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Abstract
On the one hand, the demand for locally produced nuts is increasing in Flanders while on the other hand

there is a growing interest in agroforestry to help mitigate the environmental problems caused by conventional
agriculture. In this context, a project coordinated by ILVO aims to develop agroforestry with walnut trees
in Flanders and in the Netherlands. Part of their research focuses on late-budding varieties in order to delay
competition for light with the crop and to avoid late frost damage. Seven long-term experimental trials on
late-budding walnut trees were launched in 2021. The purpose of the present study was to identify zones with
relatively homogeneous soil properties in four of the sites thanks to soil electromagnetic induction scan data
clustering and soil analyses. The second objective was to analyse the impact of this zones on the performance
of the walnut trees. Moreover, the methodology applied to this specific trial is intended to be applicable to
other contexts. In each site, at least one zone with significant differences in terms of soil texture, water table
level or water content has been identified. Although the current results are not conclusive as to the impact
of these zones, differences in performance in some of them can be expected in the next few years, as the
trees are still too young to draw any conclusions at this time. Finally, this method appears to have value
in a broader context and can be applied to other agroforestry trials. Criticisms can however be made about
the soil sampling method.

Résumé
D’une part, la demande pour des noix produites localement augmente en Flandre tandis que, d’autre

part, l’agroforesterie suscite un intérêt croissant pour aider à mitiger les problèmes environnementaux causés
par l’agriculture conventionnelle. Dans ce contexte, un projet coordonné par l’ILVO vise à développer l’agro-
foresterie avec des noyers en Flandre et aux Pays-Bas. Une partie de leurs recherches porte sur les variétés à
débourrement tardif afin de retarder la compétition pour la lumière avec la culture et d’éviter les dommages
causés par les gelées tardives. Sept essais expérimentaux à long terme sur des noyers à débourrement tardif
ont été lancés en 2021. L’objectif de la présente étude était d’identifier des zones avec des propriétés de
sol relativement homogènes dans quatre de ces sites grâce au clustering des données de scan du sol par
induction électromagnétique et à des analyses de sol. Le deuxième objectif était d’analyser l’impact de ces
zones sur la performance des noyers. De plus, la méthodologie appliquée à cet essai spécifique est destinée à
être applicable à d’autres contextes. Dans chaque site, au moins une zone présentant des différences signifi-
catives en termes de texture du sol, de niveau de la nappe ou de teneur en eau a été identifiée. Bien que les
résultats actuels ne soient pas concluants quant à l’impact de ces zones, on peut s’attendre à des différences
de performance dans certaines d’entre elles au cours des prochaines années, les arbres étant encore trop
jeunes pour tirer des conclusions à l’heure actuelle. Enfin, cette méthode semble avoir une valeur dans un
contexte plus large et peut être appliquée à d’autres essais agroforestiers. Des critiques peuvent toutefois
être formulées à l’égard de la méthode d’échantillonnage du sol.
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HCP = Horizontal coplanar
PRP = Perpendicular
FDEM = Frequency Domain Electromagnetic Method
TDEM = Time Domain Electromagnetic Method
LUW = Laat Uitlopende Walnotenrassen
SFCM = Spatial fuzzy c-means
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cLHS = conditioned Latin hypercube sampling
NDVI = Normalized difference vegetation index
ET0 = Reference evapotranspiration
EU = European Union
XB = Xie-Beni
HAC = Hierarchical Agglomerative Clustering
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1 Introduction
During the 20th century intensive agriculture allowed for high yields but this came at an environmental

cost in terms of energy use, greenhouse gas emissions, water consumption and agrochemicals
(Gomiero et al., 2011). Agriculture however also can play an important role to tackle climate change by
promoting carbon sequestration in soils and biomass (European Commission, 2019). FAO 2021 report em-
phasises the importance of resilience in agri-food systems (FAO, 2021). A key element of this resilience is
diversification and agroforestry is one example of climate-resilient practices. Agroforestry is described as
"a collective name for land-use systems and technologies where woody perennials (trees and shrubs) are
deliberately used on the same land management unit as agricultural crops and/or animals, in some form of
spatial arrangement or temporal sequence" by Van Noordwijk et al. (2019). This type of agriculture might
help reduce soil erosion and sequester carbon and therefore contribute to climate change adaptation and/or
mitigation (IPCC, 2019).

In this context, the project "AGROFORESTRY 2025", coordinated by ILVO, was created with the aim
of enabling Flanders to respond to the socio-economic challenges of today’s agriculture and and to address
the challenges of climate change resilience by increasing the applicability of agroforestry within the Flemish
agricultural sector. The aim is to optimise the various facets of agroforestry systems in Flanders and to
develop feasible financing and income models. The focus is therefore on the interaction between the develop-
ment of innovative agroforestry systems at farm level on the one hand and innovative business arrangements
on the other hand. Farmers therefore have an important place in the project, which is not restricted to the
research community (ILVO et al., 2019).

This study takes place within the framework of this AGROFORESTRY 2025 project, more precisely
within a part of this project about production and profit models for walnut trees in agroforestry. In addition
to the positive effects of agroforestry, nut consumption, and particularly walnut consumption, is associated
with a decreased risk of cardiovascular disease (Banel and Hu, 2009). Moreover, in the context of changing
eating habits in Flanders, the demand for locally produced nuts is increasing and there is also potential for
innovative markets for by-products such as nut oil (ILVO et al., 2019). In this project, several long-term
experimental trials on walnut trees were launched in 2021. The purpose of these sites is, among other things,
to examine different varieties of walnut trees and to compare known commercial varieties with experimental
late budding varieties. The final purpose is to unlock the full potential agroforestry systems with walnut in
Flanders by selecting varieties with the qualities of commercial ones in terms of productivity and growth,
but also with the latest possible budding time to limit competition for light between the crop and the trees
and to avoid late frost damage.

In a long-term experiment, it is essential to properly characterise the experimental sites. Differences in
results between varieties must be analysed in considering a complete knowledge of the environment in which
the trees grow. The purpose of this study is to characterise the soil conditions and heterogeneity in four of
these sites and to identify the impact of these growth conditions on the tree performance. For this, we focus
upon one research question : how does the soil heterogeneity in a field influence the performance of different
walnut varieties ? To answer this question, this master thesis will be guided by two objectives : (1) the
determination of zones with relatively homogeneous soil properties via soil electromagnetic induction scan
data clustering and (2) the analysis of the impact of the previously determined zones on the performance
of the walnut trees in terms of budding time and health.

In the future of the experiment, the different zones could lead to differences in terms of growth and
productivity of the trees. The project is still young to actually be able to assess this impact, but the search
for homogeneous zones is intended to provide a reading tool for potential future differences in performance
between trees regardless of their variety. The methodology we present here, applied to this specific trial, is
also intended to be applicable to other contexts.
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2 State of the art

2.1 Agroforestry

2.1.1 Definition

As already mentioned, agroforestry (AF) is "a collective name for land-use systems and technologies where
woody perennials (trees and shrubs) are deliberately used on the same land management unit as agricultural
crops and/or animals, in some form of spatial arrangement or temporal sequence" (Van Noordwijk et al.,
2019). In AF systems, there are both ecological and economic interactions between the different components
(Van Noordwijk et al., 2019). These mixed systems are present in European landscapes since historical times
(Eichhorn et al., 2006). The FAO proposes three main types of AF systems : silvoarable, silvopastoral and
agrosilvopastoral (FAO, 2015). The first one consists of a combination of crops and trees, the second one
mixes forestry and animals on pasture and finally the last combines trees, animals and crops. Agrofores-
try systems can be classified more precisely according to a large number of criteria : the structural basis
(components, spatial arrangement of trees, vertical stratification and temporal arrangement of the different
components), agro-ecological environment (environmental conditions and the ecological suitability of sys-
tems), socio-economical management level (level of inputs of management, intensity or scale of management
and commercial goals) or function (major function or role of the system, mainly of the woody components)
(NAIR, 1985; Herder et al., 2015). McAdam et al. (2009) proposes the table 1 based on NAIR (1985) which
classifies AF systems.

Table 1 – Classification of agroforestry systems (McAdam et al., 2009).

