(ϖ2

t
ϖ

4 )

dmax2ϱd
](

dmax → d

dmax

), with d < dmax (6.4)

µ is a pipe coe"cient.
Aforementioned parameters of the model µ, ε, ω and b were calibrated by min-

imizing the Sum of Squares Errors obtained as the di!erence between modeled and
measured root distribution data. RDM simulated only lateral root distribution with-
out considering vertical variations.

RDM in the studied stand has been calibrated and validated in previous pa-
per (Ngo et al., 2023). Calibrated values of µ, ε, ω and b are 97056.03, -1.50155,
0.1319465, and 16.21262, respectively. We used these values to calculate root biomass
and root carbon storage capacity of Tasman poplars.

6.2.4 Root Area Ratio
First, we measured each root cross-sectional area at a given soil profile i, based on
the number of roots in each root diameter class:

Ai =
m∑

j=1
Ni,j · ϱ(

dj

2 )2 (6.5)

where Ai is root area of soil profile i, Ni,j is the number of roots in root diameter
class j at soil profile i, dj is root diameter of root diameter class j, and m is number
of root diameter classes.

To calculate Root-Area-Ratio (RAR), knowing as the ratio between root area and
soil area at soil profile i:

RARi =
Ai

As

(6.6)

where Ai is root area [m2] at soil profile i and As is cross-sectional soil area [m2]
of soil profile i.

6.2.5 Root biomass calculation
Measured root biomass We obtained measured root distribution at four distances
from the stem: 1.5m, 2.5m, 3.5m, and 4.5 m. We considered the distance from the
first trench to the stem is L0 (in m) whereas distance between each further trench is
L (in m). In our case, L equals to 1 m. Root volume within the first assessed distance
from the stem is computed following cylinder shape, while we calculated root volume
from 2.5 m to 4.5 m distances as the sum of volumes of di!erent truncated cones.
The total measured root fresh volume of a tree (MRV, in m3) from stem to distance
of 4.5 m will be calculated following the equations:

MRV = A1 · L0 +
n→1∑

j=1

Lj

3 · (Aj + Aj+1 +
√

Aj · Aj+1) (6.7)

where MRV is the total measured root fresh volume, A1 · L0 is the root volume
from the stem to the first trench (1.5 m). We assumed that the root distribution was
constant in the first 1.5 m from the stem. Aj , Aj+1 is the root area of successive
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trenches apart from first trench while Lj is the distance between j and j+1. For
measurement data, Lj equals to 1 m.

Estimated root biomass We used the Root Distribution Model (RDM) to gen-
erate the number of roots within each root diameter class in a 1-m wide and 0.90-m
deep soil profile at specific radial distances from the stem. Based on these estimates,
we calculated the root quantities at successive distances and calculated the estimated
root fresh volume (ERV, in m3) for the entire root system of a tree. To estimate
root biomass, we applied a radial integration of root cross-sectional area using a dis-
cretized representation of the root distribution. The integration was performed using
a 1-m step size (L = 1m), which corresponds to the field sampling resolution using in
trench-based root data collection. This approach ensures reliable comparison between
model performance and empirical observations.

ERV = Am

1 · L0 +
n→1∑

j=1

Lj

3 · (Am

j + Am

j+1 +
√

Am
j

· Am
j+1) (6.8)

where Am
1 · L0 is the root volume from the stem to the first trench. Lj is the

distance between trench j and j+1. Am
j

and Am
j+1 are root areas at trench j and j+1

from the stem.
Root fresh volume (RV, in m3) was then converted to root dry weight (DW, in kg).

Johansson and Hjelm (2012) found the mean basic dry density for Poplar stands of
0.313 g/cm3, equals to 313 kg/m3. The basic density was computed as ratio between
dry weight and fresh volume. Therefore, to calculate root dry mass (DW, in kg):

DW = RV · 313 (6.9)

6.2.6 Carbon storage calculation
The carbon storage in root systems of each poplar trees was calculated by multiplying
root dry biomass with carbon fraction (CF). The carbon content of tree remains quite
constant across various species with the range from 42% to 50% (Schlesinger, 1997;
Magnussen and Reed, 2004; Fang, Xue, and Tang, 2007; Wauters et al., 2008; Rana
et al., 2010; Behera and Mohapatra, 2015). It has traditionally been assumed that
the carbon content of dry biomass of a tree was 50% (Brown and Lugo, 1982; Roy,
Mooney, and Saugier, 2001; Grace, 2004; Chojnacky, Heath, and Jenkins, 2014). On
the other hand, Kirby and Potvin (2007) suggested this value equaled 47% for trees.
In this study, we calculated carbon content of tree root (WC) by simply taking a
conversion fraction of 0.50 (default value given by OECD and lEA (1996) and IPCC
(2006)) multiply with root biomass value (DW).

WC = DW · CF (6.10)

where WC is the carbon content and DW is dry root biomass.
To estimate the amount of CO2 sequestration (kg), the carbon content was then

multiplied by the ratio of CO2 to C which equals to 44/12.

WCO2 =
44
12 · WC (6.11)

where WCO2 is the weight of carbon dioxide sequestered in trees (kg).
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Estimated values of stored CO2 from measurement and from RDM were then
compared with the amount of sequestered CO2 calculated by the published allometric
regression models from previous studies.

6.2.7 Statistic analyses
Both RBMw and RDM were implemented in R software and can be downloaded at
the following link: www.ecorisq.org/openFTP/Schwarz.zip.

6.3 Results
6.3.1 Root Distribution Measurements and Modeling
Measured Root Distribution Four Tasman poplar trees with di!erent DBH
ranging from 0.41 m to 0.56 m was sampled to observed the distribution pattern
of fine roots and coarse roots on pastoral hill country. Two circular trenches around
each tree were excavated. Figure 6.4 and Figure 6.5 showed the di!erence in root
distribution of all trees in upslope and downslope. The root distribution in upslope
is the mean root quantity per meter of sector 1 and sector 8; while for downslope,
root number per meter is calculated as the mean value of root distribution between
sector 4 and sector 5 (Figure 6.3).
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Figure 6.4: Measured number of fine roots (< 1.5 mm) in 1-m width
and 1.05-m depth soil profiles from four Tasman poplars with DBH of
0.41 m (red bars), 0.42 m (green bars), 0.51 m (blue bars), and 0.56
m (purple bars) at di!erent distances from the stems. Number of fine
roots for upslope is the mean value of root quantity between sector 1
and sector 8, whereas number of fine roots for downslope is calculated

as mean values between sector 4 and sector 5.

As observed in Figure 6.4, the number of fine roots correlated negatively with
soil depth and with distances from the stem in all trees. Considering horizontal
direction, the highest number of fine roots was recorded in the nearest trench. At
this distance, three smaller trees have more fine roots in uphill than downhill while the
biggest poplar tree showed more abundant fine roots in downhill direction. In other
distances, the number of fine roots then tends to be more abundant in downslope
compared to upslope.
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Considering vertical direction, the number of fine roots decreased rapidly corre-
sponding to the soil depth and fluctuated greatly. In 0 - 0.15 m soil layer, 0.51 m
DBH tree showed more fine roots in uphill compared to downhill in all distances
except 3.5 m far from the stem. In the same soil layer, tree 4 always showed higher
number of fine roots downslope compared to upslope. In contrast, other two smallest
poplar trees had the same root distribution patterns with more fine roots in downhill
profile than uphill one from 2.5 to 4.5 m distance while higher number of fine roots in
upslope compared to downslope at 1.5 m from the stem. Among four sampled trees,
tree 3 and tree 4 tended to obtain the greatest number of fine roots. In 0.15 - 0.30
m soil depth, we observed clealier that number of fine roots is higher in downslope
than upslope, except for tree 3 at 4.5 m from the stem. In both 0.30 - 0.45 m and
0.45 - 0.60 m soil layers, the biggest tree (DBH = 0.56 m) showed to have highest
fine root numbers than other trees. Below 60 cm soil depth, the number of fine roots
was insignificant in all trees. Only tree 4 has fine roots in the soil layer of 0.75 - 0.90
m at the distance 3.5 and 4.5 m from the stem, showing the extensive root system as
the largest tree.
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Figure 6.5: Measured mean number of coarse roots of four Tasman
poplars in each soil depth at di!erent distances of 1.5 m, 2.5 m, 3.5 m,
and 4.5 m from the stem in both upslope (sector 1 and sector 8) and

downslope (sector 4 and sector 5).

