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ABSTRACT

Due to its aromatic quality, rarity and difficulty in cultivation, the Périgord black
truffle (Tuber melanosporum) is a highly valued commodity worldwide. Despite
its value to both local and regional economies, the knowledge surrounding truffle
cultivation within Western Australia is not greatly understood. Current scientific
knowledge estimates that certain soil properties (such as soil classification, pH,
drainage / structure (aeration), trace elements and nutrient ratios), and certain
climatic conditions may trigger fruiting and impact growth of the black truffle.
Currently, very limited research has been conducted to explore which factor(s)

have the highest influence over truffle yield.

Using an industry leading black truffle truffiere located in the south-west of
Western Australia, this research intends to explore spatial variability in truffle
yield. Various spatial analysis methods, such as the Average Nearest Neighbour
Ratio and Optimised Hot Spot Analysis, will be utilised to describe and map the
spatial distribution of harvested truffles over the 2019, 2020 and 2021 harvest
seasons. This spatial distribution will then be examined against various soil
properties, obtained through a site soil sampling survey, to determine which

factor(s) have highest influence over truffle yield.

This research found that loamy sand soils within the Site B study area were
generally too moist and too acidic to facilitate a high level of production. Over the
2019 and 2020 harvest seasons, high truffle yield was generally found in sample
locations containing low moisture contents (%), copper (mg/kg), nitrogen (%)
and sulphur (mg/kg) content values. Truffle yield increases as both pH and
phosphorous content (mg/kg) values increased. These relationships were
confirmed through the Exploratory Regression tool. The Ordinary Least Squares
tool further confirmed these relationships and suggested that nitrogen and
copper content were the only 2 properties that statistically influenced truffle

yield over the 2019 harvest season.



ii
This study only provides a basic understanding of the influence of soil properties
over truffle yield. In order to determine which soil property / properties have the
most influence over yield, and the extent of these relationships, a soil scientist
with a greater understanding of soil chemistry is required. Additionally, a soil
scientist may assist in identifying whether it is a combination of soil properties,
rather than just a single one, that work in symbiosis with each other to produce a
higher yield of truffles. Findings from this research aim to improve both the
utilisation of resources and potentially increase harvest within the truffiere, in
order to maintain the economic benefits to both the study truffiere and the wider

south-west region.
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1 INTRODUCTION

Due to its aromatic quality, rarity and difficulty in cultivation, the Périgord, or as
it is more commonly known, the black truffle (Tuber melanosporum) is a highly
valued commodity worldwide (Bradshaw, 2005). Despite its value to both local
and regional economies, knowledge surrounding truffle cultivation within
Western Australia is not greatly understood. Current scientific knowledge
estimates that certain soil properties, such as soil classification, pH, drainage /
structure (aeration), trace elements and nutrient ratios; and certain climatic
conditions may trigger fruiting and impact growth of the black truffle. Currently,
very limited research has been conducted to explore which factor(s) have the

highest influence over truffle yield.

Using an industry leading black truffle truffiere located in the south-west of
Western Australia, this research intends to explore spatial variability in truffle
yield. Various spatial analysis methods, such as Hot Spot Analysis, will be utilised
to describe and map the spatial distribution of harvested truffles over the 2019,
2020 and 2021 harvest seasons. This spatial distribution will then be examined
against various growing factors to determine which climatic conditions (rainfall
and temperature levels) or soil factors (pH, moisture content, structure and
nutrient ratios), if any, have the highest influence over truffle yield. Findings from
this research aim to improve both the utilisation of resources and potentially
increase productivity within the truffiere, in order to maintain the economic

benefits to both the study truffiere and the wider south-west region.

1.1 The Australian Truffle Industry

The Australian black truffle industry was first established in Tasmania in the
early 1990s, and Western Australia in 1997, with the first Australian grown
commercial black truffles harvested by 1999 and 2003 (Hall & Haslam, 2012;
Rural Industries Research and Development Corporation (RIRDC), 2014;
Trufficulture Pty Ltd. n.d.). By 2007, two-thirds of Australia’s black truffle

production had shifted to Western Australia, specifically to the Manjimup and






1.2 Problem Statement

As discussed above, despite its vital economic value to both regional and local
economies and development; knowledge surrounding truffle cultivation is not
greatly understood. As the black truffle is an ectomycorrhizal (ECM) fungus,
saplings inoculated with truffle spores are required to grow in symbiosis with a
host plant (Bradshaw, 2005; Reyna & Garcia-Barreda, 2014). Historical trends
show that within a single truffiere, certain trees produce more of the black truffle
than others (known within the industry as “hot trees”) and these trees can change
from season to season. Currently, there is little scientific understanding as to
what conditions are conducive to a tree becoming “hot” and producing a high
truffle yield. This research aims to undercover this information to maintain the

economic benefits of truffle production to Western Australia.

1.2.1 Truffle Yield

Within this study, the term truffle yield is indicative of the number of truffles
produced within the study area. The higher the number of truffles produced
throughout a harvest season, the higher the estimated economic return for the
truffiere is. Within this study, truffle weight is not used to indicate yield. The
longer a truffle is left to develop within the soil, the bigger (heavier) it grows over
the harvest season. These larger truffles often begin to develop rot in their centre,
just as the outside is developing its aroma and is ready to be harvested. Larger
truffles therefore must often be divided into sections, to remove this rot, before
selling, decreasing their value. Weight is therefore not a perfect representation of
economic return to the truffiere. As truffle production is highly dependent upon
annual weather conditions, market value is often hard to predict and differs from
season to season. Prices also differ in response to supply and demand, between
regions and proximity to national holidays, such as Christmas (Hall et al., 2007).
Even with reliable data, establishing average productivity values is a lengthy
process and measuring trends would require decades of statistics (Hall et al,,

2007). Market value is also therefore not a viable indicator of yield.



1.3 Research Objectives

The goal of this research project is to uncover if edaphic factors, such as soil
properties, can stimulate truffle production or whether spatial variability in
truffle yield is random and therefore due to individual tree performance. The four

key objectives of this research include to:

(a) Describe the macro- and micro- scale spatial variability in truffle yield.

(b) Explore appropriate spatial methods used to describe variability across a study area
(e.g- Hot Spot Analysis).

(c) Understand whether the distribution of truffle yield across the chosen study area is
random.

(d) Determine whether factors and conditions (such as soil properties) could potentially

stimulate truffle production.

Additionally, this research will explore the potential management techniques
that could be implemented within a truffiere to optimise truffle yield. These
techniques will emphasise improving the utilisation of resources and inputs to
increase potential harvest from the trees within the study truffiere. These
research aims will assist in sustaining a high level of production within the
truffiere, so it can maintain its economic benefits to the surrounding south-west
region. Any findings resulting from this research could be further be examined to
see (if any) relevance exists to other areas within the agricultural sector of

Western Australia, especially in the south-west.

1.4 Organisation of Thesis

This thesis is organised into 5 main chapters: (1) Introduction, (2) Background &
Literature Review, (3) Methodology: Data Capture and Collection, (4) Results &
Analysis and (5) Conclusion & Recommendations. The first chapter
(Introduction) presents the research topic, provides a brief background to the
Australian Truffle Industry, and outlines the research significance, objectives and
the thesis structure. Chapter 2: Background & Literature Review, familiarises the

reader with the basic background knowledge vital to the production of the black
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truffle, such as required soil and climate conditions, host plants, how a truffiere
is set up for production and the annual life cycle of the black truffle. This chapter
also introduces and describes the study area, including an explanation of why this
site is appropriate for this research, as well as outlining what limited studies have
previously been conducted in this research field. Chapter 3: Methodology: Data
Capture and Collection, is divided into three key parts; Firstly, the required data
for this research, secondly, the comparison of various methods tested within this
research in order to obtain locational information, as well as the exploration into
various spatial methods used to describe variability across a study area. Thirdly,
this chapter outlines how the required data for this research was obtained.
Chapter 4: Results & Analysis, presents the findings and analysis of this research.
Chapter 5: Conclusion & Recommendations, concludes the thesis by restating the
findings from this research, along with their corresponding research objective.
This chapter concludes by providing some recommendations to improve both the
utilisation of resources and potentially increase harvest within the truffiere, in
order to maintain its economic benefits to both the study truffiere and the wider

south-west region.



2 BACKGROUND & LITERATURE REVIEW

As outlined in Chapter 1, despite its economic value to both regional and local
economies and development, the WA truffle industry is in its infancy, and much
of the existing knowledge is focussed on the establishment of truffle plantations
(truffieres). The industry has grown rapidly in both planted area and yield as the
truffieres have matured. Historical trends show that within a single truffiere,
certain trees (known as “hot” trees) produce more of the black truffle than others,
and these trees can change from season to season. Industry development now
turns to research to assist in understanding what conditions are conducive to a

tree becoming “hot” and producing a high truffle yield.

2.1 Previous Work

Most of the literature available on the Tuber melanosporum, like some of those
examined in the following sections of this chapter, outlines what conditions have
historically been important to the production of the black truffle within the
northern hemisphere. Other texts, such as Hall, Brown and Zambonelli's (2007)
book, Taming the Truffle: The History, Lore and Science of the Ultimate Mushroom,
however, have analysed and adapted this historical knowledge to be more
applicable for production of truffles in the southern hemisphere. This text is
largely referenced within this research as it provides a good understanding of the
basics of truffle farming, as well the history of truffle production and reasonings
as to why it is such a highly valued commodity worldwide. It further outlines key
background information including how to establish a truffiere for the production
of the black truffle, the conditions conducive to truffle development and growth
(such as tree variety) and suitable climatic and soil environments. These suitable
soil and climatic conditions are also reconfirmed in other literature such as

Bradshaw (2005), Lee (2008) and Mathews & Mitchell (2018).

It should be noted that similar research projects looking to uncover the
relationship between soil properties truffle yield for the black truffle, have been

conducted in the northern hemisphere. Castrignano, Goovaerts, Lulli and
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Bragato’s (2000) paper entitled “A geostatistical approach to estimate probability
of occurrence of Tuber Melanosporum in relation to some soil properties”
hypothesised that “a soft and well-aerated soil environment might be an essential
condition for the growth and production of T. melanosporum” is an example of one
of these studies (Castrignano, Goovaerts, Lulli, & Bragato, 2000). Using an
experimental study area of the University of Perugia (Italy) with similar soil and
climatic conditions to those outlined below (see section 2.3 Conditions for Truffle
Production) and geostatistical analysis techniques such as Factorial Kriging
Analysis [FKA], this study found that areas of well aerated soils were corelated
with areas in which the T. melanosporum were present (Castrignano et al., 2000).
They noted that further research was required to confirm this relationship. While
this study provides a solid recommendation as to what soil properties should be
investigated and which analysis tools could potentially be used to explore spatial
variability in truffle yield, it is unclear whether these findings carry over to a
southern hemisphere location. Additionally, this study would prove more
valuable if the number of truffles (rather than just the presence of the black

truffle) was measured, hence the importance of this research.