Classification method Example categories
(i) Components Silvoarable : crops and trees

Silvopastoral :pasture/animals and trees
Agrosilvopastoral : crops, pasture/animals and trees
Other : beekeeping and trees, aquaculture and trees

(ii) Predominant land use Primarily agriculture
Primarily forestry

(iii) Spatial and temporal arrangement Spatial
Mixed dense
Mixed sparse
Strip planting
Boundary (e.g., trees on edges of plots and fields)
In time
Coincident, separate

(iv) Agroecological Humid, arid, mountainous
(v) Socio-economic Commercial, intermediate, subsistence
(vi) Function Productive function

Food, fodder, biofuel, wood, other products
Habitat function
Biodiversity
Regulating functions
Shelterbelt, soil and water conservation, shade
Cultural function
Recreation and landscape

2.1.2 Agroforestry in Europe and Flanders

AF systems in Europe leads to an improvement of ecosystem services especially in terms of soil erosion,
soil fertility and biodiversity (Torralba et al., 2016). Moreover, carbon sequestration is enhanced and nutrient
losses are decreased through the uptake of nutrients by the deep rooting trees (Rigueiro-Rodríguez et al.,
2008). However, AF practices are still little implemented in Europe (Wezel et al., 2014). In Flanders in 2016,
55 % of farmers were not familiar with agroforestry and only 30 farmers were known to practice agroforestry

10



(Borremans et al., 2016). Nevertheless, in 2019, 50 farmers were known to practice it and it did not include
the 21 subsidies applications for the 2019-2020 season (Reubens et al., 2019) so there is an increase in AF
implementation in Flanders. A study of Graves et al. (2009) on 264 European farmers suggest that many
farmers are open to the possibility implementing AF and that a good promotion and support of silvoarable
agroforestry could lead to make it more common in Europe. However, even if considering AF is the first step
in a possible implementation, it is not that simple and farmers tend to seek evidence before implementing
an AF system such as experimental results or site visits (Graves et al., 2009).

A French study looked at farmers’ reasons for adopting or rejecting agroforestry (Mary et al., 1998).
The main technical argument against AF is in general that mechanisation is difficult and dangerous on
some plots (small or sloping). In addition, the lack of machinery is a factor against AF. Also, they fear the
impact of competition between the different components of the system when soils are not very fertile or
when water is scarce. On the contrary, the arguments in favour of AF are the intensification of agricultural
production, the savings on orchard maintenance costs and the improvement of soil fertility or the help in
controlling pests and weeds along the tree rows (Mary et al., 1998). In Belgium, nowadays, farmers mainly
do AF for diversification purposes and to make sense of what they are doing from an ecosystem services
perspective according to Olivier Baudry, forester expert and secretary and referent of ongoing projects for
the association for the promotion of agroforestry in Wallonia and Brussels (AWAF). It is confirmed by the
study of Graves et al. (2009) who explains that, in Northern Europe and contrary to the Mediterranean
areas, farmers consider that the main advantages of silvoarable systems are environmental.

There are not only technical arguments, but also economic and institutional bottlenecks that explain the
low number of AF systems in Northern Europe and more precisely in Belgium. First, the uncertainty related
to the profitability of AF systems is one of the main obstacles to their adoption by farmers (Borremans et al.,
2018). Nowadays, the main financing sources for AF system are the subsidy program and greening measures
and there is still a need to the development of special markets for AF products (Borremans et al., 2018).
An other issue concerns the the ownership of the land. On the one hand, in Flanders in 2016, 64 % of the
farms were leased while, in the other hand, farmers only tend to plant trees on farmland they own partly
because of the tenancy law in Flanders which imposes a request for permission to plant trees to the owners
(Borremans et al., 2016). Another legal bottleneck is the uncertainty about whether trees can be harvested
because of their value for biodiversity, nature, and society. There are indeed still potentially conflicting rules
and decrees that apply to AF systems in Flanders (Borremans et al., 2016). Finally, there is a lack of trust
in the government by the farmers who consider that the government does not implement a steady policy
Borremans et al. (2018). It is therefore clear that a major barrier to AF implementation in Flanders is the
lack of economic and institutional incentives for farmers (Reubens et al., 2019).

2.1.3 Interaction of components

The productivity of an AF system is the result of positive and negative interactions between the different
components (Jose et al., 2004). These interactions can be divided into aboveground and belowground inter-
actions. Belowground interactions mainly include competition, complementarity or facilitation in the search
for water and/or nutrients but also allelopathy. Among the aboveground interactions we can mention the
microclimatic modifications (wind, temperature, air humidity), the shading of the trees on the crop and the
density and diversity of insects that can be natural enemies of pests (Ong et al., 1991; Jose et al., 2004).

In Northern Europe, light is probably the main constraint for AF system productivity (Eichhorn et al.,
2006). Indeed, in the absence of water or nutrient stress, the biomass growth of the crop depends on
the amount of photosynthetically active radiation intercepted by the canopy (Monteith et al., 1977) and
therefore, shading of trees generally results in reduced growth and yield of crops because they induce a
microclimate that causes reduced solar radiation (Martsolf, 1966 cited by (Lin et al., 1999)). Therefore, the
budding time of trees in an AF system is very important to consider. The later the budding time, the later
the competition for light between the trees and the crop begins. Light competition can also be minimised by
pruning the trees, which also encourages air circulation in the system, reducing the risk of disease, and allows
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the production of high value knot-free wood (Pantera et al., 2018), and through smart design (orientation
of the tree rows, distance between the tree rows, adapting crop species and variety choice to partial shade
conditions).

2.2 Walnut tree

The common walnut tree (Jugans regia L.) is very well adapted to AF systems and offers many advantages
(Consortium Agroforestry Vlaanderen, 2021). Firstly, the competition for light is relatively low with agri-
cultural crops. The crown lets in a reasonable amount of light and the tree has leaves only for a short period
from mid-May to October (Germain et al., 1999; Consortium Agroforestry Vlaanderen, 2021). As far as the
soil quality is concerned, the leaves of the walnut trees have a good litter quality, which has a positive effect
on soil fertility (Consortium Agroforestry Vlaanderen, 2021). Moreover, harvesting nuts provides income in
the relatively short term compared to timber production. Finally, market demand for walnuts is increasing
due to an increased awareness of the positive impact of nuts on health (Bemah et al., 2012). A drawback
could be possible due to the production of an allelopathic compound, juglone. Juglone has an inhibitory
effect on the growth of many types of plants. However, it is mainly produced by the black walnut (Juglans
nigra L.) while the common walnut produces such limited amounts of juglone that toxicity to other plants
is rarely observed (Consortium Agroforestry Vlaanderen, 2021).

2.2.1 Floral biology of walnut trees

The common walnut tree inflorescences are unisexual (Germain et al., 1999) (except for some Asian
varieties). Both male and female inflorescences are present on the same tree, making the walnut a monoecious
species. Male inflorescences are composed of 100 to 160 flowers to form a catkin while the female inflorescences
are single or grouped by two or 3 (Germain et al., 1999).

Jugans Regia L. is a dichogamic species which means that male and female inflorescences are delayed in
time. There are both protandrous and protogynous varieties (Germain et al., 1999). Budding-time of female
inflorescence, which is concomitant with the leafing, varies a lot within a species depending on the climate
and between species. This budding period is important to consider, even when walnut trees are not in an AF
system, because spring frosts reduce the production potential of trees when budding has already occurred
(Germain et al., 1999). Late budding varieties are therefore interesting on the one hand to avoid losses of
productivity of the tree but also to reduce the competition for light with the crop as much as possible.

2.2.2 Walnut tree multiplication

Common walnut trees can be multiplied by sexual reproduction, grafting or micropropagation (Germain
et al., 1999). Concerning the sexual reproduction, sowing is still used in some countries but leads to hetero-
geneous orchards (Germain et al., 1999). The reason is that sexual reproduction does not allow for identical
reproduction of desired characteristics. However these seedlings can be used as rootstocks (Germain et al.,
1999). Walnut trees can be grafted in a nursery (most of the time) or directly on field (Germain et al.,
1999). Grafting in a nursery has advantages in terms of the homogeneity of the grafted plants. However,
in Belgium, there are few nurseries performing grafting, particularly because the technique is quite specific
and the success rate is limited [pers. comm. Bert Reubens and Olivier Baudry].

2.2.3 Soil

The good development of the root system is very important in order to explore a sufficient volume of soil
and to meet the water and nutritive needs of the walnut tree. This development is mainly guided by the soil
physical properties (Germain et al., 1999).

First, to meet the water needs in case of drought, the roots need to go deep and therefore a relatively deep
soil is necessary for walnut (Germain et al., 1999). Even if most of the roots are situated in superficial layers
of the soil and that the density of deeper roots is far lower, these deeper roots have a more important role
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in uptake of water than indicated by their density alone and can therefore maintain a good water supply
during droughts (Stone and Kalisz, 1991; Germain et al., 1999).

As far as texture is concerned, figure 1 shows in green the texture classes favorable to walnut trees.
Moreover, soils with impermeable layers, where water is not sufficiently drained, should be avoided for the
good development of walnut trees because the roots are quite sensitive to lack of air (Wertheim, 1981).

Figure 1 – Textural triangle for walnut trees (G.E.P.P.A. (Groupe d’études des problèmes de pédologie appliquée)
cited by (Germain et al., 1999)).