Similarly, coarse roots (> 1.5 mm) in Tasman poplars decreased with lower depth
and farther from the stem. Considering horizontal direction, the amount of coarse
roots of all trees fluctuated greatly between upslope and downslope, especially tree 3
and tree 4. In the two smallest trees, coarse roots were more abundant in the uphill
sector in the first trench but then gradually grew towards downhill. On the contrary,
both two biggest trees exhibited higher coarse roots abundance in downslope than
upslope at all distances from the stem. At 4.5 m distance, it could be clearly seen
the positive correlation between number of coarse roots and the size of the trees.

Considering vertical side, majority of coarse roots was recorded above 0.6 m soil
depth. Within the first soil layer, we observed that when the root system of a Tasman
poplar expands further, it tends to grow downward. A distinguished pattern was
observed from tree 4 in the second soil layer that the number of coarse roots upslope
was twice higher than downslope in the 2.5 m distance. Similar to fine roots, number
of coarse roots is also higher downslope compared to upslope with depth below 0.15
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m. At the farthest trench, only tree 3 and tree 4 showed to have root system at deep
soil layers from 0.60 to 0.90 m. The number of coarse roots is shown to be negligible
in the deepest soil layer for all four poplar trees.

Modeled Root Distribution The study of Ngo et al. (2023) calibrated and val-
idated the Root Distribution Model with collected in-situ data of Tasman poplars
from the same stand. In the present study, we utilized the calibrated RDM with
the established best-fitted coe"cients to calculate root-area-ratio (RAR) and root
biomass.

Table 6.1: Best-fitted parameters of Tasman poplars for the Root
Distribution Model. µ is the pipe coe"cient, ε is the empirical expo-
nent of coarse root density, ϑ is the scaling coe"cient for maximum
root diameter at a distance, ω is the proportionality constant for max-
imum root lateral extension, SSE is the Sum of Square Errors, and R2

is the coe"cient of determination.

Dataset n µ ε ϑ ω SSE R2

Tree
trenches

128 97056.03 -1.5015 0.1319465 16.21262 684.65 0.78
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Figure 6.6: Measured (dots) and modeled (lines) number of fine roots
of four Tasman poplars with di!erent diameters at four distances of
1.5 m, 2.5 m, 3.5 m, and 4.5 m from the stem. Tree 1 (DBH = 0.41
m) was presented in green color, tree 2 (DBH = 0.42 m) was indicated
with orange color, tree 3 (DBH = 0.51 m) was exhibited with red color,

and tree 4 (DBH = 0.56 m) was presented in blue color.
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Figure 6.7: Measured (presented by red columns) and modeled (pre-
sented by blue columns) number of coarse roots of four Tasman poplar
trees at four distances of 1.5 m, 2.5 m, 3.5 m, and 4.5 m from the stems.

The study of Ngo et al. (2023) demonstrated that with calibrated parameters, the
number of fine roots was underestimated in all trees while the number of coarse roots
fluctuated based on the size of sampled trees and distance from the stems between
measured and simulated datasets. The variance between measured and modeled
coarse root number in assessed 1 x 0.90-m profiles was not significant with R2 =
0.96, however, it would be interesting to examine the di!erence in whole root system
biomass.

6.3.2 Root Biomass and Carbon Storage
Root Biomass We calculated the root-area-ratio (RAR), which means the cross-
sectional area of roots per area of a soil profile at di!erent distances from the stems.

Ha My NGO

PhD course "Agricultural Sciences" Cycle XXXVII - Università degli Studi di Sassasi



132 Chapter 6. Analysis of poplar’s (Populus nigra ita.) Root Systems for the
Assessment of Ecosystem Services in New Zealand’s Pastoral Hill Country

Sector 1

Sector 2

Sector 3

Sector 4Sector 5

Sector 6

Sector 7

Sector 8

0.0

0.5

1.0

1.5

Sector

R
AR

 [%
]

1.5 m distance

Sector 1

Sector 2

Sector 3

Sector 4Sector 5

Sector 6

Sector 7

Sector 8

0.0

0.5

1.0

1.5

Sector

R
AR

 [%
] Tree 1

Tree 2

Tree 3

Tree 4

2.5 m distance

Sector 1

Sector 2

Sector 3

Sector 4Sector 5

Sector 6

Sector 7

Sector 8

0.0

0.5

1.0

1.5

Sector

R
AR

 [%
]

3.5 m distance

Sector 1

Sector 2

Sector 3

Sector 4Sector 5

Sector 6

Sector 7

Sector 8

0.0

0.5

1.0

1.5

Sector

R
AR

 [%
]

4.5 m distance

Figure 6.8: Measured RAR in 1m x 1.05m soil profiles of four Tasman
poplar trees at di!erent distances from the stems. Sector 1 and sector
8 located in the upslope direction while sector 4 and sector 5 located

in the downslope.
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Figure 6.9: Measured RAR in 1m x 1.05m soil profiles of four Tasman
poplar trees at di!erent distances from the stems by sector.
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It could be clearly observed that there was a significant gap in RAR between
upslope and downslope. At distance of 1.5 m, two smallest trees exhibited the highest
RAR in sector 4 whereas tree 3 and 4 showed the highest values in sector 5 and 6,
respectively. At distance of 2.5 m, tree 1 and tree 3 showed highest RAR in sector
5 while the highest RAR of tree 2 and tree 4 is found in sector 7 and sector 8,
respectively. The highest RAR value of tree 4 (DBH = 0.56 m) at the distance of 2.5
m from the stem is in sector 8 with 0.49%. At two nearest distances from the stem,
tree 3 obtained the greatest RAR with ca. 1.51% and 0.68%, all found in sector 5.
At two farther distances, the maximum RAR values of all trees are either located in
sector 5 or sector 6. At two farthest distances, tree 4 showed highest RAR values
with 0.36% and 0.27% in sector 6 and sector 5, respectively. On average, the RAR
values in the nearest distance were approximately 21 times higher than of the 4.5-m
trench. Figure 6.9 well indicated the root distribution of Tasman poplars in horizontal
direction in a hillslope.
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Figure 6.10: Correlations of measured RAR of four Tasman poplars
with soil depth and distances from the stems. RAR values of tree 1
(DBH = 0.41 m) was represented in green dots, RAR values of tree
2 (DBH = 0.42 m) was shown in orange dots, RAR values of tree 3
(DBH = 0.51 m) was indicated in red dots, and RAR values of tree 4

(DBH = 0.56 m) was exhibited in blue dots.