2.2 History of Truffle Production

While they have been harvested in the wild since the early Renaissance period,
commercial production of the Périgord black truffle (Tuber melanosporum) did
not commence until the early 1800s, when French farmer, Joseph Talon,
discovered a rough, yet successful method for cultivation of this highly valued
commodity (Zambonelli, lotti, & Hall, 2015). His technique involved collecting
acorns found under oak trees already producing the black truffle and replanting
them on small patches of rocky land on his Saint Saturnin les Apt estate, at the
base of the Vaucluse Mountains (Hall et al., 2007; Renowden, 2005; Zambonelli
et al,, 2015). Less than a decade later, Talon discovered a large crop of black
truffles growing beneath some young oak trees located in the same site as the
previously planted acorns. Understanding the symbiotic relationship between
these two crops, Talon proceeded to purchase cheap stony patches of land

adjacent to his estate, sowing acorns into the soils and selling the baskets of
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resulting truffles at the local market. As neighbouring farmers discovered Talon'’s
technique, the first commercial Périgord black truffle region was created by the
late 19th century, and expands throughout areas of France, Italy and Spain (Hall
et al.,, 2007; Renowden, 2005; Zambonelli et al., 2015).

By the 1970’s French and Italian scientists had created a method to inoculate the
roots of oak and hazelnut trees, grown in controlled greenhouse conditions, with
truffle spores for commercial planting in truffieres (Rural Industries Research
and Development Corporation (RIRDC), 2014; Zambonelli, Piattoni, Iotti, & Hall,
2010). This modern method increased both the availability and accessibility of
inoculated trees, spreading the production of the black truffles worldwide,
including the United States, Canada, Morocco, Chile, South Africa, Australia and
New Zealand (Zambonelli et al., 2015). Today, the black truffle is the most popular
variety of truffle available and can collect a high price at market, retailing at
approximately $600 to $2,500 AUD per kg (AgriFutures Australia, 2017; Rural
Industries Research and Development Corporation (RIRDC), 2014). This is
largely due to its difficulty in cultivation, aromatic quality, and flavour.
Additionally, the black truffle has the ability to be cooked at low temperatures
and incorporated into more recipes than its Italian white truffle (Tuber
magnatum) counterpart. Today, the Tuber melanosporum is largely produced in
the southern hemisphere, especially in June to September when, due to climatic

conditions, northern hemisphere producers are unable to meet demand.

2.3 Conditions for Truffle Production
2.3.1 C(Climate Conditions

The Tuber melanosporum traditionally sprouts in various climatic zones through
Europe, providing the area is between 40°N and 47°N, and is between 100m to
1000m above sea level (Hall et al.,, 2007). Around the world today, the black
truffle has been produced in many different countries that have similar
Mediterranean climates, including regions throughout New Zealand and
Australia (Mathews & Mitchell, 2018). Warm summers, and mild to cold winters,

like those found in south-west Western Australia, specifically the Manjimup
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The black truffle ideally grows in soils with relatively balanced ratio of soil
nutrients such as “phosphorus, calcium, magnesium, nitrogen, potassium, sulphur
and trace elements of boron, copper, iron, manganese and zinc” (Hall et al., 2007).
The most productive truffieres require high concentrations of plant available
calcium and magnesium, as well as moderate levels of phosphorus and little
concentration of sodium. Research shows that truffieres are rarely productive in
soils with an unbalanced ratio of phosphorus to calcium and potassium (Hall et
al., 2007). Soils with an excess of calcium are often left with a higher pH than those
ideal for the cultivation of the black truffle and can affect the uptake of trace
elements. Although it is understood that both soil properties (e.g. temperature,
moisture, aeration, trace elements and nutrients) and climate conditions are vital
to the production of the black truffle, it is currently unclear which factor(s) have

the highest influence over truffle yield (Hall et al., 2007).

2.3.3 Host Plants

As the Tuber melanosporum is an ectomycorrhizal (ECM) fungus, saplings
inoculated with truffle spores are required to grow in symbiosis with a host plant
(Bradshaw, 2005; Reyna & Garcia-Barreda, 2014). Several varieties of both Oak
and Hazel are commonly chosen as host plants based on their ability to support
this symbiotic relationship, as well as various factors such as tree cover, growth
rate and root system (Hall et al, 2007; Rural Industries Research and
Development Corporation (RIRDC), 2014). The Common Hazelnut (Corylus
avellana) is a medium size tree often chosen in the production of the black truffle
as it can be planted in a relatively high density (Mathews & Mitchell, 2018). It has
a rapid growth rate and a well-developed root system that can produce truffles
both earlier and longer than other plant species (Hall et al., 2007). However, as
constant shade can affect the formation and development of the black truffle,
frequent pruning or herbicides are required to limit the Common Hazelnut’s tree

cover.

Limitations of host plants are often counteracted in truffieres (truffle orchards)
by planting more than 1 species of tree. Oak varieties such as the Holm Oak

(Quercus ilex) and the English Oak (Quercus robur) have significantly slower
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growth rates than Hazels and require more space to grow (Mathews & Mitchell,
2018; Trufficulture Pty Ltd. n.d.). They do however provide extensive root
systems, increasing the ratio of truffle to tree, are resilient to adverse cold
conditions and require less pruning and overall maintenance (Hall et al., 2007).
By planting two or more species, truffieres can also protect their truffles against
diseases. Pathogens such as Phytophthora kernoviae, or sudden oak death, only
effects certain Oak varieties. By planting a variety of Oaks and Hazels, truffieres
can ensure that their orchard can maintain some level of production in cases
where a pest or disease is introduced. Additionally, various species of Hazel and
Oak can provide secondary sources of income (such as hazelnuts, timber, and

firewood) at the end of the productive life of the truffiere.

2.3.4 Setting Up a Truffiere for Production of the Black Truffle

The Périgord black truffle is a highly valued commodity worldwide, due to the
difficulty involved in its cultivation. Establishing a truffiere is a lengthy process,
and production often doesn’t begin until a decade after planting of the host trees.
Firstly, the soils on which the trees will be planted must be prepared to the ideal
conditions. This includes deep-tilling and liming the soil to loosen the soils and
achieve an optimal pH level of 7.9 (Hall et al.,, 2007). This alkaline reaction takes
place over 3-6 months, after which a 4-week delay is required to remove weeds

and install necessary irrigation before planting (Trufficulture Pty Ltd., n.d.).

The Oak and Hazel trees, inoculated with truffles spores are then planted in a
grid pattern across the prepared site, taking care to alternate the tree type both
within and between each row (Figure 2.2) (Mathews & Mitchell, 2018). Over the
next 7 to 10 years the roots of the trees develop and colonise the soil, with the
first truffles ready to be picked at the end of this period (Hall et al., 2007). With
yearly maintenance, truffle yield will gradually increase in the following 10 to 20
years, before reaching maximum yield at the 20-year mark. While still producing
truffles, yield from these trees will begin to decline over the 20 to 25-year mark.
After this period, the trees should be removed and sold as a secondary source of
income in the form of hazelnuts, timber and firewood at the end of their

productive life. This production cycle should be alternated across various sites
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2.3.5 Annual Cycle of the Black Truffle

As outlined by Stahle and Ward (1996), the Tuber melanosporum runs on an
annual growth cycle that differs between the northern and southern hemisphere.
Within the southern hemisphere, in countries such Australia and New Zealand,
the annual truffle cycle begins in October when the truffle spores (located 10 to
30cm below the soil, on the roots of the host plants), germinate and activate the
truffle fungus (mycorrhizas). Through November, the vegetative part of a fungus,
known as the mycelium, spreads through and colonises the soil. During the
warmer summer months (December, January and February) the truffle
reproduces, forms and begins to grow, while the cooler autumn months (March,
April and May) trigger final maturation and develop the distinctive aromas of the
fungus (Mathews & Mitchell, 2018). Ripe truffles are then harvested through
June, July and August. Any truffles that failed to ripen during the harvest period
are left in the ground. In the following month (September) these truffles release
new spores back into the soil, which are ready to germinate by October, restarting

the growth cycle (Figure 2.4).

FORMATION OF THE BLACK TRUFFLE (ANNUAL CYCLE)

1 ocr Y nov PR oec

Spores germinate Fungus spreads Reproduction of Truffles begin to
and activate andcolonizes fungus form
fungus (Mycelium) the soil

Truffles begin to Truffles grow Truffles growtin Truifles begin to mature
grow rapidly slows and develop aroma

_. SEP

Trufftes left in ground release

Main Harvest Period (Jun — Aug) pew spores Backintosoll

Figure 2.4 Formation of the black truffle in the southern hemisphere. Data from Hall et
al. 2007; Stahle & Ward, (1996). Images from Francuski (n.d.); Truffle and Wine
Company (n.d.)
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2.5 Chapter Summary

Despite its economic value, the WA truffle industry is still in the early stage of
production. In recent years, the industry has grown rapidly in both planted area
and yield as the truffieres have matured. Industry development has turned to
research to assist in understanding what conditions are conducive to a tree
becoming “hot” and producing a high truffle yield. This chapter outlined the
previous studies associated with the production of the black truffle and aimed to
familiarises the reader with the basic background knowledge vital to this

research.

Historical trends show that within a single truffiére, certain trees (known as “hot”
trees) produce more of the black truffle than others, and these trees can change
from season to season. A review of literature found that previous studies such as
Castrignano, Goovaerts, Lulli and Bragato (2000), are often northern hemisphere
centric and fail to link any spatial variability in truffle harvest to specific soil or
climatic qualities. Others, such as Hall, Brown and Zambonelli’s (2007) however,
have analysed and adapted this historical knowledge to be more applicable for
production of truffles in the southern hemisphere. This source, backed up by
others such as Bradshaw (2005), Lee (2008) and Mathews & Mitchell (2018),
outline the specific soil and climate conditions conducive for the production of

the black truffle. For a high yield it is expected that a truffiere must have:

(a) Warm summers, and mild to cold winters;

(b) Year-round rainfall that exceeds 1000mm annually (or available irrigation);

(c) Soils with A pH level between 7.2 and 8.3, a loose structure and a specific nutrient
ratio, and;

(d) A variety of host plants such as Oak and Hazels.

These conditions are explained in more detail throughout the middle sections of

this chapter above.
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This chapter concluded by introducing the study truffiere, including its history
and site conditions that are favourable to the black truffle production. It further
outlined the specific study area (Site B) and its suitability for this research, due
to the observable difference in truffle yield already existing across the site.
Although it is understood that both soil properties and climate conditions are
vital to the production of the black truffle, it is currently unclear which factor(s)
have the highest influence over truffle yield. This research aims to uncover if
edaphic factors, such as soil properties, can stimulate truffle production or
whether spatial variability in truffle yield is random and therefore due to
individual tree performance. The methodology behind this research, as well are

the data required to complete the research objectives is outlined in Chapter 3.
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3 METHODOLOGY: DATA CAPTURE & COLLECTION

3.1 Required Data for Research

Before this research was undertaken, little information regarding the study area,
including site soil properties, was known. The aim of this research project is to
uncover if edaphic factors, such as soil properties, can stimulate truffle
production or whether spatial variability in truffle yield (i.e., the number of
harvested truffles) is random and therefore due to individual tree performance.
Our objectives include determining which soil properties (if any) potentially
stimulate truffle production. In order to undertake this research, two key datasets
were required; Firstly, the geographical location of each harvested truffle and

secondly, a soil profile for the Site B study area.