With :

1 : very fine and clayey texture : AA and A
2 : fine, sandy-clay texture : As and AS
3 : fine texture of silty-sandy clay : AIS
4 : fine silty-clay-sandy texture : LAS
5 : clayey silt texture : AI and La
6 : medium sandy texture : Sa and SaI

7 : medium clayey silt texture : LSa
8 : medium silty texture : L and LL
9 : coarse texture of sandy silt : Ls
10 : coarse sandy texture : S and SI
11 : very coarse sandy texture : SS

Soil structure is also important for the roots to facilitate the penetration. The compaction caused by
agricultural machinery degrades this structure by increasing the density of the soil (Germain et al., 1999).

For the nutritive status, a good production and feeding of walnut trees, especially with lateral fruiting
(most of commercial varieties), the soil must be fertile (Germain et al., 1999). Indeed, although walnut trees
are able to absorb some nutrients directly with their leaves, the majority of nutrient requirements are met
from the soil solution (Germain et al., 1999).
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Regarding the pH, the suitable pH H2O is within the range of 6 to 7.5 (Germain et al., 1999) but there
is a tolerance between 5.5 and 8.5 (Wertheim, 1981). The reason is that pH influences the availability of
chemical elements, as shown in Figure 2, and should therefore ideally be kept between those values.

Finally, as far as organic status is concerned, the optimal C/N ratio is around 10 for walnut trees (Germain
et al., 1999).

Figure 2 – Diagram of assimilability of elements according to pH (Emil TRUOG’s diagram) (Merelle, 1998; Genot
et al., 2007).

To conclude this section about the soil it is important to note that globally the common walnut tree is
not very demanding regarding the type of soil, but the most important elements for it to grow best are a
deeply rooted and well aerated soil, with a sufficient supply of water (Germain et al., 1999) but not lack of
air and rather rich in organic matter (Wertheim, 1981; Consortium Agroforestry Vlaanderen, 2021).

2.2.4 Overview of walnut market

Two types of market for walnuts exist : in-shell walnuts and shelled walnuts. The market of shelled walnuts
is the most important (Germain et al., 1999). In addition to the shelled and in-shell walnuts market, pressing
walnut oil is the typical value addition to the walnut value chain (S, vart, , 2018).

The database of the FAO shows that the world walnut production (in-shell) in 2019 was around 4.5
millions of tons (Table 2). China is the leading producer by far, followed by the United States. In season
2020/2021, China production was accounting for 47 % of the world share (INC - International Nut and
Dried Fruit Council, 2021).
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Table 2 – World walnut production (in-shell) for countries with a production over 20 000 tons from 2009 to 2019 (in
thousands of tons) (source : FAO).

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
World 2475 2767 3196 3655 3026 3354 3878 4063 4201 4347 4498
China 979 1284 1656 2021 1454 1535 1942 2114 2250 2386 2522
USA 396 457 418 497 446 518 550 625 572 616 592
Iran 280 268 280 284 223 403 420 349 394 304 321

Turkey 177 178 183 203 212 181 190 195 210 215 225
Mexico 115 77 96 111 107 126 123 142 147 160 171
Ukraine 84 87 113 97 116 103 115 108 109 127 126

Chile 26 32 35 40 43 70 90 90 100 110 123
Uzbekistan 14 14 34 30 40 44 52 53 47 48 51

Romania 38 34 35 31 32 32 33 34 46 54 50
France 42 32 38 36 36 35 42 40 33 38 35
India 36 38 36 40 36 43 35 33 / / /

Greece 22 23 23 23 24 25 26 29 36 32 31
Egypt 22 21 22 24 24 24 24 24 24 24 24
Serbia 25 21 24 13 18 16 17 14 12 10 9

Within the European Union (EU), 65 % of domestic consumption is supplemented by imports even though
the EU produces its own nuts (S, vart, , 2018). In fact, there is an increase in consumption (Bemah et al., 2012)
but this is accompanied by an increase in imports rather than an increase in production (S, vart, , 2018). In
2015, the United States was the leading supplier of walnuts to the EU by far, while Moldova and Chile
were in second and third place respectively (S, vart, , 2018). France and Romania are the most important
producers within the EU while Germany is the main importer (S, vart, , 2018). In Belgium, the production is
still very small and it is estimated that only 1 to 2 % of the nuts in Belgian stores are of Belgian origin,
according to Guy Lejeune, a pioneer in the walnut production in Wallonia. The Belgian walnuts market
is mainly based on direct sales into the farm and without intermediaries or in cooperatives (pers. comm.
Olivier Baudry). Some walnut producers sell walnut derived products in addition of simply walnuts. For
example, Guy Lejeune who sells walnut wine and walnut oil (pers. comm. Olivier Baudry). For Olivier
Baudry, the nut sector should be encouraged in Belgium for several reasons. First of all, there is a risk of
drought issues in France due to climate change and therefore less production. Secondly, walnut production
offers a possibility of diversification and adaptation to climate change for farmers. Finally, local products
are in vogue and importing almost 100 % of a product means being dependent on other countries. However,
nowadays, there are still some strong challenges in terms of economic viability for the nut production in
Belgium (pers. comm. Olivier Baudry).

As far as organic walnut production is concerned, the market is still quite small, although interest in
organic food has been growing for two decades. Moldova is the leading exporter of organic walnut kernels
to the EU, followed by the US and France (S, vart, , 2018).

2.3 Soil electromagnetic induction scan

As previously mentioned, although walnut trees are not overly sensitive to soil types, some soil characteris-
tics are important to consider, including texture, structure and moisture content. It is therefore important to
assess the soil conditions to fully understand the fields where the trees are planted within the framework of a
project like "AGROFORESTRY 2025". One way to do this is the electromagnetic induction (EMI) scan that
measures the apparent electrical conductivity (ECa) of a subsurface soil volume (Allred et al., 2008), ECa

being nowadays the most valuable geophysical measurement to characterize the soil spatial heterogeneity of
a field (Corwin, 2008). Electrical conductivity is called "apparent" in this case because it is an average ECa

for a volume of soil (Doolittle and Brevik, 2014).

Frequency electromagnetic induction methods have been used for a long time now for geophysical cha-
racterisation purposes (McNeill, 1980). Two modalities exist : time domain (TDEM) and frequency domain
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(FDEM). Today, FDEM is often and efficiently used to study 3D spatial and temporal variations in soil
(Boaga, 2017). The success of this method has several explanations. First, the sensors used are light and
do not require contact with the ground, which facilitates the work of technicians and reduces the time of
investigation (Calamita et al., 2015). In addition, depending on the coil distance, EMI sensors measure
through soil thicknesses that can be up to 100 m for TDEM and several meters for FDEM (Robinson
et al., 2008b). Then, concerning soil moisture measurements, local measurements at specific points using
soil moisture sensors have a limited spatial resolution. Indeed, a manual survey requires a lot of work and
it is cost-intensive when talking about network installations. On the contrary, the EMI method provides
information with a much better spatial resolution, even for large fields (Vereecken et al., 2014). Finally, soil
electrical conductivity, which is measured during EMI scan, depends on a combination of mineralogy, clay
content, soil moisture, pore water electrical conductivity (i.e. salinity) and soil temperature (McNeill, 1980;
Vereecken et al., 2014; Calamita et al., 2015; Corwin and Scudiero, 2019) and can therefore be used to map
the soil properties.

To measure the ECa of a soil volume, EMI sensor transmit an electromagnetic field in this soil. In this way,
electrical currents are induced in the soil, which in turn generate an electromagnetic field. This secondary
electromagnetic field is read by the sensor’s receiver. The secondary field is proportional to the electrical
current for most soil types and it is so possible to calculate the apparent ECa of the explored volume of
soil under certain conditions (Doolittle and Brevik, 2014). The following part deals more precisely with the
physical principles and formulas underlying the EMI method, which are adapted from Boaga (2017). First,
the Biot-Savar law (equation 1) states that "a uniform electrical current produces a magnetic field in the
vacuum, whose magnitude, B, depends on the current strength, I, and on the radius vector, r, between the
current line and the measurement point".

B = µ0
4π

I

∫
dl × r

r2 (1)

With :

µ0 : the magnetic permeability of the vacuum, 4π × 10−7 kg m A−2 s−2.
dl : the unit vector along the current line.

FDEM instruments generate an alternating current to induce an alternating magnetic field in the soil that
will also induces an electromotive force (e.m.f.). This force can be calculated thanks to the Faraday’s law
(equation 2).

e.m.f. = −dϕ

dt
= −2πifϕ (2)

With :

ϕ : the magnetic flux [kg m2 A-1 s-2].
f : the frequency [Hz].
i =

√
−1 : imaginary unit.

The electromotive force induced by the primary magnetic field (Hp) is out-of-phase comparing to the
magnetic flux and produces secondary electrical currents. These currents cause, in turn, a secondary magnetic
field (Hs). The difference between Hp and Hs depends on the soil properties and the geometry of the coils
(spacing between coils and orientation and distance from the soil surface) (Hendrickx and Kachanoski, 2002;
Boaga, 2017). When working in ‘low induction number’ conditions (i.e. 2πf ≪ 2/µ0 EC s2), ECa can be
calculated as in equation 3.