Considering Figure 6.10, majority of poplar root was found in the first 0.6 m soil
depth. RAR values below 0.6 m of all four trees were insignificant at every assessed
distance. Within two closest trenches, tree 3 showed the highest RAR values in the
first 0.15 m soil depth but then indicated to obtain lowest RAR values in the next soil
layer. On the contrary, tree 4 showed more modest RAR values than tree 2 and tree 3
in the first soil layer but then obtained the greatest RAR in following depths. Within
two farthest trenches, tree 4 had the highest RAR values in every layer, exhibiting
the extensive root system of the biggest tree compared to smaller ones.
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Figure 6.11: Comparison between measured (red dots) and sim-
ulated (blue dots) root-area-ratio (RAR) from RDM of 1 x 0.90 m
profiles from di!erent sizes of poplar trees at various trenches from

the stems.

Figure 6.11 exhibited great variation of RAR values of di!erent trees at various
distances to the stem. RAR values decrease when roots grow further from the stem.
At 1.5 m distance, the maximum measured RAR value was measured in tree 3 and
the minimum one was recorded in the smallest tree. At 2.5 m distance, the highest
measured RAR was found in tree 2 with approximately 0.44%. At 3.5 m and 4.5
m distances, the maximum RAR values were both found in tree 4 with 0.23% and
0.17%. In most of the cases, measured RAR values were higher than simulated ones.
The biggest variances between measured and estimated RAR values were mostly
observed at the first trench, especially in tree 2 with the di!erence up to 0.43%. The
di!erences between measurement and model were getting smaller corresponding to
further distances. The model performed better with two large trees than two small
trees. At 4.5 m distance, the di!erences between two datasets were not notable with
values of 0.08%, 0.05%, 0.02%, and 0.07% corresponding from the smallest tree to
largest trees, showing that the RDM performed well at the distance of 4.5 m from
the stem.

We then calculated root fresh volume and root dry weight of four sampled poplar
trees following the equation 6.7, 6.8 and 6.9. The results were then recorded in the
Table 6.2.
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Table 6.2: Comparison of total root dry weight calculated from mea-
surement (Equation 6.7) and from estimation (Equation 6.8) at di!er-

ent distances from the stem with L0 = 1.5 m and L = 1.0 m.

ID Tree DBH
[m]

Distance
from
stem
[m]

Measured
DW
[kg]

Estimated
DW
[kg]

Variance
[kg]

Di!erence
[%]

0 - 1.5 27.64035 15.13048 12.50987 45.27
1.5 - 2.5 17.43308 8.041973 9.391107 53.86

Tree 1 0.41 2.5 - 3.5 12.99183 4.645008 8.346822 64.24
3.5 - 4.5 8.734574 2.261832 6.472742 74.12

> 4.5 NA 0.9378279 NA NA

0 - 1.5 33.47388 16.24537 17.22851 51.47
1.5 - 2.5 20.87362 8.694396 12.179224 58.34

Tree 2 0.42 2.5 - 3.5 12.94063 5.124411 7.816219 60.39
3.5 - 4.5 6.572345 2.583028 3.989317 60.70

> 4.5 NA 1.180093 NA NA

0 - 1.5 41.73597 28.33663 13.39934 32.09
1.5 - 2.5 22.15494 15.90493 6.25001 28.21

Tree 3 0.51 2.5 - 3.5 12.3465 10.69893 1.64757 13.34
3.5 - 4.5 7.24001 6.631052 0.608958 8.41

> 4.5 NA 5.739708 NA NA

0 - 1.5 40.34396 36.73694 3.60702 8.94
1.5 - 2.5 22.77008 21.00396 1.76612 7.76

Tree 4 0.56 2.5 - 3.5 16.65064 14.82841 1.82223 10.94
3.5 - 4.5 13.95099 9.843695 4.107295 29.45

> 4.5 NA 10.8376 NA NA

Measured dry weight (DW) values beyond 4.5 m are marked as NA because root
distribution was not assessed in situ beyond this distance from the stem.

For all trees, the estimated root dry weight values tend to underestimate the
measured values, particularly within the distance of 3.5 to 4.5 m except Tree 3. The
discrepancies are largest in Tree 1 and Tree 2, where relative di!erences between
measured and estimated DW range from 45% to over 74%. Specifically, for Tree 1,
the model underestimated DW in the 0 - 1.5 m distance by 45.27% and up to 74.12%
in the 3.5 - 4.5 m range. A similar pattern is observed in Tree 2, where di!erences
range between 51.47% and 60.70%. Variances ranging between 12.5 and 17.2 kg
suggest that the model notably underestimates root biomass in areas closest to the
stem, where root density is highest.

In contrast, Tree 3 and Tree 4 exhibit a higher level of consistency between mea-
sured and estimated DW values. Tree 3 shows a decreasing trend in di!erence from
32.09% to 8.41% across from the stem to 4.5 m range, suggesting improved model
performance with increasing distance. Similarly, Tree 4 presents low di!erences across
all distances, with percentage di!erences remaining below 30%, and as low as 7.76%
in the 1.5 - 2.5 m range. These results highlight that the model tends to perform
more accurately for trees with larger DBH, such as Tree 3 (0.51 m) and Tree 4 (0.56
m), than for those with smaller DBH like Tree 1 and Tree 2 (DBH = 0.41 and 0.42
m, respectively).

Beyond 4.5 m from the stem, measured data are unavailable (NA), and therefore,
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model estimates in this range could not be validated. However, estimated DW values
in this farthest distance remain relatively low across all trees (ranging from 0.94 to
10.84 kg), indicating a minor contribution of distant roots to the total root biomass.

Overall, these findings suggest that while the Root Distribution Model performs
moderately well in predicting the general spatial pattern of root biomass, it tends to
underestimate, particularly near the tree stem where root density is highest. This may
be due to limitations in recording in-situ root distribution at this distance. However,
the closer alignment observed in larger trees indicates that model performance may
improve with increasing DBH.
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Figure 6.12: Comparison between measured and simulated cumula-
tive root dry weight at di!erent distances from the stem of four poplar

trees.

Figure 6.12 presents the cumulative root dry weight as a function of the distance
from the stem for four trees with varying diameters at breast height. Measured values
are represented by colored points, while modeled values are shown as solid lines.

Across all trees, cumulative root dry weight increased with radial distance from
the stem, reflecting the expected trend of root biomass distribution. Notably, the
model closely generated the general pattern of the observed root dry weight curves,
with particularly good prediction for Tree 4 (DBH = 0.56 m).

In contrast, Trees 1 and 2 (DBH = 0.41 and 0.42 m) showed significantly lower
cumulative root dry weight throughout various distances. The model underestimated
biomass in the farther zones (> 3.5 m) for these smaller trees but captured the overall
trend.
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When calculating root volume and biomass, we assumed a uniform root distri-
bution within the first 1.5 m from the stem, due to the absence of in situ data in
this zone. Beyond 1.5 m, root data were collected at 1-meter intervals, which likely
introduced variability between the measured and actual root biomass. In contrast,
estimated root dry mass was calculated continuously from the stem to the maximum
rooting distance using the RDM.

Given the positive correlation between DBH and root biomass, larger trees exhib-
ited higher total root dry mass. Table 6.2 presents the DBH values and corresponding
total root dry weights for the sampled trees. The largest tree in the study was esti-
mated to have accumulated up to 93 kg of root biomass.

Carbon Storage Tree size has been shown to play a major role in biomass vari-
ation and is commonly used as the variable in biomass allometric models (Gower,
Kucharik, and Norman, 1999; Wang, 2006). DBH-only biomass equations are enough
to satisfy biomass calculations of an individual tree and application in most of forest
management purposes (Wang, 2006; Zhang et al., 2016).

Table 6.3: Table of total biomass and carbon storage of root system.