3.1.1 Required Locational Data

To undertake this research, the location of each harvested truffle needed be
obtained. Along with the geographical location (latitude / longitude); the size and
harvest time (day/month/year) must also be collected and recorded against
each, and every truffle picked in Site B over the harvest season. At our study

truffiere, picked truffles are sized according to the following scale:

(a) Small - when the truffle is smaller than an average golf ball (~4cm);
(b) Medium - (4cm - 6.5cm);

(c) Large - when the truffle is larger than an average tennis ball (~6.5cm).

Additionally, a descriptive profile of the study area, including the boundaries of
the land management units, and the location of all major landmarks including

trees, roads, rows, and infrastructure is required.

3.1.2 Required Soil Data

As discussed in Chapter 2, in order to produce the Tuber melanosporum, specific
soil qualities are required. Ideally, for a high production of the black truffle, the

soils must have:
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(a) A pH level between 7.2 and 8.3 (7.9pH is ideal);
(b) A loose structure (soils with high gravel content, e.g. gravelly sandy loam to sandy
clay loam are ideal); and,

(c) A specific nutrient ratio.

As outlined in Hall (2007), truffle production requires a “relatively balanced ratio
of soil nutrients such as “phosphorus, calcium, magnesium, nitrogen, potassium,
sulphur and trace elements of boron, copper, iron, manganese and zinc” (Hall et al.,
2007). Soils also require high concentrations of plant available calcium and
magnesium, as well as moderate levels of phosphorus and little concentration of
sodium. Research shows that truffieres are rarely productive when they contain
soils with an unbalanced ratio of phosphorus to calcium and potassium. Soils with
an excess of calcium are often left with a higher pH which can affect the uptake of

trace elements (Hall et al., 2007).

In order to determine why variability in truffle yield occurs across a study area,
soil information, such as soil structure, quality, nutrients, moisture content and
drainage, as well as tree information, such as tree diameter! and root depth, will
also be required. To obtain this information, a soil sampling method must be
created. This method must ensure that any collected soil data is representative of
the entire study area. By creating a soil profile for the study area, areas of high
truffle yield can be compared to specific soil qualities, and correlations can be

made between soil properties and truffle yield.

1 Tree height is not considered, as diameter is a better indication of biomass (productivity) (Shaw,
Lankey, & Jourdan, 1996)
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3.2 Testing of Various Methods used to Obtain Location Information

Within this research, two different methods were tested to obtain the required
locational data. Firstly, a Global Position Systems (GPS) set-up using a
relative positioning technique, and secondly, mobile data acquisition, such
as the Environmental Systems Research Institute (ESRI)’s Collector for

ArcGIS application.

3.2.1 Required Accuracy

As stated in Chapter 2, within the Site B study area, Oak and Hazel trees
inoculated with spores of the black truffle are planted every 5m along the 106
rows within the site. Any method used to obtain locational data must therefore

be able to meet the following requirements:

(a) it mustbe able to record geographical location of each harvested truffle at a relatively
high speed;
(b) be accurate to less than 5m (the distance between the trees within each row), and;

(c) be available offline due to the isolated location of the study area.

As accuracy is defined as the degree of closeness or conformity of an observation
to its “true value”, the positioning technique can be deemed accurate if the
horizontal positions of the harvested truffles are taken within +5m (95%
confidence) to their true position (M. Kuhn, 2018a). This accuracy level was
chosen as it allows a clear link to be made between a harvested truffle, and the
corresponding Oak or Hazel tree it developed from, without compromising the

cost and time limitations of the project.

3.2.2 Global Positioning Systems

As discussed above, any method chosen to obtain locational data within this
research must be accurate to 5m (95% confidence). Global Positioning Systems
(GPS) using a differential (or relative) positioning technique may be used to map
the study area, and the location of each harvested truffle, with a relatively high
(cm) accuracy level with 95% confidence (El-Rabbany, 2006). An example of this

set up is a Real Time Kinematic (RTK) approach, in which two GPS receivers
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(b) be accurate to less than 5m (the distance between the trees within each row);
(c) be relatively low cost, and;
(d) be available offline (able to collect data even if Wi-Fi signal is not available), due to

the isolated location of the study area.

Additionally, the app must be able to obtain the geographical location (latitude /
longitude), the size (small, medium, large) and the harvest time (pick date and
time) of each truffle harvested during the season. For in field use, the app should
also ideally be user friendly (i.e., lightweight for all day use) and quick to “pick
up” (record) the data. Ideally, any data collected from the app, should be able to

be loaded into software for further spatial analysis.

3.2.3.1 Collector for ArcGIS

First launched in the early 2010s, Collector is a mobile mapping app that meets
all the requirements set by this research. Today, the updated Collector for ArcGIS
app allows you to gather both spatial (location) and non-spatial (size, time and
date) data for features, and allows users to begin to recognise and interpret
spatial patterns in the field (Panek & Glass, 2018; Pundt & Brinkkdétter-Runde,
1998). Images of each harvested truffle can also be recorded within the app for

«

later reference. Additionally, Collector can “...capture and edit assets and
observations in field that seamlessly integrate into ArcGIS” and any data gathered
by the app is “automatically uploaded to ArcGIS online when service is available...
and can be temporarily stored on the device when areas lack mobile connectivity”
(Environmental Systems Research Institute (ESRI), 2020; John Hopkins Sheridan

Libraries, 2017).

The collector app can be downloaded onto all major mobile devices (iOS,
Windows and Android), and is therefore lightweight and easy to use in the field.
In terms of accuracy, the app uses the GPS receiver integrated into the handheld
phone to determine geographical location. When using the iPhone 11 Pro,
geographic location is determined through the use of the following location
specifications: the integrated GPS/ GNSS receiver, digital compass, Wi-Fi or

mobile data, and the iBeacon microlocation. This tool results in a ~5m horizontal
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integer) and (3) Picture (data type: text, 1000 max characters). In order to
automatically add the date and time to each feature when a point is created, the
Harvest Time field should be selected in the “Create Date Field” under the Editor
Tracking tab (found in the feature class properties menu). A domain should also
be added to the Size field, to allow the user to select from the pre-coded options

(small, medium or large) when collecting data in the field.

After preparing the survey, the “harvestedtruffles” feature class should be added
to a new map in ArcMap (desktop). To allow the user to attach an image to each
point within the field, the attachments function should be added to the truffle
feature class. The map should then be saved and shared as a service on ArcGIS
online, using the ArcGIS Organisation account as the hosted service connection,
ensuring all operations are allowed. This “harvestedtruffles” hosted feature layer
should then be opened in a new map on ArcGIS online. To allow data to be
collected in the field, this map should be shared to the organisation as a web map.
When the web map is made available to the public, anyone with a link to the web
map will be able to add points to the feature layer through the use of the Collector
for ArcGIS app. When kept private, the link and a personal user account is
required. Supporting images for the process outlined above are available in

Appendix C.

3.2.3.3 Collecting Locational Data in the Field

The process for using the Collector for ArcGIS to obtain in field locational data is
shown below (Figure 3.3). Firstly, the shared Web Map, created in the above
section, should be opened in the Collector app. Points are added to the feature
class using the add feature tool, ensuring the corresponding truffle size is selected
under the Size field, and a photo is attached using the Take Photo button. Once
added, these points are then automatically uploaded to ArcGIS online. The
“harvestedtruffles” feature layer can then be reloaded into ArcGIS (desktop) for
further spatial analysis to determine the variability in truffle yield across the

study area. Appendix D provides supporting images including (a) an example
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(a) The date and time the truffle was picked;
(b) It’s location in latitude & longitude, and;

(c) It’s size (small, medium or large).

Once exported the latitude and longitude were converted to a projected
coordinate system (GDA2020 MGA Zone 50) using the Convert Coordinate
Notation tool. Converting the data to a projected coordinate system was
important as it allowed a base map to be placed under the truffle yield data for
further data interpretability. This process was repeated for the 2020 and 2021

harvest seasons csv files.

3.3.2 Average Nearest Neighbour Ratio

To determine how the 2019, 2020 and 2021 harvested truffles are distributed
(i.e. exhibit a clustered, dispersed or random spatial pattern) across the Site B
study area, the Average Nearest Neighbour (ANN) tool was used. This tool
calculates the nearest neighbour index, or the average distance of a feature (i.e.
truffle) to its nearest neighbour (i.e. another truffle) compared to the expected
average distance, and is calculated using the following formula (Grekousis, 2020;

Pimpler, 2017) :

__ observed mean distance _ dyin _ ~ 7
NN = —L = 2d i1/ a

expected mean distance - E(d)

Where:
g = Yi=1 Amin(5)
min — n

E(d) =1/ (2/n/a)

dmin is the average nearest neighbours distance of the observed spatial pattern;
dmin (S;) is the distance of event (truffle location) S; to its nearest neighbour;
n is the total number of events (i.e. truffles);

E(d) is the expected value for the mean nearest neighbour distance under complete

spatial randomness, and;
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3.3.3.1 Spatial Resolution

This tool was run multiple times to determine an appropriate spatial resolution
(i.e. the size of one cell on the ground) for this study. Spatial resolution does not
indicate accuracy, but instead allows for more or less detail to be mapped. For
example, a spatial resolution of 10m means one cell on the optimised hot spot is
equal to 10m x 10m on the ground. A smaller spatial resolution decreases the cell
size and therefore increases the ability to distinguish two spatially adjacent
features on the ground, especially in high density areas, but is not necessarily
more or less accurate (in terms of location) than a 10m, 5m or 2m spatial
resolution (Bakker et al,, 2009). When running the Optimised Hot Spot tool, all

fields were automatically calculated, apart from the cell size (in metres).

To determine an appropriate spatial resolution for this study, the Optimised Hot
Spot tool was run multiple times on the 2019 harvested truffle shapefile, changing
the spatial resolution (cell size) from 10m, to 5m and finally 2m. Figure 3.5
displays how different spatial resolutions affected the optimised hot spot for the
2019 harvest season within Site B (green). As the spatial resolution increases (i.e.
the number representing one grid on the ground decreases), more detail within
the hot spotis available. When increasing the spatial resolution from 10m (Figure
3.5 right) to 2m (Figure 3.5 left) for the 2019 harvest season Optimised Hot Spot,
more accurate information about which trees are potentially producing a higher
number of truffles is shown due to less generalisation in the data. From this test,
a spatial resolution of 5m was chosen as the default spatial resolution to display
the truffle data for the 2019, 2020 and 2021 harvest seasons. This spatial
resolution was chosen as it correlates to the distance between the trees within
Site B and allows for the identification of which trees are producing a higher yield
of truffles (hot spots), and which trees are producing a lower yield in truffles (cold

spots).
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3.3.3.3 Variation in Truffle Yield - Site B

The Optimised Hot Spots for the 2019, 2020 and 2021 harvest seasons are shown
below (Figure 3.7 to 3.9). These hot spots demonstrate that spatial variability in
truffle yield does exist within the Site B study area. Areas along the south and
south-eastern borders of Site B consistently show positive clustering and
therefore produce a high yield of truffles over the 2019 and 2020 harvest seasons.
Portions of the north-west and north-eastern quadrant of the study area show
negative clustering and therefore produced little, if any, truffles over these
harvest seasons. In 2019, these cold spots spread from the north-western to the
north-eastern corners of Site B but shifted towards a more central north
clustering in 2020. Significant positive clustering of harvested truffles was
consistently present in the lower south-western corner of the study area. This

positive clustering shifted further north-east for the 2020 harvest season.