ECa = 4
ωµs2

Hs

Hp
(3)
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With :

s : the inter-coil spacing [m].
ω : the angular frequency [rad s-1].

The investigated depth depends on the generated electro-magnetic forces (Boaga, 2017) and therefore
depends on the parameters of the measuring device as the coil orientation and spacing (Doolittle and
Brevik, 2014).

Before using the measured data, it is important to ensure reliable data. It is therefore necessary to go
through a dedicated data processing, taking into account specific application and instrument setup (Hanssens
et al., 2020). First, a data calibration and filtering step is necessary because data errors can strongly impact
the results and must therefore be taken into account (Minsley et al., 2012). Two types of errors are possible :
random errors and systematic errors. Systematic errors can be due to incorrect instrument calibration, drift,
and improper data levelling (Minsley et al., 2012). Drift corresponds to a response at one given location that
varies over time, despite no appreciable changes above or underneath the surface (Delefortrie et al., 2014).
In addition to this calibration, FDEM data must be accurately georeferenced by considering spatial offsets
between the GPS antenna and FDEM instruments or offsets induced by a time lag between them (Hanssens
et al., 2020).

EMI has lots of application in soil surveys. It is used to assess soil salinity (Corwin and Scudiero, 2019),
subsurface water movement and soluble salts, soil water content, soil texture, clay content, soil compaction,
CEC, pH, exchangeable Ca and Mg, carbonates, soil organic carbon, leaching rates of solutes, herbicide,
nitrogen, differences in terms of lithology and mineralogy, (Doolittle and Brevik, 2014) or plant community
spatial patterns (Robinson et al., 2008a). Even if it is less related to soil science, EMI is also used for the
detection of buried utilities and services and the detection and tracing of archaeological remains (Calamita
et al., 2015).

2.4 Spatial data clustering

Prior to looking at spatial data, it is important to define what data clustering is. It is "the unsupervised
classification of patterns (observations, data items, or feature vectors) into groups (clusters)" (Jain et al.,
1999). Data set is therefore split and organized into several clusters based on the internal homogeneity and
the external separation (Jain et al., 1999; Xu and Wunsch, 2005). Clustering is called "unsupervised" because
the definitions of the classes and its number are not known in advance (McClean, 2003). On the contrary,
in a supervised classification, the first step is to select training samples with known classes to use them to
guide the computer to identify the features of each class (Wu, 2018).

The most known clustering algorithms are Hierarchical Agglomerative Clustering (HAC) and k-means
clustering (Gelb and Apparicio, 2021).

HAC basically consists in successively aggregating the observations according to their degree of similarity
until a single class is obtained (Gelb and Apparicio, 2021). First, it is necessary to calculate the proximity
matrix which includes the distances between each pair of observations. Then, most similar pair of clusters,
based on the previously calculated matrix, are merged to form a new cluster. Finally, the algorithm stops
when all patterns are into one single cluster (Jain et al., 1999). For n individuals, the first partition has
therefore n-1 classes, then n-2 classes and so on until a partition gathering all the patterns (Gelb and
Apparicio, 2021). This hierarchy of partitions can be represented by a tree-like nested structure partition of
the data set, called dendrogram (Jain et al., 1999; Xu and Wunsch, 2005). By looking at this dendrogram,
the appropriate number of clusters can be decided.

17



Concerning k-means clustering, the grouping in k groups is done by minimizing the sum of squares of
distances between data and the corresponding cluster centroid (Nagpal et al., 2013). In the case of this
method, the number of groups is decided in advance, it is a partitional approach and not a hierarchical one
as for HAC (Jain et al., 1999). The objective function (function to minimize) of k-means is given in equation
4 (Nagpal et al., 2013).

E =
∑

||Xi − mi||2 (4)

With :

E : sum of square error for all objects in the data.
Xi : a pattern in a cluster.
mi : the middle of a cluster ki.

In other words, the first step of k-means clustering is to choose a number of clusters, k. Then, k defined
points are randomly-chosen inside the hypervolume containing the pattern set, they are the first k cluster
centers. Afterwards, each patterns is assigned to the closest cluster center. The next step is to recompute the
cluster centers using the current cluster memberships. If a convergence criterion is not met, the algorithm
starts again at the data point cluster assignment step (Jain et al., 1999).

HAC and k-means clustering are said to be hard clustering because a point can belong to one cluster
only (Zass and Shashua, 2005). On the other hand, there are so-called soft or fuzzy clustering methods.
In a fuzzy classification each pattern has a variable degree of membership in each of the output clusters
(Jain et al., 1999). The fuzzy c-means (FCM) method will be developped here. FCM method is therefore a
soft and unsupervised clustering technique introduced by (Bezdek, 1981). In a fuzzy c-partition, the sample
points get a degree of membership to each group that varies between zero and one (Bezdek et al., 1984).
The higher a membership value is for a sample, the greater is the certainty in the cluster assignment (Stetco
et al., 2015; von Hebel et al., 2021). This algorithm has been used a lot in soil clustering (Goktepe et al.,
2005; Hanesch et al., 2001; von Hebel et al., 2021; Schröter et al., 2017; Martinez et al., 2009). The use of
a fuzzy classification is relevant in soil science because of "the complexity of soil variation at all scales and
the resultant uncertainty in soil mapping and spatial interpolation" (McBratney and Odeh, 1997).

However, even if FCM is used a lot with soil data, it doesn’t take spatial information into account. Not
considering this information can lead to noise, some noisy points being classified in one group while all
surrounding points are classified in another (Chuang et al., 2006). The use of spatial information in FCM
has therefore been developed to deal with this issue. The first scientific field to have studied SFCM is the
field of magnetic resonance imaging (MRI) of the brain (Chuang et al., 2006; Cai et al., 2007).
(Gelb and Apparicio, 2021) propose to use SFCM in geographical field. To include spatial information, a
parameter α is added to FCM. It ranges between 0 and +∞ represents the weight of the spatial dimension.
Furthermore, users of geocmeans have to define a binary (0,1) spatial matrix which represents the neighbours
spatial weights. The matrix must have odd dimensions and the center of the matrix represent the focal point.

The formulas behind SFCM are given below (Gelb and Apparicio, 2021). Equation 5 is the objective
function of the SFCM.

Jm =
c∑

i=1

N∑
k=1

um
ik ∥xk − vi∥2 + α

c∑
i=1

N∑
k=1

um
ik

∥∥xk − vi

∥∥2 (5)

With :

vi : the center of gravity of the group i.
c : the number of groups.
xk : the value of the kth pixel .
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xk : a means of neighboring pixels lying within the defined window around xk.
m : the fuzziness degree parameter.
α : a parameter used to control the effect of the neighbors term.
N : the number of observations.
u : the belonging matrix (degree of membership for each cluster). uik is therefore the probability for the

observation k to belong to the group i. By definition, each sample point xk satisfies the constraint that∑c
i=1 uik = 1 (Cai et al., 2007).

uik and vi can be calculated as in equation 6 and 7.

uik =

(
∥xk − vi∥2 + α

∥∥xk − vi

∥∥2
)−1/(m−1)

∑c
j=1

(
∥xk − vj∥2 + α∥x

−vj∥2)−1/(m−1)

k

(6)

vi =
∑N

k=1 um
ik (xk + αxk)

(1 + α)
∑N

k=1 um
ik

(7)
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3 Material and method

3.1 Experimental sites

This project worked on 4 selected sites in a long-term experimental network on late budding walnut
varieties. They are located in Merelbeke (East Flanders), Herent (Flemish Brabant) Galmaarden (Flemish
Brabant), and Hulste (West Flanders) (figure 3). They are respectively coded as "LUW1", "LUW2", "LUW3"
and "LUW4". "LUW" is for "Laat Uitlopende Walnotenrassen" which means late-budding walnut varieties
in Dutch.

Figure 3 – Experimental sites location.

3.1.1 LUW1 - ILVO

LUW1 site is an 1.1 ha cropland plot presented in figure 4. For the moment only 0.7 ha are devoted to
the agroforestry experiment but it could evolve in the future. This site is managed by ILVO.

Soil type of this site is a Lba0 over its entire extent. It means that the soil is a sandy loam with good
drainage, B textural horizon (Bt) which means that there is a clay accumulation in depth and finally the A
horizon is more than 40 cm thick.

The plot is located on a plateau and has very low slopes. The difference is only a little over 1.4 m between
the highest and lowest point.

The AF experimental design of ILVO site is presented in figure 5. The code for the different varieties is
explain in the point 3.2 (table 3). The plot has three walnut tree rows of 20, 21 and 22 walnuts trees. The
63 trees are planted in such a way that each variety is present at least once in every tree row. Moreover,
the LUW varieties and commercial varieties are separated from each other, resulting in four blocks. While
currently the focus of the experiment is on the monitoring of the trees, this design will allow to assess the
impact of the LUW trees versus the commercial trees on crop performance in the alleys between the tree
rows in a later stage. Tree rows are 24 m apart and trees in the same row are 5 m apart.
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Figure 4 – LUW1 - Orthophoto, soil map and topography (1 m x 1 m).