ID Tree DBH [m] Measured
WC [kg]

Estimated
WC [kg]

Measured
WCO2 [kg]

Estimated
WCO2 [kg]

Tree 1 0.41 33.39992 15.50856 122.4664 56.86472
Tree 2 0.42 36.93024 16.91365 135.4109 62.01672
Tree 3 0.51 41.73871 33.65563 153.0419 123.404
Tree 4 0.56 46.85784 46.6253 171.8121 170.9594

Table 6.3 presents the measured and estimated root carbon stocks (WC) and their
corresponding CO2 equivalents (WCO2) for four Tasman poplar trees of varying di-
ameters at breast height (DBH). Root carbon content was derived from dry biomass
measurements and model estimates (Equation 6.10), while CO2 equivalents were cal-
culated using a standard conversion factor to reflect the amount of atmospheric carbon
dioxide sequestered in the root system (Equation 6.11).

As expected, both measured and estimated root carbon values increased with tree
size. Tree 4, with the largest DBH (0.56 m), exhibited the highest root carbon stor-
age, with measured and estimated values of 46.86 kg and 46.63 kg, respectively. This
corresponds to a CO2 sequestration potential of approximately 172 to 176 kg, high-
lighting the substantial contribution of mature poplar trees to belowground carbon
storage.

In contrast, Trees 1 and 2 (DBH = 0.41 and 0.42 m) stored much less, with
measured CO2 equivalents of 122.5 kg and 135.4 kg, respectively. The gaps between
measured and estimated values were more significant in smaller trees. For instance,
Tree 1 estimated WC was only 15.5 kg compared to the measured 33.4 kg, equals to
a 53.6% di!erence.

Despite this di!erence, model predicted more closely with measured values as tree
size increased. For Tree 4, the model simulated quite well the observed root carbon
with a di!erence of less than 0.5%.
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6.4 Discussion
6.4.1 Root Distribution of Tasman poplars
The spatial distribution of fine and coarse roots in Populus deltoides x nigra "Tasman"
reveals clear patterns shaped by both tree size and topographic position. Across all
sampled trees, measured fine root abundance declined significantly with increasing
soil depth and horizontal distance from the stem. Fine roots are mainly concentrated
in the first soil layer and close to the stem, where nutrient availability and oxygen
levels are highest.

In general, all four sampled trees exhibited a consistent pattern of higher fine root
abundance in the downslope profile across all distances. This may reflect greater soil
moisture accumulation or nutrient transport downslope, providing favorable condi-
tions for root growth. Considering vertical distribution, the top soil layer (0 - 0.15
m) contained the highest density of fine roots, especially in larger trees.

As soil depth increased, the number of fine roots decreased rapidly, with roots
below 0.60 m being minimal or absent in all trees except Tree 4. The detection of
fine roots at 0.75 - 0.90 m soil depth in Tree 4, especially at greater distances from
the stem (3.5 m and 4.5 m), suggesting that an extensively grown and vertically
penetrating root system in the largest sample. This is consistent with the role of tree
maturity and size in growing deeper and more wide root development.

Coarse roots followed a similar pattern of decreasing trend with both depth and
distance from the stem. Similarly, in most of the cases, four trees displayed a dom-
inance of coarse roots in the downslope direction at all distances, suggesting deeper
anchorage and resource acquisition zones downslope. At the furthest trench (4.5 m),
a strong positive correlation between coarse root abundance and tree size became
evident, further supporting the relationship between tree biomass and root system
development.

Similar to fine roots, most coarse roots were located in the upper 0.6 m of the
soil profile. In the shallowest soil layer, the root system appeared to spread laterally
before extending downward in larger individuals. A distinct pattern was observed in
Tree 4, where coarse roots at 2.5 m distance from the stem were twice as abundant
upslope than downslope in the second soil layer (0.15 - 0.30 m), potentially due to
localized microtopographic or edaphic conditions. Deeper than 0.60 m soi depth,
coarse roots were generally absent or present in negligible amounts, except in Tree 3
and Tree 4 at the farthest trench, again indicating a greater root system expansion
in larger trees.

These findings confirm that root system architecture in Tasman poplars is strongly
influenced by tree size, slope direction, and soil depth. The pattern that larger
trees develop more extensive downslope and deeper root systems may imply adaptive
responses to soil resource gradients, gravitational water flow, and mechanical support
requirements. These patterns have important implications for understanding root-
driven soil stabilization, water uptake strategies, and carbon storage potential in
managed poplar plantations.

The calibrated Root Distribution Model underestimated number of fine roots
across all sampled trees but predicted quite e!ectively spatial trends in coarse root
distribution at soil profile scales.

6.4.2 Root Biomass of Tasman poplars
In this study, root biomass and carbon stocks of Tasman poplars of varying sizes were
estimated on a pastoral hill site in New Zealand. The root-area ratio (RAR) is a key
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parameter in assessing root reinforcement and soil stabilization. Our results showed
that root biomass was positively correlated with tree diameter at breast height (DBH)
and negatively correlated with both soil depth and distance from the stem. These
patterns are consistent with the findings of Bischetti et al. (2007), Abdi et al. (2010),
and Burylo, Hudek, and Rey (2011).

The majority of roots were concentrated within the upper 0.6 m of soil. In this
surface layer, RAR exhibited significant variation across di!erent tree sizes, but RAR
values showed no notable di!erence in deeper layers. Considering the first soil layer,
Tree 3 (DBH = 0.51 m) recorded the highest RAR values in the two closest trenches
(1.5 m and 2.5 m), while Tree 4 (DBH = 0.56 m) had the highest RAR values at
the 3.5 m and 4.5 m distances. The sharp decline in root density with increasing soil
depth is likely attributable to the presence of bedrock and compacted subsoil at the
study site.

This pattern contrasts with the findings of Genet et al. (2006), who reported
higher RAR values in younger Cryptomeria Japonica trees compared to older ones,
likely due to higher planting densities in younger stands. Root density is influenced
by multiple factors, including tree species, climatic conditions, sampling time, soil
type, land use practices, and root properties, as well as the spatial orientation of
roots within the soil matrix (Turmanina, 1965; Gray and Sotir, 1996; Lindström and
Rune, 1999; Operstein and Frydman, 2000; Genet et al., 2005; Al Afas et al., 2008a).

Although stand density did not appear to significantly influence total belowground
biomass at the stand level, it had a notable e!ect on individual tree biomass. The Tas-
man poplars in this study provide a clear example: despite all trees being of the same
age (26 years), those located in sparsely populated areas were substantially larger
than those in high-density zones. The closer the trees stand together, the smaller
sizes they are. This reflects the principle that denser stands suppress individual tree
growth due to resource competition, as evidenced by DBH di!erences ranging from
41 cm in high-density areas to 56 cm in more open zones among the studied trees.

Field measurements indicated a mean dry biomass of 79.46 ± 11.70 kg/tree and an
average carbon stock of 39.73 ± 5.85 kg/tree of a 26-year-old Tasman poplar stand.
This corresponds to an estimate atmospheric CO2 sequestration of approximately
145.68 ± 21.48 kg per tree. The biomass accumulation of Tasman poplars was found
to be higher than that of other fast-growing and high-yielding species, such as Chinese
fir and Pinus sylvestris var. sylvestriformis plantations (Liang et al., 2006).

Biological characteristics play a key role in explaining the gaps in biomass among
di!erent tree species of the same age or grown under similar site conditions (Liang et
al., 2006). For instance, the aboveground biomass of 12-year-old Populus × tomentosa
was considerably lower than that of 6-year-old Populus × euramericana cv. I-72 in
the same region of Shandong Province (Liang et al., 2006). Similarly, total biomass
of Populus euphratica oliv has been shown to be substantially lower in drier and lower
rainfall frequencies regions compared to more favorable environments (Chen and Li,
1984).