These hot spots therefore validate the historical trend that certain trees within a
single truffiere (known as “hot” trees) produce more of the black truffle than
others, and these trees can change from season to season. Although the 2021
harvest season showed similar clustering patterns to those exhibited in 2019 and
2020 harvest years, the 2021 harvest data will not be utilised within the analysis
section of this thesis. This is due to the underutilisation of the mobile recording
devices that pickers used in 2021 to correctly record the truffles harvested within
the Site B study area. The underreporting of the 2021 harvest data could
potentially skew the analysis, and therefore will not be used in this study. A more
detailed analysis of these hot spots produced in the 2019 and 2020 harvest

seasons are available in Chapter 4.
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3.3.4 Summary of Spatial Variability Methods

This section outlines the processes involved in determining whether a significant
spatial variability (i.e. clustering) in truffle yield across the site B study area exists
for studied harvest seasons (2019 and 2020). Through the use of Average Nearest
Neighbour and Optimised Hot Spot Analysis ArcGIS tools, it is evident that certain
trees within Site B are producing more truffles than others. These trees also
change from season to season. In order to explore what factors are potentially
stimulating this clustering, information regarding soil temperature, moisture,
aeration, trace elements and nutrients across the study site is required. Within
this study, this soil profile was obtained through soil sampling and will provide

some insights as to what conditions are conducive to a high truffle yield.

3.4 Methods for Obtaining Required Soil Data

As discussed above, a soil profile for the study area will allow areas of high truffle
yield to be compared with specific soil qualities, allowing correlations between
soil properties and truffle yield to be made. This soil profile should ideally include

information on:

(a) soil structure (measured through particle size);

(b) nutrients (specifically plant available calcium, magnesium, phosphorus, sodium,
potassium and nitrogen);

(c) pH, and;

(d) moisture content and drainage.

Additionally tree information, such as tree diameter and root depth, will also help

indicate towards health and productivity of the soils.

Before soil surveying can occur in the field, a sampling strategy appropriate for
the research must be designed. Sampling is necessary as it would be highly

impractical, due to cost and time, to measure every piece of soil throughout the
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study area (Webster & Lark, 2012). Instead, observations are recorded at a
number of selected areas within the field, known as sampling units, and the
results are then extrapolated (statistically inferred) to represent the entire study
area. Within sampling, there are always some levels of error and uncertainty.
Criteria such as variance and bias are therefore used to assess the quality of the
sampling strategy. There are two fundamental approaches to soil sampling; the
design-based approach, based on traditional sampling theory, and the model-
based approach, based on geostatistical sampling (Brus, 2020; Brus & de Gruijter,
1997). These methods differ in the ways in which concepts such as randomness
are introduced, and the methods used to select sampling units and for statistical
inference (Brus, 2020; de Gruijter, Brus, Bierkens, & Knotters, 2006; Papritz &
Webster, 1995a)

3.4.1 Design Based vs. Model Based Sampling

Within a design-based approach, sampling units are selected by probability
(random) sampling, and statistical inference is based on the sampling design (i.e.
not determined through the use of a model). Examples of random sampling
methods include Simple Random Sampling (SI) and Stratified Simple Random
Sampling (STSI) (Brus & de Gruijter, 1997; Papritz & Webster, 1995b). As the
sampling units are selected at random, the probability of a unit being sampled is
known, and this probability provides the basis for statistical inference from the
data (Brus, 2020; de Gruijter et al., 2006). The source of randomness within a
design-based approach is therefore the random selection of a sampling unit
(Viscarra Rossel, Brus, Lobsey, Shi, & McLachlan, 2016). When making inferences
(such as calculating the weighted average of the dataset) using a design-based
approach, data is weighted using the selection probability rather than their
geographical coordinates of the sampling units (de Gruijter et al., 2006). The

accuracy of inferred data depends upon the sampling method used.

Within a model-based approach, there are generally no requirements for the
selection of sampling units and the statistical inference is based on the model

used in the sampling design. Purposive sampling is often favoured over



41

probability sampling, due to its efficiency, and these methods include Centred
Grid Sampling, Spatial Coverage Sampling and Geostatistical Sampling (Brus,
2010; de Gruijter et al.,, 2006). As the model-based approach generally uses
purposive sampling, the source of randomness and inference methodology is
introduced via the model of spatial variation (Brus, 2010). When making
inferences using a model-based approach, data is weighted using a function of the
coordinates of the sampling locations, as defined in the chosen model (de Gruijter

etal,, 2006)

3.4.2 Choosing an Appropriate Sampling Method

Since the 1980s, many soil scientists have shifted their sampling methods from a
design-based (DB) to a model-based (MB) approach when conducting soil
sampling, due to the belief that the MB approach better represents earth sciences
through the use of geostatistics (Brus & de Gruijter, 1997). However, papers such
as de Gruijter and ter Braak (1990), clearly state that “this is a misconception...and
both sampling approaches are valid and have their merits” (Brus, 2020). An
appropriate method depends upon both your aims and expected outcomes (or
uses) of the soil data. Some rules and guidelines for selecting the appropriate
sampling method are outlined in both Brus & de Gruijter (1997) and de Gruijter
(2006), and take into account the target variables and parameters, any known
prior information, the cost involved, and the efficiency required. Generally
speaking, a DB approach is suitable if your interest is in the population mean(s)
of a restricted number of subpopulations. While it is not highly efficient, its
strengths lie in its validity of estimates. The MB approach is appropriate if your
aim is to the map the soil property of interest and want to use this map to predict
values as precisely as possible. The MB approach is highly efficient, but only when
checks are made to ensure the chosen model is valid (Brus, 2020; Viscarra Rossel
et al,, 2016). If the required sampling task is dependent upon the validity of the
results, itis best to use a design based approach, as no modelling assumptions are

made (Brus, 2020).

It should be noted that one does not have to pick between a fully design-based or

model-based approach. As outlined by Brus (2020), there are 3 possible
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3.4.3 Chosen Sampling Strategy (Soil Sampling Plan)

This soil sampling plan was created under the guidance and assistance of Dr
Ayalsew Zerihun and Professor Raphael Viscarra Rossel, Faculty of Science and
Engineering, Curtin University, Western Australia. This sampling strategy takes a
Design-Based approach, as the data created from the soil sampling is highly
dependent upon the validity of the soil sampling results (Brus, 2020). Due to time
and cost restraints associated with this research, and the sigificant restrictions of
fieldwork inplace as a result of the COVID-19 pandemic, it was vital than any soil
sampling strategy to be undertaken at the study truffiere had to be as efficient as
possible. The Site B study area therefore needed to be separated into a number
of soil sampling regions that best represented different areas of high, low and no
truffle yield. These areas are best represented in the Optimised Hot Spot Analysis
for the 2020 harvest season (Figure 3.8 from 3.3.3.3 -Variation in Truffle Yield -
Site B). This year of data was chosen as it best represents a “normal?” harvest

year, as described by the manager of the study truffiere.

To determine how the study area should be divided up into sampling regions, a
new feature class, entitled Truffle Density was created. This feature class
contained the location (Easting & Northing) of each tree within the Site B study
area, as well as the corresponding number of truffles each tree produced over the
harvest season (Appendix F). Before the Truffle Density feature class can be
separated into soil sampling regions, the data was firstly reclassified to reduce
the influence of 54 ‘outlier’ trees over the clustering process. These trees
produced significantly higher than average truffle yield and would therefore
sway the clustering towards them. The outliers were identified by selecting all
the trees that produced 50 or more truffles over the 2020 harvest season. Rather
than deleting these trees altogether, they were reclassified so that the number

field contained a maximum value of ‘50’. All other tree points were left the same.

2 “normal” in terms of soil, climate, growing and harvesting conditions, compared to the 2019 &
2021 harvest seasons.
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The Multivariate Clustering tool utilises unsupervised machine learning methods
to determine natural clusters in the data (Environmental Systems Research
Institute (ESRI), 2021). When run for the Reclassified Truffle Density feature class,
the Calinski-Harabasz pseudo-F-statistic is calculated, in order to determine the
optimal number of clusters for this study. This statistic measures the ratio of
between-cluster variance to within-cluster variance and is determined by the
following algorithm:
2
)

1—R?
(=)

And:

_ SST — SSE

RZ
SST

Where “SST is a reflection of between cluster differences and SSE reflects within-cluster

similarity”, and:
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n is the number of features;
n; is the number of features in cluster i;
n. is the number of clusters;

n,, is the number of variables used to cluster features;

VY is the value of the k** variable of the j*" feature in the i*” cluster;

Vk is the mean value of the k" variable, and;

V¥ is the mean value of the k" variable in cluster i (Environmental Systems Research
Institute (ESRI), 2021)

The effectiveness of the k-means clustering process, using the number of clusters
calculated by the pseudo-F-statistic, is determined through the coefficient of
determination (R?) value. This value reflects how much of the original variation
in the data was retained after the k-means clustering process and is calculated

from the following algorithm:
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Within the field, each of these sampling locations were found using a GPS and the
corresponding sample location coordinates (Easting and Northing). 12-15 core
samples were then taken approximately 1m from the base of the sample tree, at
a depth of 0-10cm (Figure 3.15). These sample cores were then mixed until they
the soil appeared to be well combined. A 200-500g sub-sample of this mixed soil
was placed in a zip-lock bag and labelled with the corresponding sample number,
tree ID number and location (Easting & Northing) (Appendix G) as well as the
sampled date and time. These samples were then placed in a portable cooler box
to keep the soil samples cool, as this reduces the chance of any microbial activity

taking place and having a detrimental upon biological indicator measurements.

Figure 3.15 Soil sampling methodology

Immediately after fieldwork, these samples were taken to ChemCentre, at Curtin
University, Western Australia, for further analysis. ChemCentre then analysed
each sample and returned the sample pH, moisture content, particle size and
nutrient ratios. This data was then used to create a soil profile for the Site B study
area (this process is explored in greater detail in the next chapter (Chapter 4).
This soil profile will be used to compare areas of high truffle yield to specific soil
qualities. If significant correlation occurs, then theories can be extrapolated about

which soil properties potentially stimulate truffle yield at the study truffiere.
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3.5 Chapter Summary

Before this research was undertaken, little information regarding the study area,
including site soil properties, was known. In order to uncover if particular soil
properties (such as structure, pH and nutrient ratios), could stimulate truffle
production, or whether spatial variability in truffle yield (i.e., the number of
harvested truffles) was random and therefore due to individual tree
performance, two key datasets were required; Firstly, the location of each

harvested truffle and secondly, a soil profile for the Site B study area.

The location (latitude / longitude); the size (small / medium or large) and harvest
time (day/month/year) was required to be collected and recorded against each,
and every truffle picked in Site B over the harvest season. Appropriate methods
used to obtain this locational data must have been able to record geographical
location of each harvested truffle at a high speed, been accurate to less than 5m
and available offline, due to the isolated location of the study area. GPS using a
relative positioning technique failed to meet the accuracy required for this
research, therefore locational data was collected using a mobile data acquisition

technique, with the required data being provided directly by the study truffiere.