All data layers for the presentation maps of the four sites come from the Geopunt Vlaanderen website.

Figure 5 – LUW1 - Agroforestry design.
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3.1.2 LUW2 - Herent

The site in Herent, LUW2, is an 0.8 ha cropland plot (figure 6). Only half of this plot is used for the
late budding walnut trees experiment. This site is managed by Praktijkpunt Landbouw Vlaams-Brabant
research institute.

The soil map (figure 6) shows a gradient in soil conditions. The north of the plot is an Aca. The soil is
therefore a loam with moderate drainage and B textural. In the south the soil is a Aba so the only difference
is that the drainage is considered as "good". With regard to the topography, the field has no significant
slopes.

The design of the experimental plot of Herent site is presented in figure 7. The trial is composed of three
rows of 12 walnuts trees. Rows are 15 m apart and trees from the same line are 5 m apart. As for ILVO
plot, trees are separated in blocks to separate late budding varieties from commercial ones and in such a
way that each variety comes back only once in each row (figure 7).

Figure 6 – LUW2 - Orthophoto, soil map and topography (1 m x 1 m).
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Figure 7 – LUW2 - Agroforestry design.

3.1.3 LUW3 - Galmaarden

Galmaarden site (figure 8), LUW3, is a 5 ha cropland plot owned and managed by a farmer who can be
considered an AF pioneer in Flanders.

The soil map is also presented in figure 8. The majority of the site’s extent on the eastern side is considered
as an Aca1 while the rest is considered as an Acp. The texture is therefore a loam with a moderate drainage
but the difference concerns the profile development. Aca1 soil has a B textural horizon with a A horizon less
than 40 cm thick and Acp has no profile development.

Concerning the topography, there are slopes of more than 5 % and the difference between highest and
lowest points is around 10 m. This explains why there is no profile development in certain zones. Indeed,
Acp area is a zone of colluvial deposits due to the slope.

The design of Galmaarden is presented in figure 9. There are four lines of 4, 18, 18 and 17 trees being
part of the experiment. There are therefore 57 walnut trees specifically planted for the experiment even if
more trees are planted in total on this site. Only LUW trees are represented in fig 9. Rows are 65 m apart
and trees from the same row are 5 m apart.
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Figure 8 – LUW3 - Orthophoto, soil map and topography (1 m x 1 m).

Figure 9 – LUW3 - Agroforestry design.
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3.1.4 LUW4 - Hulste

LUW4 is an 3.1 ha pasture field with cows presented in figure 10. About 0.5 ha concern the late budding
walnut trees experiment. This site is owned and managed by a farmer.

There are four different soil types : Pcc, Pdc, Lep, Eep. The first one is a moderately dry light sandy loam
soil with strongly mottled and crumbled Bt horizon. The second one is moderately wet light sandy loam soil
with heavily mottled and crumbled Bt horizon. Lep means sandy loam with a rather poor drainage, strongly
gleyed and with no profile development. Finaly Eep is light clay with a rather poor drainage, strongly gleyed
and with no profile development. The experimental trial zone only deals with Pcc, Pdc and Lep. As for
Herent and ILVO sites, the ground of Hulste is rather flat.

Figure 10 – LUW4 - Orthophoto, soil map and topography (1 m x 1 m).

The design of the late-budding trial part of Hulste is presented in figure 11. The trial is composed of three
lines of 7, 7 and 8 walnuts trees. Rows are 14 m apart and trees from the same row are 11 m apart.
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Figure 11 – LUW4 - Agroforestry design.

3.2 Walnut tree varieties

All trees planted in the experimental sites for the project were bought as two year old trees from the
tree nursery "De Veredelde Walnoot" (Ulicoten, Netherlands). These young trees are produced using the
technique of grafting. In other words, a piece of wood from the parent tree of the respective variety is
grafted on top of a rootstock from common walnut (Juglans regia L.) seedlings.

For the commercial varieties, the parent trees used for the propagation originate from other Dutch tree
nurseries (Van ‘t Westeind, Achtplagennuts, De Smallekamp and ’t Herenland).

The parent trees for the newly tested varieties (ZL code) are individual trees, spread over the South of the
Netherlands and Flanders, which were noticed to have the characteristic of budding very late in the season
(i.e. only starting from June or later).

Table 3 shows the code used for commercial walnut varieties. Concerning the full name of the ZL trees,
it is confidential at this stage of the project. More information about the full names should be obtained by
contacting Bert Reubens.
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Table 3 – Walnut tree variety code.

Commercial varieties
Code Name
BRO Broadview
BUC Buccaneer
COE Coenen
PLO Plovdivski
RIT Rita
16 Nr 16

GER Germisara
PRO Proslavski
LOD Lange van Lod
BEL Bella Maria

WVM Wunder von Monrepos
MAR Marcella

3.3 Soil characterisation

3.3.1 Soil mapping with electromagnetic induction

In order to characterise the soil heterogeneity, a mapping and sampling survey has been conducted in the
four AF sites on March 2 and 3. Additional sampling has been conducted November 9 2021 to complete the
data set.

Prior to taking the soil samples, an EMI scan has been carried out by a team from Ghent University
leaded by Prof. Philippe De Smedt (figure 12). The device used for the scanning was a Dualem 21HS, the
sampling rate was 10 Hz and the line spacing was 2 m. The drift correction and general data processing flow
are based on Delefortrie et al. (2014) and Hanssens et al. (2020) papers. Finally, the method to interpolate
the results was the natural neighbour method.

Figure 12 – EMI soil scanning on LUW1.
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The EMI sensor used consists of one transmitter coil and six receiver coils located at 0.5, 0.6, 1, 1.1,
2 and 2.1 m distance from the transmitter. There were two different orientations of the coils : horizontal
coplanar (HCP) dipole and perpendicular (PRP) dipole modes. The coils located at 0.5, 1 and 2 m from
the transmitter were in HCP orientation (HCPH, HCP1 and HCP2) while the other ones were in PRP
orientation (PRPH, PRP1, PRP2).

The depth of investigation (DOI), which is the depth below which sensors are insensitive to the value of
soil properties (Oldenburg and Li, 1999) is determined by the distance between the transmitter coil and the
receiver one. This depth is conventionally defined as the depth above which 70 % of the cumulative response
is obtained from the soil volume (Taylor, R., 2005). It is also influenced by the orientation of transmitter-
receiver pair. The formula used to calculate the cumulative ECa response for the the HCP dipole mode
(CHCP) and for the PRP dipole mode (CPRP) are taken from Wait (1982) and are presented in equation 8
and 9 :

CHCP,s(z) = 1(
4 · z2

s2 + 1
) 1

2
(8)

CPRP,s(z) = 1 −
2 z

s(
4 · z2

s2 + 1
) 1

2
(9)

With :

CHCP : The cumulative ECa response from a soil volume above depth z for the HCP orientation (in %
of the measured signal, relative to 1)
CPRP : The cumulative ECa response from a soil volume above depth z for the PRP orientation (in % of
the measured signal, relative to 1)
z : Depth [m]
s : separation between transmitter and receiver coils [m]

The DOI are therefore approximated as 0.8 m, 1.6 m and 3.2 m for HCPH, HCP1 and HCP2 respectively
and 0.3 m, 0.55 m and 1 m for PRPH, PRP1 and PRP2. Finally the instrument elevation above the ground
(ca. 0.16 m) must be subtracted . The real DOI are then approximated as 0.65 m, 1.45 m and 3 m for
HCPH, HCP1 and HCP2 and as 0.15 m, 0.4 m and 0.85 m for PRPH, PRP1 and PRP2.

In addition to the DOI, the relative response of the EMI signal as a function of depth, R(z), can also be
calculated (equations 10 and 11) (Wait, 1982).

RHCP,s(z) =
4 z

s

s
(
4

(
z
s

)2 + 1
) 3

2
(10)

RPRP,s(z) = 2

s
(
4

(
z
s

)2 + 1
) 3

2
(11)

By plotting these equations (figure 13), the differences of behaviour can be observed between the coil
orientations. The PRP orientation is most sensitive to the conductivity of the surface and are less and less
sensitive when the depth increases. For the HCP orientation, the sensitivity firstly increases until it reaches
a depth of maximum sensitivity and then decreases. After the subtraction of the instrument elevation above
the ground, the depth of maximum sensitivity is equal to 2 cm for HCPH, 20 cm for HCP1 and 55 cm for
HCP2. Despite the concept of a DOI and of the depth of maximum sensitivity, it is important to remind
that there is still an influence of deeper layer in the EMI response.
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(a) (b)

Figure 13 – Relative (a) and cumulative (b) depth response curves of the ECa for the six EMI coil configurations
and with indication of the 70 % cumulative response.