Table 6.4 summarizes several published DBH-only allometric equations developed
specifically for the direct estimation of belowground biomass across various Populus
species, locations, and age ranges.

The root biomass (RB) values predicted for a tree with DBH = 50 cm vary signif-
icantly depending on the model and its origin, ranging from as low as 31.43 kg to as
high as 607.26 kg, reflecting di!erences in site conditions, species, and methodological
approaches.

Among all models, Singh (1998), which is based on destructively sampled Populus
deltoides trees in 1 m3 in India (1.6 - 20.7 cm DBH), predicted the highest RB (607.26
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kg with DBH of 50 cm) using separate logarithmic equations for stump, lateral, and
fine roots. In contrast, McIvor et al. (2019) reported a much lower estimate (31.43
kg) for Veronese poplars in New Zealand, reflecting age-specific and local growth
influence.

For allometric equations derived from similar species and sites to the current
study (Populus deltoides × nigra in Ballantrae Hill Country in New Zealand), RB
predictions ranged from 50.44 kg (McIvor et al., 2008) to 424.03 kg (McIvor, Douglas,
and Benavides, 2009), depending on the DBH range and equation form. Notably,
models with power functions (e.g., RB = 0.0003 · DBH3.62) yielded higher RB values
than linear forms.

The present study developed two equations for Populus deltoides × nigra "Tas-
man" poplar trees aged 26 years, which estimated RB values of 83.42 kg (based on
measurements) and 66.55 kg (from estimation of RDM) at DBH = 50 cm. These
values lie within the middle to upper range of previously published equations.

Most of the published allometric equations were developed using field data from
poplar trees with diameters below 30 cm, limiting their applicability to estimate root
biomass of larger individuals. Applying these equations to estimate root biomass
for trees with a DBH of 50 cm may, therefore, limit the precision of extrapolated
estimates. Only a few studies, such as Das and Chaturvedi (2005), Wang (2006),
Das et al. (2011), Johansson and Hjelm (2012), Chavan et al. (2022), and the present
work, conducted experiments on trees with a broader DBH range larger than 40 cm
and up to 56 cm, allowing for more accurate modeling of mature trees. These findings
highlight the importance of developing and validating allometric relationships across
a wider range of tree sizes, especially for productive, fast-growing species like Populus
cultivated in forestry or agroforestry contexts.

Overall, the comparison emphasizes the importance of applying site- and species-
specific allometric equations whenever possible. The wide variation in RB estimates
for a DBH of 50 cm further illustrates the critical need for careful equation selection in
carbon esimates and forest biomass modeling, particularly for mature trees in diverse
environmental conditions.
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Table 6.4: Summary of published DBH-only allometric equations to calculate belowground biomass of poplar species. RB is the dry
root biomass.

Author Location Species
DBH
[cm] /
Age

Allometric equations R2

RB of
0.5 m
poplar

[kg]
Tandon
et al.
(1991)

India Populus deltoides 3 - 11
years RB = 0.009386 · (DBH)2.5917 0.95 237.52

Lodhiyal,
Singh, and

Singh
(1995)

Central
Himalaya,

India
Populus deltoides 8 years

Stump roots = -3.7802 + 1.8910 · DBH
Lateral roots = -3.3974 + 1.0080 · DBH

Fine roots = -0.8636 + 0.1646 · DBH

0.934,
0.910,
0.623

145.14

Lodhiyal
and

Lodhiyal
(1997)

Central
Himalaya,

India
Populus deltoides 4 years

Stump root = -0.3371 + 0.8813 · DBH
Lateral root = -0.2485 + 0.4733 · DBH

Fine root = -0.0444 + 0.0993 · DBH

0.971,
0.925,
0.777

72.06

Singh
(1998)

Lucknow,
India Populus deltoides 1.6 -

20.7

ln(Stump root) = 2.16 · ln(DBH) + 2.71
ln(Lateral root) = 3.69 · ln(DBH) - 1.24

ln(Fine root) = 1.14 · ln(DBH) + 2.43

0.94,
0.95,
0.71

607.26

Das and
Chaturvedi

(2005)

Bihar,
India Populus deltoides 1.0 -

43.0 RB = 69.105 · [1 + exp(3.273 - 0.077 · DBH]→1 0.982 44.25

Wang
(2006)

Heilongjiang,
China Populous davidiana Dode 2.8 -

41.3 log10(RB) = 2.560 · log10(DBH) + 1.025 0.996 236.59

McIvor
et al.
(2008)

Ballantrae,
New

Zealand

Populus deltoides x nigra
"Veronese"

8.4 -
21.3 RB = 1.16 · DBH - 7.56 0.99 50.44
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Table 6.4: Summary of published DBH-only allometric equations to calculate belowground biomass of poplar species. RB is the dry
root biomass.

McIvor,
Douglas,

and
Benavides

(2009)

Ballantrae,
New

Zealand

Populus deltoides x nigra
"Veronese"

18.9 -
29.0 RB = 0.0003 · (DBH)3.62 0.95 424.03

Das et al.
(2011)

Bihar,
India Populus deltoides 1.80 -

42.30 RB = 0.17 · (DBH)1.38 0.97 37.59

Johansson
and Hjelm

(2012)
Sweden Populus spp. 8.1 -

57.4 RB (↓ 50 mm) = 0.000010 · (DBH)2.529000 0.80 66.94

Fortier
et al.
(2015)

Québec,
Canada

Populus deltoides x nigra,
Populus canadensis x

maximowiczii, Populus
maximowiczii x balsamifera

10.2 -
37.6 RB = 0.1083 · (DBH)1.6506 0.78 69.02

Fortier
et al.
(2017)

Québec,
Canada

Populus canadensis x
maximowiczii

7.3 -
29.5 ln(RB) = 1.50 · ln(DBH) - 1.69 0.706 65.24

McIvor
et al.
(2019)

New
Zealand

Populus x euramericana
"Veronese"

19.5 -
40.2

Unpollarded: RB = 0.11 · (DBH)1.85

12 years old: RB = 6.26 · (DBH)0.44
0.78,
0.92

181.80,
31.43

Chavan
et al.
(2022)

Hisar, India Populus spp. 20.53 -
43.00 RB (> 10 mm) = 0.012 · (DBH)2.537 0.92 245.17

Present
study

Ballantrae,
New

Zealand

Populus deltoides x nigra
"Tasman"

41.0 -
56.0

Measurement: RB = 1.5817 · DBH + 4.3339
Model: RB = 4.08 · DBH - 137.45

0.96,
0.99

83.42,
66.55
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A sensitivity test was conducted to test the sensitivity of distance in the RDM in
estimating root biomass. The results were recorded in the Table 6.5.

Table 6.5: Sensitivity of Estimated Dry Weight (DW) to variations
in initial Distance L0 and integration step size (distance) L in Equa-

tion 6.8 for a Tasman poplar with DBH = 0.51 m.

First distance L0 (m) Distance L (m) Estimated DW (kg)
0.5 0.5 74.18
0.5 1.0 74.25
0.5 1.5 74.35
1.5 0.5 67.26
1.5 1.0 67.31
1.5 1.5 67.41

The estimated root dry weight (DW) was found to be sensitive to both the starting
distance from the stem (L0) and the integration distance (L) used in the Equation 6.8.
These two parameters determine the extent of the root system captured and how
accurately root area variation is represented across radial distances.