In order to explore what factors (such as soil properties) could stimulate truffle
production, firstly we determined whether a clear spatial variation in truffle yield
existed in the Site B study area. The Average Nearest Neighbour and the Optimised
Hot Spot Analysis both found that significant clustering and spatial variation
existed within the study area for the 2019, 2020 and 2021 harvest seasons within
Site B. It was therefore evident that certain trees within Site B produced more
truffles than others and these trees changed from season to season. Due to issues
with the utilisation of the mobile data capture device, there was severe
underreporting of truffle data for the 2021 harvest season. The 2021 season’s
data will therefore not be used within the analysis section of this thesis as not to

skew the analysis results.
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The required soil profile was created through a soil sampling strategy developed
using various ArcGIS analysis tools. Firstly, due to time and cost limitations, the
study area was broken up into 4 sampling regions. These regions were
determined through the Multivariate Clustering tool and the k-means clustering
algorithm and were validated through the Calinski-Harabasz pseudo-F-statistic.
10 sampling trees were then randomly selected within each cluster using the
Create Random Points tool. At each of these trees, 200-500 g of soil was collected
from 12-15 core samples, taken at a depth of 0-10cm. These core samples were
then provided to ChemCentre for further analysis. The returned data was then
utilised to create a soil profile for the study area detailing the soil structure,
nutrients, pH, and moisture content and drainage for Site B. This soil profile will
be used to compare areas of high truffle yield to specific soil qualities. If
significant correlation occurs, then theories can be extrapolated about which soil
properties potentially stimulate truffle yield at the study truffiere. These

correlations are explored in the next chapter.
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4 RESULTS & ANALYSIS

As discussed in Chapter 3, in order to uncover if soil structure, pH and nutrient
ratios can stimulate truffle production, or whether spatial variability in truffle
yield is random and therefore due to individual tree performance, two key
datasets were required; Firstly, the location of each harvested truffle and
secondly, a soil profile for the Site B study area. Within this research, the location,
size and harvest time of each truffle collected over the 2019, 2020 and 2021
harvest seasons was obtained through the use of a mobile data acquisition
technique. The Average Nearest Neighbour and the Optimised Hot Spot Analysis
found that significant clustering and spatial variation existed within Site B for the
2019, 2020 and 2021 seasons. It is evident that certain trees within Site B are
producing more truffles than others and these trees changed from season to
season. As stated in Chapter 3 (Section 3.3.3.3 Variation in Truffle Yield Site B),
due to the underreporting of truffles harvested within Site B in the 2021 harvest
season, this dataset will not be used in analysis as not to skew or influence the

research results.

The previous chapter outlined how the soil samples were collected and provided
to ChemCentre for further analysis. This chapter will explore the returned data
and explain how it was used to create a soil profile for the study area. This profile
will detail the soil structure, nutrients ratios, pH, and moisture content for the
Site B study area and will be used to compare areas of high truffle yield to specific
soil qualities. If significant correlation occurs between these two variables, then
theories can be extrapolated about which soil properties potentially stimulate

truffle yield at the study truffiere.
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be a result of the high rainfall experienced in November 2020 during the initial
formation of the truffles to be harvest in 2021. Additionally, the 2021 harvest
season experienced the coolest winter temperatures (June and July) of the 3
seasons studied in this research (Figure 4.2). These cool winter temperatures
would have triggered final maturation, further allowing a higher-than-average

yield of truffles to form over the 2021 harvest season.

4.1.2 Optimised Hot Spot Analysis Results for the Studied Harvest Seasons

As discussed in Chapter 3 (Section 3.3.2 Average Nearest Neighbour Ratio) the
2019 and 2020 harvest seasons ANN ratios indicate that there is evidence of
spatial variability in the harvested truffles within the Site B study area. The
corresponding ANN reports (Appendix E) show a significant level of clustering
within these two datasets, with a high confidence level that this clustering is not
due to arandom process. Chapter 3 (Section 3.3.3.3 Variation in Truffle Yield Site
B), and the Optimised Hot Spots for the 2019 and 2020 harvest seasons (Figures
3.7 and 3.8 in the previous chapter) demonstrate that spatial variability in truffle
yield does exist within the Site B study area. Certain trees within the Site B
truffiere (known as “hot” trees) produce more truffles over a harvest season than
others, (as evident in Table 4.1 Summary statistics - study area truffle yield above)

and these areas change from season to season.

Figure 4.3 illustrates the changes in hot spots, and therefore the shift in spatial
variability between the 2019 and 2020 harvest seasons. Within the 2019 harvest
season, three main hot spots can be identified; hot spot A in the lower SW corner
of the site, hot spot B that along the of the southern border and hot spot C in the
SE corner that runs along the eastern border of the site (Figure 4.3). Between
2019 and 2020 these hot spots stayed relatively consistent, with the addition of
hot spot D in the upper western border of Site B (Figure 4.3). Between these two
years, hot spot A grew significantly, spreading further towards the NW corner,
and retreating from the SW corner of the site. Hot spot B moved further towards
the SW corner and moved further to the centre of Site B, while hot spot C shifted
further north. Further comparisons between these years can be made when

analysing the change in cold spots for these harvest years (Figure 4.4).
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season. As outlined in Chapter 2, it is expected that this spatial variability is highly
dependent upon the quality of the soil that that the truffles grow in. If significant
correlation exists between these hot and cold spots, and the soil conditions within
Site B, then theories can be extrapolated about which soil properties potentially
stimulate truffle yield at the study truffiere. In order for these comparisons to be
made, a soil profile containing detail information regarding the soil structure,
nutrients, pH, and moisture content and drainage for the Site B study area was

required. The creation of this profile is outlined in the next section.
4.2 Results: Soil Profile (Soil Sampling Survey)

Fieldwork undertaken at the study area in September 2021 collected 40 soil
samples that accurately represent the differing soil conditions across Site B. The
location of these samples, and their corresponding sample number is available in
Appendix H. These samples were taken to ChemCentre, at Curtin University,
Western Australia, who analysed each sample and returned the samples soil
properties including the moisture content, soil pH, particle size (soil structure)
and nutrient ratios. The completed soil analysis provided by ChemCentre is
available in Appendix I. The “box and whisker plots” for each soil property is
available in Appendix ]. This section will outline the summary statistics and

provide the soil profile for each of these soil qualities.

As outlined in Chapter 2, it is expected that this spatial variability is highly
dependent upon the quality of the soil that the truffles grow in. In order for
conclusions to be made about which soil properties potentially stimulate truffle
yield at Site B, a soil profile containing detail information regarding the soil
structure, nutrients, pH, and moisture content and drainage for the Site B study
area was required. These soil profiles were created by classing the soil data into
4 groups using the Natural Breaks (Jenks) method. This number of classes (4) was
chosen as it allows for easier comprehension of the profile, without generalising
the data. The Natural Breaks (Jenks) method divides the dataset into the 4 classes

based on natural groupings (patterns) inherent in the data.
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4.2.4 Nutrient Ratios

Within this soil analysis, ChemCentre determined the amount of plant-available
nutrients (including sodium, nickel, cobalt, copper, iron, potassium, magnesium,
manganese, molybdenum, aluminium, arsenic, boron, calcium, cadmium, sulphur,
selenium, zinc, phosphorus and lead) within the Site B study area, using the
Mehlich No. 3. Soil test extractant method (Mehlich, 1984). This method uses an
extracting solution to obtain content (by weight) of each nutrient within the soil
sample. Concentration is reported as mass of the chemical in micrograms (mg)
per mass of soil (kg) (i.e. mg/kg). For more details about this method please see
Mehlich (1984). Total Nitrogen was measured by combustion using the inhouse

method S57, returning a % of total nitrogen present within the soil sample.

This study will only focus on those nutrients that play a role in the production of
the black truffle including phosphorous, calcium, magnesium, nitrogen,
potassium, sulphur, boron, copper, iron, manganese, zinc and sodium. It should
be noted that within this analysis results that are reported as ">" are outside the
linear range of the calibration and outside the scope of the collection method and
these results should be used as a guide only. As calcium is one of the nutrients
that falls into this category, it will not be used to determine the influence of soil
nutrients over truffle yield within the study area. The soil profile for each nutrient

and the summary statistics for these nutrients are show below (Figures 4.9 - 4.10

& Table 4.5).
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Sodium (Na)

Phosphorous (P)

Sulphur (S)

Zinc (Zn)

Statistic

Value

(mg/kg

Statistic

Value

(mg/kg)

Statistic

Value

(mg/kg)

Statistic

Value

(mg/kg)

Count

40

Count

40

Count

40

Count

40

Minimum

31

Minimum

7

Minimum

9

Minimum

0.4

Maximum

79

Maximum

56

Maximum

20

Maximum

3.6

Mean (Average)

54.7

Mean (Average)

20.0

Mean (Average)

14.25

Mean (Average)

143

Mode
(Most

Frequent)

52

Mode
(Most

Frequent)

12

Mode
(Most

Frequent)

14

Mode
(Most

Frequent)

21

Standard

Deviation

Standard

Deviation

Standard

Deviation

Standard

Deviation

The 40 soil samples taken from Site B returned an average boron content of
1.15mg/kg, with the highest content (2.3 mg/kg) recorded at sample location 13,
and the lowest content (0.5mg/kg) recorded at sample location 3. The highest
and lowest content of magnesium where also recorded at these locations
respectively, with the highest content of sulphur (20mg/kg) also recorded at
sample location 13 (equal with sample location 24) and the lowest content of zinc
(0.4mg/kg) also recorded at location 3. Magnesium provided the highest
standard deviation (869.27) out of all of the nutrients measured (not including
calcium, due to the inaccuracy of the data). Sample location 7 recorded the
highest content of iron (78mg/kg) and manganese (13mg/kg), but the lowest
content of copper (0.4mg/kg) (equal with sample location 21).

Sample location 37 in the top NW of the study area returned the lowest content
values for both sodium (31mg/kg) and sulphur (9mg/kg). This section of the
study area also produced the highest concentrations of copper (6.3mg/kg
recorded at location 35) and zinc (3.6 mg/kg recorded at location 39), and the
lowest concentration of nitrogen (0.25% at location 46). The highest content of
potassium (210mg/kg) were recorded at adjacent locations (sample locations 4
and 5), while the lowest content (40mg/kg) was recorded at locations 40 and 35.
More detail regarding each nutrient and the corresponding truffle yield over the

Site B study area is available in 4.3 Linking high truffle yield to soil properties.
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4.3 Linking High Truffle Yield to Soil Properties

As discussed in Chapter 2, in order to produce the Tuber melanosporum, specific
soil qualities are required. Ideally, for a high production of the black truffle, the

soils must have:

(a) A pH level between 7.2 and 8.3 (7.9pH is ideal);

(b) Aloose structure (soils with high gravel content, e.g. sandy clay loam are ideal); and,

(c) A specific nutrient ratio e.g., a “relatively balanced ratio of... phosphorus, calcium,
magnesium, nitrogen, potassium, sulphur with trace elements of boron, copper, iron,
manganese and zinc”, high concentrations of plant available calcium and magnesium,

moderate levels of phosphorus and little concentration of sodium (Hall et al., 2007).