3.3.2 Sampling

In order to determine the position of the soil samples, the conditioned Latin hypercube sampling (cLHS)
technique (Minasny and McBratney, 2006) was used. It is a "sampling strategy with prior information
represented as exhaustive ancillary data" (Minasny and McBratney, 2006), in this case the ancillary data
are the EMI data. This is a random stratified sampling approach with the aim of fully sampling the recorded
conductivity variation. In this way, six locations per site were determined for the purpose of collecting soil
samples (figure 14, samples A-F). The objective of the soil analysis is to highlight soil properties that
explain ECa. In this way, the homogeneous soil areas identified by clustering can be linked to specific soil
characteristics.

Figure 14 – Sample locations in all sites.
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Three types of samples have been taken at two depths for each of the 24 locations. The first type consisted
of undisturbed samples taken at 20 and 40 cm in order to measure the soil moisture and the bulk density.
They have been taken with Kopecky’s rings. The second and third types have been collected with an Edelman
Auger. Samples were taken from 0 to 30 cm and between 30 and 60 cm. For each depth, one sample was
intended for the laboratory of La Hulpe to analyse the texture and pH H2O and the second was for the
laboratory of ILVO to analyse phosphorus, potassium, calcium, magnesium, manganese, iron and sodium
with ammonium acetate extraction and soil organic carbon (SOC), cation exchange capacity (CEC), total
nitrogen and pH KCl. The method used by the laboratories are resumed in table 4.

During the month of November, the determination of the clusters based on the EMI data showed that it
was necessary to take new samples at specific locations (figure 14, sample G) in LUW1, LUW2 and LUW3.
The reason is that there were no samples in some clusters.

Table 4 – Method for the soil analyses.

Analysis Laboratory Method
Texture La Hulpe Sedimentation and sieving, derived from the NF X 31-107 standard.
pH H2O La Hulpe ISO 10390

Phosphorus La Hulpe Determination by injection flow colorimetry
Own method with extraction from Lakanen and Erviö (1971)

Potassium
La Hulpe Determination by flame atomic absorption spectrometry

Own method with extraction from Lakanen and Erviö (1971)Magnésium
Calcium

SOC
N total ILVO Dry combustion at 1100 ◦C using a Skalar C/N-Analyzer Primacs SNC100-IC

ISO 10694 for SOC and ISO 13878 for N
Iron

ILVO

Phosphorus

Soil extraction with 0.1 M ammonium lactate + 0.4 M acetic acid at pH 3.75
Measurement by inductively coupled plasma optical emission spectroscopy

(Egnér et al., 1960)

Potassium
Magnésium

Calcium
Manganese
Aluminium

Sodium
CEC ILVO Determined by ammonium acetate at pH 7.0 and KCl

pH KCl ILVO ISO 10390

Soil moisture analysis has been carried out on March 2 and 3.

Every undisturbed sample has been removed from the Kopecky’ ring in a weighted aluminium container
and then has been weighted in fresh conditions. They were then dried at 105 °C in the oven for 24 hours.
Finally, all samples have been weighted again after drying.

The formulas used for gravimetric and volumetric soil moisture and for bulk density are given in equation
12, 13 and 14.

µ = ml

ms
= mf − md

md
= mtf − mtd

mtd − mc
(12)

θ = Vl

Vt
= mf − md

Vs
(13)

BD = ms

Vs
= mtd − mc

Vs
(14)

With :
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µ : gravimetric moisture content [-]
θ : volumetric moisture content [-]
BD : bulk density [g/cm3]
ml : liquid mass [g]
ms : solid mass [g]
mf : fresh sample mass [g]
md : dry sample mass [g]
mtf : total fresh sample mass (weight of the container included) [g]
mtd : total dry sample mass (weight of the container included) [g]
mc : aluminium container mass [g]
Vl : liquid volume [cm3]
Vt : total volume = 100 cm3

With the purpose of comparing the results of the soil sampling to the results of the EMI scan, a mean
value of a circle with a diameter of 1 m have been calculated around each sample locations for each EMI
scan raster.

3.4 Soil moisture dynamics in ILVO site

3.4.1 Measurements

Three soil moisture content probes (Sentek, 2021) have been installed on the ILVO site for the purposes
of analysing moisture dynamics in three locations into the walnut trees rows. It will turn out later that each
probe corresponds to a specific cluster.

Decision for the probe locations has been based
on EMI data and topography of the site and can be
seen on figure 15. The first decision was to install one
probe by row because clear ECa tendencies can be ob-
served between each row. Then for the location within
the row, they follow the natural topography of the site.

These probes measure water content by volume
based on variations in the soil dielectric constant over
time. The three probes give soil moisture content in
percentage of the volume (cm3

w / cm3
soil) at three

depths (25, 55 and 85 cm) and every 30 minutes. The
probes have not been specifically calibrated for the
ILVO site, the equation for transforming the measure-
ment into water content having remained the default
one (equation 15). This default calibration equation
is sufficient to show soil moisture trends and can be
therefore used to study relative soil water changes
(Sentek, 2011). Measurements started on March 25
at 3 :30 pm and were made on a 30-minute time step.
Data were frequently collected until 09/11/2021.

Figure 15 – Sentek probes locations.

y = 0.1957x0.4040 + 0.02852 (15)

With :

y : scaled frequency (reading from the access tube) [-].
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x : volumetric moisture content [mm].

Some technical problems occurred during the experiment. The probe in the third row has measurements
only for 25 and 85 cm during the all period of measurement. Moreover the probe in the middle row has
sometimes a lack of data. Indeed between the 22-04 and the 28-04, between the 11-08 and 02-09 and after
the 27-09, data are missing.

It is important to note that absolute values should be handled with care, since different soil horizons and
different locations might have distinct calibration relationships.

3.4.2 Evapotranspiration calculation

In order to analyse the soil moisture content data, and to validate them, reference evapotranspiration
(ET0) has been calculated on a daily time step. ET0 is defined as the evaporation of a hypothetical grass
reference crop without water stress (Allen et al., 1998). The software ET0 Calculator has been used to
calculate the evapotranspiration via the Penman-Monteith formula (Raes and Munoz, 2009).

Meteorological data used to calculate ET0 for ILVO site have been provided by the Royal Meteorological
Institute. It is gridded observational data covering Belgium at a spatial resolution of 5 km. Variables are
temperature minimum and maximum [° C], precipitation quantity [mm], relative humidity [%], wind speed
at 2 m [m s−1] and global solar radiation [MJ m−2 day −1] for a daily time-step.

3.5 Clustering

With the aim to determine a limited number of management zones on each experimental sites, a machine
learning algorithm has been used. We used the spatial fuzzy c-means (SFCM) clustering method (Cai et al.,
2007) implemented by Gelb and Apparicio (2021) in the R package geocmeans.

The raster used in the algorithm are HCPHQP, HCP1QP, HCP2QP, PRPHQP, PRP1QP and PRP2QP.
However, the rasters were not used in their entirety and the raw data were transformed. The goal was to
avoid outliers. Concerning LUW1 and LUW4, rasters were clipped to focus only on the experimental part
of the site. For LUW1, the edges of the rasters were very noisy. Moreover, there was a different soil cover
in the eastern part of the field, which biased the results of the scan. Concerning LUW4, rasters were also
clipped around the trees. Indeed, during the scan of the soil, there was a metal fence around the trees to
protect them. This distorted the scan results. Finally, outliers were treated by reducing them to µ − 3σ or
µ + 3σ with µ the mean of the ECa distribution and σ its standart deviation. The decision to not delete the
outliers is to keep the same pixels for every rasters, which is necessary for the SFCM in RStudio.

To optimise the choice of the algorithm parameters values, three indexes have been taken into account.
The first one is the silhouette value (Rousseeuw, 1987). With this method, each data point has a silhouette
that is based on the dissimilarities (how much the data point of a cluster are separated from the data points
of other clusters) and the similarities (how much the data point is similar to those of its own cluster). This
value is between -1 and 1. A positive value depicts a situation where the data point is correctly classified
and a negative value means that it is not in the correct cluster (von Hebel et al., 2021). The higher the
value, the greater is the cohesion separation. A value of 0 indicates that the cluster contains only one object
(Rousseeuw, 1987). The second index used is the explained inertia of the classification. Formulas to calculate
this index are given in equation 16, 17, 18 and 19 (Institut de Mathématiques de Bordeaux, 2015). This
criterion varies between 0 and 100 %. A value of 0 means that there is only one cluster and a value of 100
is for a partition in n clusters, with n the number of individuals (Institut de Mathématiques de Bordeaux,
2015). This index will be mainly used to set the number of groups by looking at the gains of explained
inertia between the different classifications (Gelb and Apparicio, 2021). Finally, the last used index is Xie-
Beni (XB) index (Xie and Beni, 1991). This index is the ratio of compactness and separation of a fuzzy
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classification (Gelb and Apparicio, 2021). A low value is desirable for this indicator. Formulas for XB are
given in equation 20, 21 and 22 and are adapted from Singh et al. (2017).