The starting distance (L0) has a significant impact on the resulting biomass es-
timates. When L0 = 0.5 m, the model includes the root dense zone immediately
adjacent to the stem, where root density is typically highest. In contrast, initiating
L0 = 1.5 m excludes this high-density root zone closest to the stem (0.5 – 1.5 m),
resulting in a significant decrease in the total estimated root volume. Consequently,
simulations with L0 = 0.5 m resulted in higher DW values (approximately 74 kg)
than that at L0 = 1.5 m (around 67 kg), highlighting the importance of including
near-stem root zones in accurate biomass estimation.

The integration step distance L, while less influential than L0, also a!ects the
results due to its role in numerical precision. Smaller step sizes (L = 0.5 m) allow
finer resolution of radial changes in root area, thereby providing more accurate volume
estimates, particularly where root area decreases sharply with distance. Larger step
sizes (L = 1.5 m) average over broader intervals and may smooth over important
variations in root distribution. Nonetheless, the di!erences in estimated root dry
biomass caused by changing L were relatively minor (such as 74.18 kg vs. 74.25
kg vs. 74.35 kg), suggesting that the model is numerically stable across realistic
resolutions.

In summary, the dominant factor a!ecting DW estimates is L0, which determines
whether the model accounts for the high-density root zone closest to the stem. In
contrast, variation in L primarily a!ects the integration accuracy but contributes
slightly to overall di!erences. These findings highlighted the importance of aligning
model setup with field sampling design and ensuring that critical root zones are
captured in model-based volume and biomass estimations.
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Figure 6.13: Comparison of Root Dry Weight versus diameter at
breast height (DBH) across multiple studies and model estimations
of poplar trees, including field measurements and Root Distribution

Model (RDM) estimates from this study.

Figure 6.13 presents a comparison of root dry weight (DW) as a function of di-
ameter at breast height (DBH) across several published studies, allometric equations,
and field measurements, including the Root Distribution Model (RDM) developed in
this study. All datasets except Johansson and Hjelm (2012) and Chavan et al. (2022)
were conducted in New Zealand and focused on the same Populus hybrid (Populus
deltoides x nigra), allowing for a meaningful cross-comparison under similar envi-
ronmental and genetic conditions. Two studies, Johansson and Hjelm (2012) and
Chavan et al. (2022), were conducted in di!erent regions (Sweden and India, respec-
tively), introducing additional variability due to environmental and methodological
di!erences.

Among the New Zealand studies, McIvor et al. (2008), McIvor, Douglas, and Be-
navides (2009), Phillips, Marden, and Suzanne (2014), and McIvor et al. (2019) exam-
ined relatively young stands with root diameter ↓ 2 mm. However, their biomass es-
timations consistently higher than the measurements and simulations from our study.
McIvor et al. (2019) data distinguished between pollarded and unpollarded trees; the
pollarded model (orange curve) likely reflects growth suppression due to management,
while the unpollarded curve (purple) shows a steeper biomass increase than our study.

Johansson and Hjelm (2012), despite being one of the two studies based outside
New Zealand, aligns well with our field data and model estimates in the mature DBH
range. Their study was conducted in Sweden on poplar stands of 16 - 23 years old
and only counted roots with high diameter threshold (↓ 50 mm), which may partially
explain underestimation at smaller DBH compared to other studies. However, the
close fit with our data at larger DBH suggests that either coarse roots dominate total
biomass in mature trees or our measurement and simulation are underestimating the
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entire root biomass.
Phillips, Marden, and Suzanne (2014), also conducted the root excavation in

New Zealand, presents measured data on young trees with DBH below 10 cm and
provides useful insight into early-stage root development. Their measurements (green
dots) align well with the lower end of the findings from Johansson and Hjelm (2012)
and McIvor datasets, reinforcing the validity of early growth patterns across studies.
Although this dataset does not extend into the mature DBH range, it reinforces the
reliability of the lower end of the RDM and allometric curves.

Chavan et al. (2022) established model-based estimates from poplar grown in
India, with a observed root > 10 mm. Their curve (cyan color) showed a steep
increase in DW across the DBH range and tends to overestimate compared to both
our results and the New Zealand-based datasets. This likely reflects a combination
of regional site conditions, genetic di!erences in poplar species, and methodological
di!erence (that do not count in roots smaller than 10 mm).

Our field measurements (black dots) and RDM estimates (gray dots and curve)
show consistent growth patterns for mature trees, closely fit with findings of Johansson
and Hjelm (2012) despite the di!erences in region and root diameter criteria. The
alignment of the RDM with mature field data highlighted its reliability for non-
destructive belowground biomass estimation. The model will perform better if data
of root distribution from the stem to 1.5 m distance is collected.

Variations among studies can be attributed to di!erences in site location, tree age,
management practices, species composition, and root diameter thresholds. Our re-
sults highlighted the strength of the RDM in capturing realistic root biomass patterns
and reinforcing the importance of model calibration using context-specific measure-
ments.
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Figure 6.14: Relationship between diameter at breast height (DBH)
and root dry weight (kg) based on measured values from studies of
McIvor et al. (2008), McIvor, Douglas, and Benavides (2009), and
Phillips, Marden, and Suzanne (2014), and our own measurements.
The black line represents the generalized allometric equation derived

from the combined data: y = 1.8746 · x – 8.9281 (R2 = 0.88).

Figure 6.14 displayed the generalized allometric equations under the linear regres-
sion to calculate root dry weight (RDW) corresponding to a range of diameter at the
breast height from 3 to 60 cm. The regression analysis, which combined data from
our study with published datasets by McIvor et al. (2008), McIvor, Douglas, and Be-
navides (2009), and Phillips, Marden, and Suzanne (2014), all of which investigated
the same Populus deltoides x nigra at the same experimental site as our study, gen-
erated a generalized allometric equation for predicting root dry weight (RDW) from
diameter at breast height (DBH):

RDW = 1.8746 · DBH → 8.9281(R2 = 0.88) (6.12)

This equation shows a strong linear relationship between DBH and RDW, ex-
plaining 88% of the observed variability across the combined dataset. As shown in
Figure 6.14, the generalized model fits well across a wide DBH range (3 – 60 cm), en-
abling both small and large trees measured in di!erent years. The close alignment of
data from various sources along the fitted line showed the consistency in root biomass
accumulation with tree size, despite temporal di!erences in sampling campaigns.

Our study contributed valuable data for the higher DBH range (41 – 56 cm), which
is underestimated in most published allometries. In contrast, data from McIvor et al.
(2008), McIvor, Douglas, and Benavides (2009), and Phillips, Marden, and Suzanne
(2014) primarily covered smaller individuals. Integrating these datasets allowed the
model to capture a more complete biomass trajectory across developmental stages.
The strong agreement between datasets also suggested that root biomass in Populus
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deltoides x nigra responds predictably to stem growth under consistent environmental
and management conditions.

However, it is important to note that the measured values in our study likely
underestimated the actual root biomass, as discussed previously. Root distribution
data were not collected between the stem and 1.5 m distance, which is the zone known
to contain the highest root density, either beyond 4.5 m from the stem, where roots
still contribute to total biomass. These spatial gaps may bias the measured RDW
downward, particularly for larger trees where extensive lateral roots are expected.

Despite these limitations, the generalized equation provides a practical and useful
tool for estimating root biomass at the stand level, especially in contexts where site-
specific or species-specific models are unavailable and also a reference for further
studies. The broad DBH range and uniform site characteristics reinforce the reliability
of the generalized equation for use in forestry, agroforestry, and carbon accounting
applications involving Populus plantations.