This section will explore how each of the soil attributes measured by ChemCentre
(e.g., moisture content, pH levels, structure and nutrient ratios) relate to the
truffle yield measured over the studied harvest seasons at the Site B study area,
using soil profiles created in the previous section and the 2019 and 2020 Tree
Density Optimised Hot Spot Analysis (Figures 4.9 and 4.10). These figures cluster
each tree within the Site B, using the number of truffles the tree produced in the
harvest year as the analysis field, into statistically significant hot and cold spatial
clusters. These clusters are mapped using the Getis-Ord Gi* statistic outlined in
Chapter 3 (Section 3.3.3 Optimised Hot Spot Analysis). The hot and cold spots
identified in Figures 4.9 and 4.10 closely resemble the hot and cold spots
identified in the 2019 and 2020 Optimised Hot Spot Analysis (Figures 4.3 and 4.4

above).

Table 4.3 Site B soil sampling locations and their corresponding 2019 and 2020
Tree Density Optimised Hot Spot Analysis values will be used to assist in linking
each soil sample to areas of high, low or little truffle yield. If significant correlation
exists between these hot and cold spots, and the soil conditions within Site B, then
theories can be extrapolated about which soil properties potentially stimulate

truffle yield at the study truffiere.
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4.4 Regression Analysis

So far, this chapter has suggested that certain soil properties within the Site B
study area may have influenced truffle yield over the 2019 and 2021 harvest
seasons. The soil profile created for Site B suggested that soils were generally too
moist to facilitate a high level of truffle production, with the highest yield
occurring at sample location 20, which returned the lowest moisture content at
15% (at 40°c) to 20% (at 105°C). Highly acidic soils in Site B (those samples
returning pH values less than 6.5) generally produced little to no truffles over the
studied harvest years. Sample locations with neutral soils (pH values between 6.5
and 7.5) were capable of producing higher yields and were generally located in
hot spots for the 2019 and 2020 harvest seasons. Those samples returning higher
pH values (7.1 to 7.5) were almost always located in areas of high truffle yield.
This suggests that alkaline soils are preferable in the production of the black
truffle. Within Site B, the soil structure (the percentage makeup of sand, silt and
clay) did not vary significantly to which it began to affect truffle yield. All 40 soils
samples fell into the loamy sand or sandy loam structure were therefore suitable

for the production of the black truffle.

Traces elements including boron, iron, manganese and zinc seemed to have
minimum influence over yield in the 2019 and 2020 harvest seasons. In order to
facilitate higher truffle yields, it is essential for soils within Site B to contain less
than 5.1mg/kg of copper. When copper content increased above 5.1mg/kg
(sample location 32), truffle yield rapidly declined. Sample locations containing
higher nitrogen and sulphur contents consistently produce little to no truffles
where sample locations with low nitrogen and sulphur contents consistently
produce a high yield of the black truffle over the studied years. A weak
relationship was also evident between truffle yield in the studied seasons, and
the potassium content within the soil. Soils with higher concentrations of
potassium were correlated with areas of high truffle yield, whereas samples with
low concentrations of potassium consistently return little to no truffles in the
studied harvest years. Elements such as magnesium, phosphorous and sodium

visually had little influence over yield for the 2019 and 2020 harvest seasons.
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This section of the analysis will aim to statistically confirm whether the soils
properties identified above (soil moisture, pH and copper, nitrogen, sulphur and
potassium contents) influence truffle yield over the 2019 and 2020 harvest
seasons. The Modelling Spatial Relationships toolset within ArcGIS contains tools
which determine the variables (e.g., soil properties) that explain why an
observation pattern (e.g. variation in truffle yield) is present (Pimpler, 2017).

Regression analysis aims to solve the following regression equation;

y= Bo+ [1X1+ [X5 ... PnXn + €

Where:

y is the dependent variable (truffle yield in 2019 and 2020);

Bo, B1 & B2 are the regression coefficients (values that are computed by the regression tool
that represents strength a type (positive or negative) or the relationship);

X4, X, are the explanatory variables (the soil properties), and;

€ is the random error term / residual (the “unexplained” portion of the dependent variable)
(Pimpler, 2017).

The regression equation also calculates p-values and R? values for each
coefficient. P-values are measures of probability where small values suggest that
the variable is important to the model (Pimpler, 2017). For example, a p-value of
0.01 indicates that there is a 99% probability that the coefficient is statistically
significant and therefore the associated variable could be used as an effective
predictor of the dependent variable (Environmental Systems Research Institute
(ESRI), 2022). R? values range from 0 to 100% and quantify the model
performance. A perfect model will return a R? value of 1.0, though this rarely
occurs in practice. Within this study, the adjusted R? value will be used as it is
considered to be more accurate when considering multiple variables

(Environmental Systems Research Institute (ESRI), 2022).

Exploratory Regression tool is a good starting point for analysis and will help
evaluate which soil properties best explain the number of harvested truffles
within the Site B study area in both the 2019 and 2020 harvest seasons. This

information will then be used within the Ordinary Least Squares (OLS) tool to
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determine the linear relationship between the dependent variable (truffle yield)
and the exploratory variables (soil properties). This tool will help identify
whether a positive or negative relationship exists between a given soil property
and the number of harvested truffles; and provide some insights to the strength

of these relationships.

4.4.1 Exploratory Regression

In order to complete the regression analysis, a new dataset containing each
sample location and it’s corresponding soil properties and truffle yield for the
2019 and 2020 harvest seasons was created. The Exploratory Regression tool was
then run on this dataset, using the 2019 and 2020 truffle yields as the dependent
variables, and the chosen soil properties (moisture at 105°C, pH, nitrogen,
copper, sulphur and potassium contents) as the candidate explanatory variables.
The maximum number of explanatory variables was set to 6, and the minimum
acceptable adjusted R squared value was set to 0.25 (in which a given soil
property has to explain at least 25% of the variation in truffle yield to be
considered significant). All other search criteria were left as the default values.
This tool models the relationship between an exploratory variable (e.g., soil pH)
or set of variables (e.g., soil pH and soil moisture) to the dependent variable
(truffle yield) and lists the three models with the highest adjusted R* value.
Within this analysis we will only be looking at the section that compares one
explanatory variable to the dependant variable at a time. 4.24 outlines the results

of the Exploratory Regression tool.
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Table 4.24 confirms the theory that over the 2019 and 2020 harvest season, soil
moisture, pH, nitrogen, copper and sulphur contents all had some statistically
significant influence over truffle yield. The low Jarque-Bera values for both years
indicates that there may be some bias present within the models and suggests
that the dataset may contain some data outliers, or the relationships between a
soil property and truffle yield may be non-linear. Although the soil property
variables didn’t necessarily pass the 0.25 R? requirement, both the 2019 and
2020 regressions passed the maximum VIF value and minimum spatial
autocorrelation p-value tests. The 2019 and 2020 Exploratory Regression results
will therefore be used to determine which soil properties should be analysed in

greater detail using the Ordinary Least Squares tool.

Within the 2020 harvest year, both soil pH and soil moisture returned the highest
adjusted R? result, both with a value of 0.01, and nitrogen with a value of -0.01.
The R? values outline how well the exploratory variable is predicating the
dependent variables value. These values above confirm that some relationship
does exist between truffle yield and the sample locations corresponding soil pH,
soil moisture and nitrogen content values. Additionally, Table 4.24 confirms that
a positive linear relationship exists between truffle yield and soil pH (i.e. as soil
pH increase, truffle yield is also likely to increase) and a negative linear
relationship exists between truffle yield and soil moisture and nitrogen content

(as moisture or nitrogen content levels increase, truffle yield decreases).

In the 2019 harvest season, nitrogen content (%) returned the highest adjusted
R? result, with a value of 0.05, followed by copper content (mg/kg) with a R? value
of 0.04 and finally sulphur content with a R* value of -0.01. All 3 of these soil
properties returned a negative linear relationship, confirming the theory that as
nitrogen, copper and sulphur increases in the soil, truffle yield decreases.
Nitrogen and copper content both returned some level of model significance,
returning a significance value of 9.48% (significance p-value of 0.10) and 3.13%
(significance p-value of 0.05) indicating that they are fairly strong predictors of

truffle yield. For both the 2019 and 2020 harvest years, the regression results






100

Both nitrogen and copper content returned somewhat statistically significant
results in 2019, as indicated by the asterisk (*) next to the calculated robust
probability. This suggests that within the 2019 harvest season, the content of
nitrogen (%) and copper (%) played an important role in the variability of truffles
over the Site B study area. No single property within the 2020 harvest season
proved to be statistically significant. Although the other measured soil properties
did not pass this check of statistical significance, it does not necessarily mean they
don’t also play a part in the distribution of truffles over the studied harvest years.
In order to determine the extent of which soil property / properties have the most
influence overyield, a soil scientist with a greater understanding of soil chemistry
is required to further analyse these results. Additionally, a soil scientist may
assist in identifying whether it is a combination of soil properties, rather than just
a single one, that work in symbiosis with each other to produce a higher yield of

truffles in the Site B study area.

4.5 Chapter Summary

This chapter presented the findings and analysis of this research and outlined
how the collected data was processed in order to produce the research results.
For a truffiere to produce a high yield of truffles, they must experience warm
summer temperature, to initiate the truffle formation, and mild to cooler winter
temperatures to trigger final maturation and develop the distinctive aromas of
the fungus. Additionally, year-round rainfall, peaking in the winter months will
facilitate high levels of production. Within the Site B study area, the impact of
differing climatic conditions on truffle yield was seen over the studied harvest
seasons. The 2019 season produced significantly less than average yield results,
which may have been due to the below average rainfall experienced in the lead
up to the harvest season, and the high winter temperatures experienced in the
winter months of that year. The 2020 harvest season produced significantly
better yield results in which mean monthly rainfall was higher, and more
consecutive than the previous year, and the warmer than average summer and
cool winter temperatures would have facilitated ideal growing conditions for the

2020 season.
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The soil profile created for Site B suggested that soils were too moist to facilitate
a high level of truffle production. Highly acidic soils within the study area (those
samples that returned pH values less than 6.5) generally produced little to no
truffles over the studied harvest years, where more alkaline sample locations (pH
values of 7.1 - 7.5) were capable of producing higher yields over the 2019 and
2020 harvest seasons. All 40 soils samples within Site B fell into the loamy sand
or sandy loam structure and were therefore suitable for the production of the
black truffle. The soil structure (the percentage makeup of sand, silt and clay)
across the study area did not vary to the point in which it began to affect truffle

yield.

Elements including boron, iron, manganese, magnesium, phosphorous and
sodium and zinc had minimum influence over yield in the 2019 and 2020 harvest
seasons. Higher truffle yield was associated with soils containing less than
5.1mg/kg of copper. When copper content increased above this amount, truffle
yield rapidly declined. Sample locations containing higher nitrogen and sulphur
contents consistently produced little to no truffles where sample locations with
low nitrogen and sulphur contents consistently produced higher yields of the
black truffle over the studied years. Soils with higher concentrations of potassium
were correlated with areas of high truffle yield, whereas samples with low
concentrations of potassium consistently return little to no truffles in the studied
harvest years. These relationships were confirmed through the use of the
Exploratory Regression tool within ArcGIS. This tool was also used to identify the
top three soil properties, as indicated by their R? value, influencing harvest
season for both the 2019 and 2020 seasons. For the 2019 season, these properties
included the soil pH, moisture level and nitrogen content while for the 2020
season, they included the soil nitrogen, copper and sulphur content. These
properties were then explored in greater detail using the Ordinary Least Squares

tool.