EI =
(

1 − W

T

)
× 100 (16)

W =
K∑

k=1
I (Ck) (17)

I (Ck) =
∑

i∈Ck

1
n

d2 (xi, gk) (18)

T =
n∑

i=1

1
n

d2 (xi, g) (19)

With :

EI : explained inertia [%].

W : intra-class inertia.

T : total inertia.

g : gravity center of the cloud.

I (Ck) : inertia of one class.

K : number of classes of the classification.

x : vector associated with one individual.

n : number of individuals.

d : euclidian distance.

Jm = 1
N

c∑
i=1

N∑
j=1

um
ij d2 (Xj , ci) (20)

dmin = min
i,j

[
d2 (ci, cj)

]
(21)

XB = J2
dmin

(22)

With :

Jm : the compactness of a fuzzy cluster.

N : the number of individuals.

uij : the fuzzy membership value of an individual.

m : the fuzziness degree parameter.
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d2 (Xj , ci) : the distance between the cluster center and the data point .

dmin : The minimum distance between the cluster centroids .

XB : Xie-Beni index.

To fix the number of class (k) and the fuzziness degree parameter (m) of the clustering, 120 SFCM has
been computed for each site. Indeed, the tree parameters mentioned above has been calculated for each
value of k from 2 to 5 and for each value of m from 1.1 to 4 with a step of 0.1 . Analysis of the index graphs
as a function of m and k led to select one m and one k per site.

The next step was to decide on the weight of the spatial data in the SFCM. Therefore, the α parameter
and the spatial matrix had to be set. SFCM were computed for each α value between 0.5 and 2 with a
step of 0.5. Regarding the spatial matrix, it is an n x n matrix composed of 1 with n an odd number. Five
values of n were tested : 21, 31, 41, 51 and 61. Unlike k and m, the choice of α and the spatial matrix has
not been made on the basis of the graphs. Indeed, the purpose of these parameters is to avoid noise in the
classification by preventing points from being classified differently from all neighbouring points and the best
way to investigate this noise is to look directly at the resulting SFCM rasters. Parameters that gave the
best rasters have been chosen. Another solution would have been to calculate the spatial consistency index
(Gelb and Apparicio, 2021). However, this index is more suitable for shapefile data and the computation
time is extremely long for raster data with tens of thousands of data rows.

For the sake of synthesis, the choice of the different parameters of SFCM algorithm is explained only for
LUW1. A focus is first done on the appropriate number of cluster. Then, the choice of the fuzziness degree
parameter, m, is described. Finally the spatial parameters are chosen.

First, logically the explained inertia (figure 16) increases with the number of groups. We can then see
that the gain of inertia is limited after 3 or 4 groups. Concerning the silhouette value (figure 16), the fewer
groups, the higher it is. There is no large differences between 2 and 3 groups while the SFCMs with 4 or
5 groups have silhouette value significantly lower. Finally, SFCMs with 2 and 3 groups have the best XB
index (figure 18). As the explained inertia is much better for 3 groups than for 2, the number of groups
chosen is 3.

Figure 16 – LUW1 - Explained inertia. Figure 17 – LUW1 - Silhouette.
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Figure 18 – LUW1 - Xie-Beni index.

The parameter m has been set at 2 for all the sites. It is in fact a usual value of this parameter, used in a
lot of studies, and it can be used without particular constraints (Pal and Bezdek, 1995). Then, we see that,
when m ∈ [1.5, 2.5], which is often considered as the optimal range (Pal and Bezdek, 1995), the silhouette
value increases with m increasing while on the contrary the explained inertia decreases. Concerning the XB
index, it is quite stable in this range of m for LUW1 (figure 18) but also for the other sites. It is therefore
difficult to make a choice in this range of m. Moreover, this small changes don’t really modify the trends in
the delimitation of the management areas which is the objective behind the clustering.

With regard to the choice of α and of the spatial matrix, it has been the same for each experimental site,
α=2 and the spatial matrix is a square matrix of 61 pixels. Indeed, whatever the value of α and the size
of the matrix, trends are always the same for the results. The only difference is the intensity of the noise.
These two parameters have therefore been set at rather high values and the results were then sieved to avoid
noise. Getting spots with a small number of pixels within an area of another cluster may make sense in
brain imaging, for which this algorithm was first used, but for agricultural purposes it is not relevant.

Finally, the same methodology was applied to normalized difference vegetation index (NDVI) data in
addition of PRPH and PRP1 data. The objective is to compare the results of this second clustering with the
first results. Since the objective is to determine homogeneous areas in order to interpret the performance
of trees in different fields, it makes sense to include a dataset related to the performance of plants on these
same plots. The formula of NDVI is adapted from Tucker (1979) (equation 23).

NDVI = RNIR − RRED
RNIR + RRED

∗ 100 + 100 (23)

With :

RNIR : the reflections in the near infrared.

RRED : the reflections in the red.

The data used are Sentinel-2 images obtained on Google Earth Engine and dated 24-06-20. The resolution
of the images is 8 m x 8 m. In order to have the same resolution of the EMI rasters, the function "disaggregate"
from the R-package raster has been used with the option "method=bilinear" in order to locally interpolate
the values.
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3.6 Statistical analysis of the budding time and health of walnut trees

The growth, the budding time and the health of the leaves of the walnut trees have been measured during
2021 by the ILVO. It has been to decide to not analyse the growth in relation to the clusters. The trees were
planted early 2021 and this analysis would be too soon to draw conclusions and the growth will still depend
too much on the initial state of the tree at planting.

To measure the budding time, a integer score between 0 and 4 was given for each tree once per week between
19-04-21 and 15-08-21. This score is based on the budding stages of the walnut tree with 0 corresponding to
a winter bud and 4 corresponding to fully unfolded and fully visible leaves, mostly green in colour (figure
19). Moreover, a number corresponding to the first week with a score different of 0 was given to represent
the budding time. It is possible to go from 0 a week to more than 1 the week after and that is the reason why
the budding time is considered to be reached when the score is different from 0 instead of being considered
to be reached when the score is equal to 1.

Figure 19 – Budding stages : (a) winter bud ; (b) budburst ; (c) leaflets individualisation ; (d) leaves widely visible
but not yet unfolded ; (e) fully unfolded and fully visible leaves mainly green.

Concerning the health of the trees, a integer score between 0 and 4, as for the budding stages, was given
to measure the damage of the leaves for each tree. The score of 0 correspond to no damage and a score of 4
correspond to a walnut tree with nearly all its leaves completely damaged. The date of these measures are
23-06-21 and 13-09-21 for LUW1, 29-06-21 and 30-09-21 for LUW2, 28-09-21 for LUW3 and 27-09-21 for
LUW4.

The statistical analysis was performed using RStudio software (version 4.0.3). Firstly, the normality of
each group have been tested using the Shapiro-Wilk normality test from the R-package rstatix. Then, the
homogeneity of variances between the different group have been tested using Levene’s test from the R-
package car. Then, in order to compare the results as a function of the cluster in which the tree is planted,
a one-way ANOVA have been computed for each variable and site with the R-package rstatix. Finally,
the Tukey’s test for post-hoc analysis was used to perform multiple pairwise comparisons between groups
(R-package rstatix).
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4 Results

4.1 Soil mapping and determination of homogeneous zones

4.1.1 Raw EMI maps

Six maps by sites corresponding to the ECa for all coil geometries are presented in figures 20, 21, 22 and
23.

Figure 20 – LUW1 - Maps of the ECa for each coil configurations (HCPH, HCP1, HCP2, PRPH, PRP1 and PRP2).

Figure 21 – LUW2 - Maps of the ECa for each coil configurations (HCPH, HCP1, HCP2, PRPH, PRP1 and PRP2).
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Figure 22 – LUW3 - Maps of the ECa for each coil configurations (HCPH, HCP1, HCP2, PRPH, PRP1 and PRP2).

Figure 23 – LUW4 - Maps of the ECa for each coil configurations (HCPH, HCP1, HCP2, PRPH, PRP1 and PRP2).

4.1.2 Clustered EMI maps

The figure 24 presents the results of the spatial fuzzy c-means algorithm for all the experimental sites.
The resulting clusters are considered as homogeneous soil areas.

For LUW1, the three identified clusters follow the three walnut trees rows (figure 24a). It should be noted
that this was not the intention and that it is simply the result of the clustering of the EMI data. However,
this result must be discussed. The clear separation between cluster 1 and 2 is partly due to a different land
cover and soil management during the scanning in March. At this moment there were three different land
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covers. The eastern part of the field has not been implemented in the SFCM, precisely in order to avoid
that the soil cover takes too much importance in the final result and in addition to focus only on the part
of the field with the walnut trees. Then the part of the field corresponding the the cluster 2 was tilled while
the rest of the field was cultivated.