6.4.3 Carbon Storage Capacity of Tasman poplars
The comparison of measured and estimated carbon storage (WC) and CO2 equiva-
lent storage (WCO2) revealed a clear evidence that the RDM underestimated the root
biomass values, especially in smaller trees, with progressively improved accuracy as
DBH increases. For Tree 1 and Tree 2 (DBH = 0.41 and 0.42 m), the estimated WC

values are less than 50% of the measured values, resulting in substantial underestima-
tions of WCO2 by approximately 54%. This suggests that the model underestimated
root biomass, and thus carbon stock, in smaller trees, potentially due to limitations
in capturing the dense root abundance near the stem or underestimating fine root
quantities.

In contrast, the model performed better in Trees 3 and 4 (DBH = 0.51 and 0.56
m). For Tree 3, estimated WC is within 19% of the measured value, and for Tree 4,
the model estimate nearly matches the measured value with only an approximately
0.4% di!erence in WCO2 . These results are consistent with findings from biomass es-
timation (Figure 6.13) and further confirm that the Root Distribution Model (RDM)
performs more accurately in larger trees.

The results highlighted the need for calibration and correction factors when ap-
plying the RDM to smaller individual and to capture better root distribution at close
distance from the stem, while also demonstrating the model’s strong reliability for
estimating carbon stocks in mature trees where destructive sampling is impractical.

The model can serve as a tool for estimating belowground carbon stocks in mature
plantations or unmanaged stands, where destructive excavation is often not doable.
Our findings also strengthens the challenge in root carbon modeling: the balance
between practicality and precision. While models like the RDM o!er valuable, non-
destructive alternatives to field excavation, their application in carbon estimating
may require DBH class or site-specific calibration to ensure accuracy across tree
sizes. Moreover, underestimation in smaller trees could lead to bias in stand-level or
region-level carbon inventories if not properly accounted for.

Our estimation suggested the strong carbon storage and sequestration potential
of Populus deltoides × nigra "Tasman". As expected, biomass production and carbon
storage increase with tree size, with mature Tasman poplars showed a great potential
in providing high biomass production and immobilizing carbon. Data indicated that
a mature Tasman poplar tree, at approximately 26 years of age, can store over 170
kg of carbon dioxide in its root system alone. This emphasizes the critical role of
belowground biomass in long-term carbon sequestration and supports the potential of
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poplar plantations in broader climate mitigation strategies. The study demonstrated
the species’ value not only for high-yield biomass production but also for contributing
to mitigate greenhouse gas by slowing the rate of atmospheric CO2 accumulation,
and decelerate the rate of global warming. The development and management of
Tasman poplars play a significant role in the terrestrial carbon cycle. Given their
high carbon storage capacity, including root systems, these trees may o!er strategic
value in international climate negotiations - serving as a carbon sink resource for
nations with extensive forested areas in the context of global carbon trading or o!set
schemes.

Finally, these results highlighted the potential for incorporating adaptive correc-
tion factors or integrating fine root dynamics into the existing model. By improving
the representation of root structure in young trees, especially in high-resolution car-
bon accounting e!orts such as REDD+ or national greenhouse gas inventories, the
reliability of belowground biomass estimates could be significantly enhanced.

6.4.4 Limitations of the Root Distribution Model in estimating Root
Biomass

While the Root Distribution Model (RDM) demonstrated strong reliability in esti-
mating belowground carbon stocks in mature trees, particularly where destructive
sampling is impractical, several limitations of the model in estimating root biomass
must be acknowledged.

First, with calibrated parameters, the number of fine roots was consistently un-
derestimated across all trees, while the number of coarse roots fluctuated depending
on tree size and distance from the stem. This suggests the model may not accurately
represent the distribution of fine roots, which contribute significantly to carbon stor-
age but are influenced by local environmental variability.

Second, the model underestimated root biomass and associated carbon and CO2
equivalent storage in smaller trees, especially in areas closest to the stem, where root
density is highest. This is likely due to both modeling assumptions and the lack
of fieldwork data within the first 1.5 meters from the stem, a critical zone for root
biomass accumulation that was not recorded in field measurements.

Comparison between measured and modeled root biomass also showed that dif-
ferences decreased with increasing distance from the stem, indicating that the model
performed better at predicting root distribution farther from the stem. In general,
the model worked moderately well in predicting the general spatial pattern of root
biomass but underestimation near the stem remains a critical limitation. This likely
due to practical challenges in recording in-situ root distributions in high-density zones,
compounded by the model’s sensitivity to the parameter L0, which governs the inclu-
sion of this zone in biomass calculations. Although variations in distance (L) between
farther trenches had relatively minor impacts, the dominant factor a!ecting dry root
weight estimates was the starting trench L0. If L0 is positioned too far from the stem,
the model omits the most-dense region, leading to substantial underestimation. Thus,
proper alignment between model structure and field sampling design is essential.

Lastly, while the RDM o!ers a practical, non-destructive alternative for below-
ground biomass estimation, its broader application across DBH classes and stand
conditions may require site-specific or DBH-class calibration. Without such correc-
tions, stand- or region-level carbon inventories risk underestimation of root carbon
stocks, especially in younger or smaller individuals.
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6.5 Conclusion
This study provided new knowledge and understanding of "Tasman" poplar root dis-
tribution in pastoral hill country in New Zealand as well as the performance of the
Root Distribution Model in estimating root biomass of poplar trees with di!erent
sizes. A similar distribution pattern of fine roots and coarse roots across all four
poplar trees was observed with more roots downslope compared to upslope. Horizon-
tally, root quantities reduced when growing further from the stem. Vertically, most of
the roots concentrated in surface soil layers, and beyond 0.60 m, the amount of roots
is negligible. The larger the trees, the more extensive of its root system. The Root
Distribution Model underestimated the number of fine roots while captured quite well
the spatial distribution of coarse roots in all four sampled trees.

The Root Distribution Model (RDM) applied in this study o!ers a useful and
non-destructive approach for estimating root biomass in Populus deltoides × nigra
plantations. For estimating root biomass, the model e!ectively predicted the ob-
served positive correlation between root biomass and tree size, as well as the negative
correlation with both soil depth and distance from the stem. Calibrated with field
site-specific data, the RDM successfully generates the spatial distribution of root
biomass, particularly in mature trees. Although the absence of root distribution data
between the stem and 1.5 m as well as beyond 4.5 m may lead to underestimation, the
model remains reliable and informative. Its flexibility, capacity for integration with
empirical measurements, and avoidance of destructive excavation make it a valuable
tool for assessing belowground biomass and carbon stocks in forestry and agroforestry
contexts. By integrating field data from both mature trees of our study and previously
published studies at the same site, a generalized allometric equation was developed
in this study to provide a reliable and practical approach for estimating root biomass
of Populus deltoides × nigra across a wide range of tree sizes with strong predictive
accuracy (R2 = 0.88).

Similarly, the Root Distribution Model (RDM) proved e!ective for estimating
belowground carbon stocks in mature "Tasman" poplar trees, aligning closely with
measured values in larger individuals. However, the model underestimated carbon
storage in smaller trees, highlighting the need for calibration or correction factors
across di!erent DBH. Mature Tasman poplars demonstrated substantial carbon se-
questration potential, with a single 26-year-old tree storing over 170 kg of CO2 in its
root system. These findings highlighted the importance of root biomass in climate
mitigation strategies and support the strategic role of poplar plantations in carbon
o!set initiatives.

Further studies are needed to improve the performance of the RDM in estimating
root biomass, particularly by enhancing its accuracy in representing root density near
the stem, where root abundance is typically highest. Its correction would bring model
estimates closer to actual values. Addressing these limitations will certainly require
additional fieldwork, especially focused on root distribution near the stem.