This study only provides a basic understanding of the influence of soil properties
over truffle yield. The ArcGIS Ordinary Least Squares tool found that soil nitrogen

and copper content statistically influenced the number of harvest truffles within
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the Site B study area for the 2019 harvest season. However, in order to determine
which soil property / properties have the most influence over yield, and the
extent of these relationships, a soil scientist with a greater understanding of soil
chemistry is required. Additionally, a soil scientist may assist in identifying
whether it is a combination of soil properties, rather than just a single one, that

work in symbiosis with each other to produce a higher yield of truffles.
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5 CONCLUSIONS & RECOMMENDATIONS

Due to its aromatic quality, rarity and difficulty in cultivation, the Périgord, or as
it is more commonly known, the black truffle (Tuber melanosporum) is a highly
valued commodity worldwide (Bradshaw, 2005). Despite its value to both local
and regional economies, knowledge surrounding truffle cultivation within
Western Australia is not greatly understood and very limited research has been
conducted to explore which factor(s) have the highest influence over truffle yield.
Using an industry leading black truffle producing truffiere located in the south-
west of Western Australia, this research explored spatial variability in truffle
yield across the Site B study area. Historical trends showed that within a single
truffiere, certain trees (known within the industry as “hot” trees) produced more
of the black truffle than others, and these trees changed from season to season.
Currently, there is little scientific understanding as to what conditions are
conducive to a tree becoming “hot” and producing a high truffle yield. Spatial
analysis methods, including the Average Nearest Neighbour Ratio and Optimised
Hot Spot Analysis, were utilised to describe and map the spatial distribution of
harvested truffles over the 2019, 2020 and 2021 harvest seasons. This spatial
distribution was then examined against various soil properties, obtained through
a site soil sampling survey, to determine which climatic conditions (rainfall and
temperature levels) or soil factors (pH, moisture content, structure and nutrient
ratios), had the highest influence over truffle yield. Findings from this research
aimed to improve both the utilisation of resources and potentially increase
productivity within the truffiere, in order to maintain the economic benefits to

both the study truffiere and the wider south-west region.

5.1 Research Objectives & Conclusions

To restate, the goal of this research project was to uncover if climatic conditions
and soil properties including pH, moisture content, structure and nutrient ratios
stimulated truffle production in the Site B study area over the 2019, 2020 and

2021 harvest seasons; or whether the spatial variability in truffle yield exhibited
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across this site was random and therefore due to individual tree performance.

The four key objectives of this research were to:

(a) Describe the macro- and micro- scale spatial variability in truffle yield.

(b) Explore appropriate spatial methods used to describe variability across a study area
(e.g. Hot Spot Analysis).

(c) Understand whether the distribution of truffle yield across the chosen study area is
random.

(d) Determine whether factors and conditions (such as soil properties) could potentially

stimulate truffle production.

The following section will aim to summarise and conclude these research

objectives.

5.1.1 Objective 1: Describe the Macro- and Micro- Scale Spatial Variability in
Truffle Yield

As discussed in Chapter 2, historically available literature surrounding the Tuber
melanosporum outlined what conditions have been important to the black truffle
within the northern hemisphere. Very few sources have analysed and adapted
this historical knowledge to be more applicable for the production of truffles
within the southern hemisphere. Hall, Brown and Zambonelli’s 2007 text, Taming
the Truffle: The History, Lore and Science of the Ultimate Mushroom, is one such
example that identifies this issue and has attempted this adaptation, and was
therefore largely referenced within this research. This text, along within other
sources including Bradshaw (2005), Lee (2008) and Mathews & Mitchell (2018),
outlines the conditions conducive to black truffle development and growth, as
well as suitable climatic and soil environments that would influence the spatial

variability in truffle yield.

On a macro (global) scale, for a high yield of the black truffle to occur, a truffiere
should be located in areas with a Mediterranean climate. Warm summer
temperatures are required to initiate truffle formation, while cooler winter

temperatures trigger final maturation and develop the distinctive aromas of the
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fungus (Mathews & Mitchell, 2018). Year-round maintenance of root-zone
moisture facilitates high levels of production, and irrigation is required to
supplement moisture levels when rainfall does not exceed 1000m annually.
Alkaline soils with a pH between 7.2 and 8.3 are preferable, with the highest
truffle yield occurring in soils with an optimal pH level of 7.9. Gravelly sandy loam
to sandy clay loam surface soils allow for a high truffle yield due to their structure
that permits for decent drainage (to reduce root rot), and good aeration. High
truffle yield is also dependent upon the soil nutrients, with literature stating that
black truffles ideally grows in soils with relatively balanced ratio of nutrients
such as “phosphorus, calcium, magnesium, nitrogen, potassium, sulphur and trace

elements of boron, copper, iron, manganese and zinc” (Hall et al., 2007).

As the black truffle is an ectomycorrhizal (ECM) fungus it grows in symbiosis with
another plant. As discussed in Chapter 2, the choice of host plant greatly impacts
the variability in truffle yield. Within Site B, varieties of Oak and Hazel were
chosen as host plants as they supported this symbiotic relationship. Hazels could
additionally be planted in relatively high densities, have a rapid growth rate and
a well-developed root system that could easily produce truffles earlier and longer
than other plant species. Oaks were chosen as although they have a slower
growth rate, and require more space to grow, they provide extensive root
systems, increasing the number of truffles per tree, are resilient to cold and

require less overall maintenance.

The micro-scale spatial variability in truffle yield can be observed in the Site B
study area; a black truffle truffiere located in the south-west of Western Australia.
The 14.2ha site contains 106 tree rows, with one of the 7,000 inoculated trees
planted every 5m along the row, alternating between Oak and Hazel varieties.
The study area meet all the required soil and climate conditions, and in
consultation with the truffiere manager, exhibited a noticeable difference in yield
across the site. This variation in yield was further evident in both the 2019, 2020
and 2021 Harvest Season Optimised Hot Spot Analysis (Chapter 3 Section 3.3.3.3
Variation in Truffle Yield Site B) and the 2019 and 2020 Tree Density Optimised
Hot Spot Analysis (Chapter 4 Section 4.3 Linking High Truffle Yield to Soil
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Properties). High clustering and therefore high truffle yield occurred in areas
along the south and south-eastern borders of Site B, while portions of the north-
west and north-eastern quadrant contained low clustering and were therefore
areas of low truffle yield. These areas of low and high yield were stable across the
studied harvest seasons but did slightly vary from season to season. As climatic
conditions were consistent across Site B, the micro-scale variation in yield was

therefore due other factors, such as soil properties.

5.1.2 Objective 2: Explore Appropriate Spatial Methods used to Describe
Variability Across the Study Area and Objective 3: Understand Whether

the Distribution of Truffle Yield Across Site B is Random

In order to determine how and why the harvest truffles were spatially distributed
across the Site B study area, two key datasets were required. Firstly, the
geographical location of each harvested truffle and secondly, a soil profile for the
study area. The location (latitude / longitude) dataset was required to record the
size and harvest time of each truffle, at a relatively high speed and low cost, with
an accuracy of less than 5m, while being able to collect data in remote areas with
low Wi-Fi capabilities. This research tested two methods to obtain the required
locational data; firstly, a Global Positioning System (GPS) technique, and
secondly, a Mobile Data Acquisition (Collector for ArcGIS). A Real Time Kinematic
(RTK) GPS approach was unable to provide the required accuracy, due to the
amount of tree cover within Site B, which limited the line of site between the base
and rover stations, and the GPS satellites. The Mobile Data Acquisition approach

was therefore selected for this research as it met all the data requirements.

The soil profile for Site B was obtained through a design-based approach in which
the study area was divided up into sample locations randomly selected using the
k-means clustering method. Due to the restrictions in travel as a result of the
Covid-19 pandemic, for this research, 40 samples were chosen as the optimal
number of sample locations as it was representative of the study area, while also

meeting time and cost restraints. At each of these 40 locations, a 200-500g soil
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sample was collected at a depth of 0-10cm. These soil samples were then
provided to ChemCentre for further analysis who returned the soil pH, moisture

level, structure and nutrients for each sample in the study area.

Within this study, two GIS spatial analysis tools were used to determine whether
a clear spatial variation in truffle yield existed in the Site B study area, or whether
the distribution of yield across Site B was random; The Average Nearest
Neighbour tool, and the Optimised Hot Spot Analysis. The Average Nearest
Neighbour (ANN) tool from the Spatial Statistics toolset calculates the nearest
neighbour index to produce the ANN ratio, Z-Score and P-Value for each harvest
year (see Chapter 3 Section 3.3.2 Average Nearest Neighbour Ratio for more
information). Within Site B, the ANN reports returned an ANN ratio less than 1
for the 2019, 2020 and 2021 harvest seasons. It was therefore evident that
significant level of clustering were present within these datasets, with a high
confidence level that this clustering was not due to a random process. This was a
clear indication of spatial variability, in which harvested truffles were clustered

across the Site B study area.

The Optimised Hot Spot Analysis tool was utilised within this study to map the
clustering of truffle yield within Site B over the 2019, 2020 and 2021 harvest
seasons. This tool was chosen as it used the location of features, rather than a
particular attribute, to map statistically significant hot and cold spatial clusters
using the Getis-Ord Gi* statistic. With the ideal spatial resolution set at 5m (the
distance between the trees within Site B) with the corresponding Optimised Hot
Spot Analysis maps available in Chapter 3 - Section 3.3.3.3 Variation in Truffle Yield

Site B. For the 2019, 2020 and 2021 harvest seasons, areas of high clustering
(i.e. high truffle yield) where shown in red and were consistently located along
the south and south-eastern borders of Site B. Areas of low clustering (i.e. little to
no truffle yield) were shown in blue and were consistently located in the north-
west and north-eastern regions of the study area. Along these hot and cold spots
slightly shifted between season to season, they remained relatively stable over

the 3 studied harvest seasons. We can therefore say with confidence that a clear
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spatial variation in truffle yield existed in the Site B study area, and the

distribution of yield across Site B is not random.

5.1.3 Objective 4: Understand whether Factors and Conditions (such as Soil

Properties) could Potentially Stimulate Truffle Production

This study confirmed that certain climate and soil conditions could influence and
potentially stimulate truffle production in the Site B study area. As discussed
above, for a truffiere to produce a high yield of truffles, it is expected that it would
experience year-round rainfall, peaking in the winter months, warm summer
temperatures (to initiate the truffle formation) and mild to cooler winter
temperatures (to trigger final maturation and develop the distinctive aromas of
the fungus). The impact of differing climatic conditions during a harvest year can
be seen within the Site B study area, when comparing the 2019 and 2020 harvest
seasons. According to the truffiere manager, the 2019 season produced
significantly less than average yield results. This could be due to the below
average rainfall, and high winter temperatures experienced in the lead up to and
during the harvest year that would have impeded the ability of the truffles to
reach final maturation. 2020 experienced significantly higher yield results than
the previous season which could be explained by the higher-than-average mean
monthly rainfall (with rainfall falling more consecutive over the year than 2019).
Along with the warmer-than-average summer temperatures and the cool winter
temperatures experienced that year, ideal climatic growing conditions would
have facilitated more truffles to form and mature compared to the previous

season.