Despite these challenges, the RDM o!ers a promising tool for estimating below-
ground biomass and carbon stocks in forestry systems where destructive sampling is
impractical. Its non-destructive characteristics make it particularly useful for long-
term monitoring, large-scale forest inventories, and modeling e!orts in managed and
natural stands. In the context of climate change mitigation, the RDM supports more
accurate assessments of carbon sequestration potential, especially in mature planta-
tions with high biomass accumulation.

By contributing to improved belowground carbon accounting, the model holds
promise for integration into national greenhouse gas inventories, REDD+ frameworks,
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and voluntary or compliance-based carbon credit systems. As the demand for precise
and verifiable carbon data grows, particularly for root biomass which remains a major
source of uncertainty in terrestrial carbon models, tools like the RDM are critical for
closing knowledge gaps. Future improvements of the model will further enhance its
utility, ensuring more practical, reliable estimates to support climate policy, forest
management, and global carbon o!set initiatives.
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Chapter 7

Conclusion, Limitations, and
Future Outlook

7.1 Conclusion
This thesis provides new and comprehensive insights into the spatial dynamics of root
distribution, root reinforcement, and carbon storage potential of forest tree species,
particularly Populus deltoides x nigra "Tasman" poplar and Cryptomeria japonica
across di!erent environmental conditions. Through extensive fieldwork and labora-
tory testing, we improved, calibrated, and validated the RDM, RBMw, and RRM
models, which generate root system functions for applications in bioengineering and
climate change mitigation.

Findings from the New Zealand case study revealed that Tasman poplars devel-
oped extensive root systems, with both lateral and vertical distributions playing a
significant role in slope stabilization and carbon sequestration. Spatial root distribu-
tion was positively correlated with tree size (DBH), but decreased with increasing soil
depth and distance from the stem. By combining laboratory tensile tests and field
pullout tests, this research e!ectively quantified root mechanical properties and cali-
brated the RBMw and RRM models for individual trees and at the stand scale. With
field root distribution data across tree trenches and soil pits along a transect under
various stand densities, we improved and calibrated RDM. These models reliably pre-
dicted root reinforcement and root biomass, particularly in the sparse stand (< 200
stems per hectare) and with mature individual poplars. RDM well predicted root dis-
tribution in individual poplar trees with a density zone < 200 sph and overestimated
the number of roots in the dense zone > 200 sph. Lateral root reinforcement model
underpredicted root force in individual "Tasman" poplar trees, whereas it performed
well in soil pits located in zone < 200 sph. In all cases, RRM well generated basal
root reinforcement. Our study in New Zealand revealed that at least 20 years are
needed to reach the minimum value of lateral root reinforcement at the stand scale,
and at least 30 years are required to reach root reinforcement su"cient to stabilize
most of shallow landslides, depending on their disposition.

A comparative analysis of Cryptomeria japonica across di!erent locations revealed
distinct di!erences in root distribution and root reinforcement between Swiss and
Japanese studied sites. While coarse root distribution remained comparable, notable
di!erences were observed in fine root distribution and basal root reinforcement be-
tween the two sites. In Swiss forests, most root reinforcement was concentrated in the
first soil layer, whereas in the Japanese stands, it was mainly located in 0.15 - 0.45
m soil depth, extending to deeper depths. Merging datasets from field root pullout
and laboratory tensile tests is recommended, providing a more comprehensive and
accurate dataset for calibrating the RBMw.
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Furthermore, the RDM proved to generate good patterns in estimating below-
ground biomass and carbon stocks in "Tasman" poplar stands. A generalized allo-
metric equation, developed by integrating our field data with existing data from the
same species but covering a broader range of tree sizes at the same location, demon-
strated strong predictive performance across a wide DBH range. A mature poplar
tree can store over 170 kg in its root systems, highlighting the significant role of
belowground biomass in long-term carbon sequestration strategies.

7.2 Limitations
Despite the promising results, several limitations of the models were identified during
this work.

Root Bundle Model with Weibull survival function: Both field pullout
and laboratory tensile tests predominantly focused on roots ↗ 40 mm in diameter.
Laboratory tensile tests usually allow measurement of root mechanical properties for
root diameters of up to 10 mm, as larger roots are challenging to test under laboratory
conditions. In contrast, field pullout tests have limitations in testing the behavior of
roots smaller than 2 mm due to equipment constraints, anchorage issues, and field
setup. Additionally, testing large roots (> 40 mm) in the field is very di"cult due to
the field setup, being labor-intensive and time-consuming. As a result, root behavior
in larger diameter classes remains poorly quantified. To enhance the calibration
and validation of the Root Bundle Model with the Weibull survival function, we
recommend increasing the number of pullout tests involving larger roots and bundles
of roots that include big roots, thereby observing maximum pullout force across a
broad diameter range and supporting more accurate model validation, especially for
applications involving slope stability and root reinforcement modeling.

Root Distribution Model: Despite its strengths in estimating spatial root
distribution and root biomass patterns, the RDM overestimates the number of roots in
poplar stands with densities of more than 200 stems per hectare. Moreover, the RDM
underestimates root distribution in smaller trees and faces di"culty in estimating root
density near the tree stem due to a lack of data in the most root-dense zones (0 -
1.5 m from the stem). Similarly, the lack of data beyond 4.5 m from the stem could
lead to underestimated root biomass, especially in mature trees. A full excavation of
individual trees is recommended to observe the entire root system and improve the
model estimation. Calibration for di!erent species, soil types, and stand structures
remains essential. Another possible solution is adding a threshold to the RDM to
better predict the fine root abundance.

Root Reinforcement Model: RRM tended to underestimate root force in in-
dividual trees and not predict well root reinforcement in densely populated stands
(> 200 sph), suggesting the need for density-dependent model calibration. The mod-
els were calibrated for specific tree species and sites; thus, their broader application
requires further validation across diverse species and environmental settings.

7.3 Future Outlook
This research supports the development of advanced root modeling as a key tool in
eco-engineering and forest-based climate solutions. Future studies are needed to focus
on:

1. Expanding Data Collection: Additional field investigations are required to
measure root distribution both near the stem (0 - 1.5 m) and at greater distances
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beyond 4.5 m, to improve model performance and accuracy. Additionally, more data
on di!erent tree species and the influence of external factors such as soil properties,
climatic conditions, etc., on root systems is also needed.

2. Calibration Across Species and Locations: Applying and validating the
RDM, RRM, and RBMw models across a broader range of tree species, soil types,
and climate conditions will enable more generalizable applications.

3. Adding threshold to the model: Integrating stand density thresholds
and/or a threshold related to fine root distribution can significantly improve perfor-
mance in mixed or dense plantations.

4. Carbon Stock Assessment Integration: The RDM has strong potential
for integration into national and global carbon inventory frameworks. Future work
should be conducted to improve and support its adaptation for monitoring, reporting,
and verification systems under climate policy frameworks.

5. Potential for Nature-Based Solutions: The tools and findings from this
thesis o!er a foundation for prioritizing bio-engineering interventions and smart-
targeting nature-based solutions for slope stabilization and erosion control at regional
scales.

By addressing these directions, future research can enhance the predictive accu-
racy, scalability, and policy relevance of root system modeling in forest management
and environmental engineering.

Data Availability Original datasets used in this thesis are available at:
https://github.com/ngomy3006/root-data-poplar-cryptomeria
This repository includes root distribution data, mechanical test results, and folder-

level organization for Tasman poplars and Cryptomeria japonica trees, as used in
the modeling and analysis described throughout this thesis. Access is granted upon
request.
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