As discussed in Chapter 2, certain soil conditions are also expected to impact

truffle yield. For a high yield to occur, the soil should have:

(a) A pH level between 7.2 and 8.3 (7.9pH is ideal);
(b) Aloose structure (soils with high gravel content, e.g. sandy clay loam are ideal); and,

(c) A specific nutrient ratio.
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Within this study, a soil profile for Site B was created to by measuring the soil
properties at 40 sample locations across the study area. The soil samples taken
from these 40 sample locations were provided to a soil testing lab (e.g.,
ChemCentre), who returned the soil moisture content, pH, particle size (soil
structure) and nutrient ratios of each sample. The Site B soil profiles for each of
these properties were created by dividing each properties values into 4 groups,
using the Natural Breaks (Jenks) method, and mapping the results. The soil
profiles were then visually compared to the 2019 and 2019 Tree Density
Optimised Hot Spot Analysis and Table 4.3 Site B soil sampling locations and their
corresponding 2019 and 2020 Tree Density Optimised Hot Spot Analysis values to
identify those soil properties than correlate with areas of high and low truffle
yield and eliminate those properties that do not exhibit a clear spatial pattern

which links the soil property and truffle yield for each season.

The above analysis suggested that the soils within the Site B study area were
generally too moist to facilitate high levels of production over the 2019 and 2020
harvest seasons. Additionally, those sample locations returning highly acidic pH
results (values less than 6.5) generally produced little to no truffles, with the
higher yields occurring in more alkaline sample locations with pH values between
6.5 and 7.5. All 40 sample locations fell into the ideal loamy sand or sandy loam
structure and were therefore suitable for the production of the black truffle.
Elements including boron, iron, manganese, magnesium, phosphorous, sodium
and zinc visually had no influence over yield in the Site B study area. Areas with
low copper, nitrogen and sulphur contents, and high potassium contents also

experienced high truffle production over the 2019 and 2020 harvest seasons.

The Modelling Spatial Relationships toolset within ArcGIS was used to confirm
whether the soil properties identified above (soil moisture, pH, copper, nitrogen,
sulphur and potassium contents) influenced truffle yield in the 2019 and 2020
harvest years. The Exploratory Regression evaluated the top 3 soil properties that
best explained the number of harvested truffles within the Site B study area in

both the 2019 and 2020 harvest seasons. This tool confirmed that within the
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2019 harvest season, nitrogen, copper and sulphur soil contents had a significant
negative relationship with truffle yield (i.e. as the content of these elements
within the soil increased, the truffle yield decreased), as they returned the highest
R? values. For the 2020 harvest season, the top 3 influential soil properties
included the soil moisture, pH values and nitrogen content. The Exploratory
Regression tool confirmed that within the 2020 season, moisture and nitrogen
content had a significant negative relationship with truffle yield, which pH had a
significant positive relationship with truffle yield (i.e. as the soil pH increased,

truffle yield also increased).

Although these significant soil properties did not necessarily pass the 0.25 R?
requirement, the 2019 and 2020 regressions did pass maximum VIF value and
minimum spatial autocorrelation p-value tests. The influential soil properties
could therefore be explored in greater detail using the Ordinary Least Squares

tool. This analysis confirmed that:

(a) A strong negative relationship exists between truffle yield and soil nitrogen
content (%) in both the 2019 and 2020 harvest seasons;

(b) A strong negative relationship exists between truffle yield and soil copper
content (mg/kg) and sulphur content (mg/kg) in the 2019 harvest season:

(c) A strong negative relationship exists between truffle yield and soil moisture (%)
in the 2020 harvest season;

(d) Astrong positive relationship exists between soil pH and truffle yield in the 2020
season, and:

(e) Nitrogen and sulphur contents were the only statistically significant soil
properties to influence truffle yield in the studied years, and this only occurred

in the 2019 harvest season.

This study confirmed that certain climate and soil conditions can influence and
potentially stimulate truffle production in the Site B study area. Although some
soil properties did not pass the Ordinary Least Squares check of statistical
significance, it does not necessarily mean they don’t also play a part in the
distribution of truffles over the studied harvest years. In order to determine the

extent of which soil property / properties have the most influence over yield, a
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soil scientist with a greater understanding of soil chemistry is required to further
analyse these results. Additionally, a soil scientist may assist in identifying
whether it is a combination of soil properties, rather than just a single one, that
work in symbiosis with each other to produce a higher yield of truffles in the Site

B study area.

5.2 Limitations, Recommendations & Future Work

This section will explore the limitations involved in this research and the
potential management techniques that could be implemented within the study
truffiere to optimise truffle yield. These techniques will emphasise improving the
utilisation of resources and inputs to increase potential harvest from the trees
within the study truffiere. This thesis will assist in sustaining a high level of
production within the truffiére, so it can maintain its economic benefits to the
surrounding south-west region. Any findings resulting from this research could
be further be examined to see (if any) relevance exists to other areas within the

agricultural sector of Western Australia, especially in the south-west.

5.2.1 Limitations of Data Capture & Collection

As discussed in Chapter 3, within this study, two methods of obtaining location
information were tested; a Global Positioning System (GPS) set-up using a
relative positioning technique, and a mobile data acquisition method. The GPS
set-up was decided against, as it failed to meet the accuracy requirements for this
study, and therefore the locational truffle data was collected using mobile data
acquisition. During the harvest seasons, the truffle pickers would use a mobile
device to record the geographical, size and harvest time & date of each picked
truffle. This locational data allowed us to map the spatial variability of the
harvested truffles for the 2019 and 2020 harvest seasons. However, as noted in
Chapters 3 & 4, the 2021 harvest season locational data could not be used due to
the underutilisation of the mobile recording device by the truffle pickers. This
resulted in a severe underreporting of the harvest data, which, if it was utilised in
the analysis section of this thesis, could have skewed or influenced the research

results.
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Due to this underreporting of Site B truffles, the corresponding dataset did not
accurately reflect the yield results for 2021 harvest season. However, as
discussed in Chapter 4, according to the truffiere manager, the 2021 season
produced approximately 10,000kgs of truffles, the largest yield of the three years
studied, with a higher-than-average number of harvested truffles falling into the
“medium” and “large” size categories. This high yield was also backed up by the
ideal cool winter temperatures experienced in the June and July of the previous
year which would have allowed a higher-than-average yield of truffles to form
over the 2021 harvest season. If the mobile data recording device was used to its
full potential throughout the harvest season, the dataset could have been used in
the analysis. This could have allowed more connections to be made between
truffle yield and climate and soil properties and could have potentially strength

the findings of this research.

5.2.2 Recommendations

This research has suggested that the soils within the Site B study area were
generally too moist to facilitate high levels of production over the 2019 and 2020
harvest seasons. Additionally, within Site B, sample locations returning highly
acidic pH (values less than 6.5) generally produced little to no truffles, and higher
yields occurred in more alkaline sample locations with pH values between 6.5
and 7.5. Areas with low copper, nitrogen and sulphur contents, and high
potassium contents also experienced high truffle production over the 2019 and
2020 harvest seasons. These relationships were confirmed through the use of the
Ordinary Least Squares tool. Recommendations for the study truffiere will aim to
improve both the utilisation of resources and potentially increase productivity

within the truffiére. These recommendations include;

(a) Reducing the level of moisture within Site B. Suggested soil management
strategies include looking at irrigation techniques and improving drainage
within the study site.

(b) Increasing the pH of the soils within Site B, through techniques such as liming

(adding large quantities of calcium carbonate to the soil).



113

(c) Adjusting the nutrient ratios to reduce amount of copper, nitrogen and sulphur
within the soil. Contracting a soil scientist to complete an in-depth soil analysis

would allow for more specific recommendations to be made.

These recommendations should allow the truffiere to increase truffle
productivity and maintain economic benefits to both the study truffiere and the

wider south-west region.

5.2.3 Future Work

This thesis confirmed the hypothesis that certain climate and soil conditions can
influence and stimulate truffle production in the study truffiere. Within Site B,
areas of low nitrogen, copper, sulphur and moisture contents produced a high
yield of truffles over the studied 2019 and 2020 harvest seasons. Additionally,
areas of high pH also stimulated yield over these time periods. Although other
measured soil properties did not pass this check of statistical significance, it does
not necessarily mean they do not play a part in the distribution of truffles over
the studied harvest years. In order to determine the extent of which soil property,
or properties have the most influence over yield, a soil scientist with a greater
understanding of soil chemistry is required to further analyse the analysis
results. Additionally, a soil scientist may assist in identifying whether it is a
combination of soil properties, rather than just a single one, that work in
symbiosis with each other to produce a higher yield of truffles in the Site B study

area.

Both the truffle harvest data and soil profile should be regularly recorded and
mapped to better identify which soil properties are stimulating truffle yield
within Site B. For each season, every harvested truffle’s location, size and pick
date and time should be recorded. The truffiere should focus on efforts to
increase the utilisation of the mobile data recording device and ensuring that the
truffle pickers understand the importance of the harvest data. A soil profile, like
the one completed in this research should be undertaken every three to five years
to monitor and map the changes in soil properties within the study area. These

soil profiles will assist the truffiere in making informed decisions surrounding the
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management of soil properties, in order to stimulate truffle yield within the study
truffiere. Any findings resulting from this research could additionally be
examined further to see (if any) relevance exists to other areas within the

agricultural sector of Western Australia, especially in the south-west.
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APPENDIX G: Soil sampling points and their corresponding sample location

number, tree ID, easting and northing

Sample Location Number Tree ID Easting Northing
1 6880 412769.115 6205133.613
2 6316 412811.4563 6205135.899
3 5081 412874.518 6205169.87
4 6074 412805.155 6205171.019
5 5364 412852.8067 6205173.523
6 4697 412856.2174 6205226317
7 6765 412702.3961 6205228935
8 5149 412804.1362 6205251.958
9 4250 412863.2268 6205257.675
10 4418 412838.5577 6205273.478
11 2370 413035.9101 6205278.553
12 2936 412972.0416 6205280.701
13 3093 412945566 6205290.465
14 3469 412898.1729 6205294.256
15 2769 412971.662 6205305.706
16 2489 412996.3012 6205314.602
17 1741 413061.6531 6205319.811
18 5611 412715.8428 6205325.29
19 3244 412899.1791 6205325.722
20 5315 412732.985 6205328.437
21 3512 412864.7585 6205329.242
2 4575 4127816176 6205330.529
23 3350 412881.5648 6205332.142
24 3808 412829.4675 6205342.392
25 1333 413080.4759 6205344.371
26 3507 412852.5049 6205345.074
27 5691 412685.3486 6205357.134
28 3178 412876.2721 6205363.477
29 2134 412986.7385 6205367.819
30 5496 412685.7714 6205372.686
31 4728 412705.2922 6205412.975
32 4285 412729.9439 6205422213
33 4458 412717.1395 6205422254
34 89 413135.2547 6205437214
35 663 413071.3092 6205438325
36 308 413107.1818 6205440.696
37 1100 413014.2003 6205454.89
38 2244 412905.2112 6205456.514
39 585 413036.0162 6205491.956

40 233 413067.1301 6205501.064
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APPENDIX J: Box plots for soil sampling data

*Results that are reported as ">" are outside the linear range of the
calibration and outside the scope of the method. Results should be

used as a guide only
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