The figure 24b presents the SFCM results of LUW2. The walnut tree rows are mainly within two of the
three clusters. The aim was to do the classification on the whole field instead of just the experimental part of
the plot. The first reason is that LUW2 is a small plot and it was interesting to consider all the heterogeneity
of the plot and not just the very small area with late-budding walnut trees. Then, SFCMs with a focus on
the experimental part gave approximately the same results.

LUW3 SFCM results (figure 24c) highlight four zones (in three clusters) that can be linked with the soil
types and the topography of the site (figure 8). First, the cluster 1 zone in the Eastern part of the field
matches the colluvial deposits zone (Acp). On the contrary, the second cluster corresponds to the highest
area of the field. The third cluster includes approximately the areas of steeper slopes. However the cluster
1 zone in the middle of the plot includes also, between the third and the fourth tree row, a zone with steep
slopes.

LUW4 is so the only site with only two clusters (figure 24d). The second cluster, which is mainly in the
Northern part of the plot, corresponds to a higher electrical conductivity zone (figure 23). Indeed, in the
zone, the soil type is a Lep and therefore the soil has a poor drainage (figure 10). Moreover, the topography
shows that this zone is lower than the Southern part (figure 10).
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(a) LUW1 (b) LUW2

(c) LUW3 (d) LUW4

Figure 24 – Clustered EMI maps ((a) LUW1 ; (b) LUW2 ; (c) LUW3 ; (d) LUW4).

4.2 Relationships between EMI signal and soil properties

Scatter plots of ECa versus soil analysis results were made for the PRP1 and HCPH orientations. The
objective is to highlight the soil properties that explain the soil electrical conductivity in order to analyse the
clusters produced by the spatial fuzzy c-means classification. The investigation depth of PRP1 orientation
(40 cm) approximately corresponds to the 0-30 cm samples. On the other hand, it was not possible to match
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the samples taken between 30 and 60 cm to the ECa of a precise orientation because we are talking about
"apparent" soil electrical conductivity and therefore about an average over the entire volume of soil explored.
HCPH (DOI = 65 cm) data are therefore compared with a mean value of the soil properties between 0 and
60 cm.

First, correlations has been computed and table 5 gives the soil properties with correlations higher than
0.6 with PRP1 signal and R2 and p-value of a simple linear regression between the soil property and the
EMI signal while table 6 concerns HCPH. Scatter plots of this soil properties are shown in figure 25 for
PRP1 and figure 26 for HCPH.

As expected, the texture, via the clay content and the coarse sand content, and the moisture content
influence electrical conductivity. CEC is related to texture so it also influence the ECa. Finally iron, calcium
also influences ECa.

However, LUW4 has a totally different behaviour. ECa values in this site are higher and slopes in scatter
plot are higher than for the other sites. This can be explained by a higher soil iron content, especially in the
first 30 cm of the soil. Indeed, figure 27 shows the iron content for the 30 first cm of soil in every site and
LUW4 samples values are clearly higher. Figure 28 presents the scatter plots of PRP1 and HCPH versus
iron content in LUW4. The iron content is what mainly explains ECa for this site and that’s why LUW4
must be analysed independently from the other sites. Moreover, LUW4 is a pasture while LUW1, LUW2
and LUW3 are cropland which may explain the difference in behaviour of the EMI signal.

Table 5 – Correlations between soil ECa of PRP1 coil geometry (DOI = 40 cm) and soil properties and R2 and
p-value of the simple linear regression for soil properties with r>0.6.

r R2 p-value
Calcium 0.78 0.60 <0.001

Coarse sand -0.71 0.50 <0.001
CEC 0.68 0.46 <0.001
Clay 0.63 0.40 <0.001
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(a) Scatter plot of PRP1 vs calcium (b) Scatter plot of PRP1 vs coarse sand

(c) Scatter plot of PRP1 vs CEC (d) Scatter plot of PRP1 vs clay

Figure 25 – Scatter plots of PRP1 vs soil properties ((a) Calcium ; (b) Coarse sand ; (c) CEC ; (d) Clay).

Table 6 – Correlations between soil ECa of HCPH coil geometry (DOI = 65 cm) and soil properties and R2 and
p-value of the simple linear regression for soil properties with r>0.6.

r R2 p-value
Iron 0.73 0.74 <0.001

Calcium 0.60 0.53 <0.001

(a) Scatter plot of HCPH versus iron (b) Scatter plot of HCPH versus calcium

Figure 26 – Scatter plots of HCPH vs soil properties ((a) Iron ; (b) Calcium).
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Figure 27 – Boxplot of iron content between 0 and 30 cm for all samples for each site.

(a) LUW4 - Scatter plot of PRP1 versus iron (b) LUW4 - Scatter plot of HCPH versus iron

Figure 28 – LUW4 - Scatter plots of EMI signal vs iron ((a) PRP1 ; (b) HCPH).

Correlations are clearly higher when LUW4 is not taking into account (tables 7 and 8).

In order to be able to analyse the further management areas for LUW1, LUW2 and LUW3, we will focus
on only four properties. Indeed, for most soil properties the link with ECa isn’t strong enough. For instance,
for some properties, even if correlations are in the direction of a link between this characteristic and the
electrical conductivity and that it is possible to make a significant regression between them, it seems to be
only thanks to one of the sites while the two others have no clear tendencies for this properties. Moreover,
the soil properties are obviously not independent of each other. It would not be relevant to explain the
electrical conductivity by the clay content, the silt content and the sand content at the same time. It was
therefore decided to analyse the EMI data and the resulting management areas through the prism of calcium
(figure 29), clay (figure 30) and soil water content (figure 31). With the purpose of validating the choice of
these three properties, a multiple linear regression was performed for HCPH and PRP1 and these regressions
being significant (both p-values < 0.001), these characteristics were kept. In addition to their significance in
this data set, clay, soil moisture and calcium have already been linked to the EMI signal in lots of studies
(Doolittle and Brevik, 2014).
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Table 7 – LUW1, LUW2, LUW3 - Correlations between
soil ECa of PRP1 coil geometry (DOI = 40 cm) and soil

properties and R2 and p-value of the simple linear
regression for soil properties with r>0.6.

r R2 p-value
Coarse sand -0.90 0.81 <0.001

Calcium 0.86 0.74 <0.001
Clay 0.84 0.71 <0.001
CEC 0.82 0.68 <0.001

pH H20 0.79 0.55 <0.001
pH KCl 0.77 0.51 <0.001

Moisture content 0.76 0.55 <0.001
Nitrogen 0.64 0.49 <0.001
Fine silt 0.62 0.38 0.003

Table 8 – LUW1, LUW2, LUW3 - Correlations between
soil ECa of HCPH coil geometry (DOI = 65 cm) and soil

properties and R2 and p-value of the simple linear
regression for soil properties with r>0.6.

r R2 p-value
Coarse sand -0.93 0.87 <0.001

Calcium 0.84 0.72 <0.001
Moisture content 0.83 0.69 <0.001

Clay 0.83 0.68 <0.001
CEC 0.80 0.64 <0.001

pH H20 0.77 0.55 <0.001
pH KCl 0.66 0.42 0.002

(a) LUW1, LUW2 and LUW3 - Scatter plot of PRP1 vs cal-
cium

(b) LUW1, LUW2 and LUW3 - Scatter plot of HCPH vs
calcium

Figure 29 – LUW1, LUW2 and LUW3 - Scatter plots of EMI signal vs calcium ((a) PRP1 ; (b) HCPH).

(a) LUW1, LUW2 and LUW3 - Scatter plot of PRP1 vs clay (b) LUW1, LUW2 and LUW3 - Scatter plot of HCPH vs clay

Figure 30 – LUW1, LUW2 and LUW3 - Scatter plots of EMI signal vs clay ((a) PRP1 ; (b) HCPH).
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(a) LUW1, LUW2 and LUW3 - Scatter plot of PRP1 vs mois-
ture content

(b) LUW1, LUW2 and LUW3 - Scatter plot of HCPH vs
moisture content

Figure 31 – LUW1, LUW2 and LUW3 - Scatter plots of EMI signal vs moisture content ((a) PRP1 ; (b) HCPH).

Regarding LUW4, in addition to iron, the choice has been made to focus on iron, CEC, moisture content,
SOC and pH for the 30 first cm of the soil (figure 32). Statistics for these soil properties are given in table
9. For the 30-60 cm samples, there are less soil properties which explain significantly the ECa. However, pH
again seems to explain it in addition to iron (figure 33, table 10).

Table 9 – LUW4 - Correlations between soil ECa of
PRP1 coil geometry (DOI = 40 cm) and soil properties
and R2 and p-value of the simple linear regression for

selected soil properties.

r R2 p-value
Iron 0.94 0.89 0.005

Moisture content 0.94 0.88 0.006
CEC 0.94 0.88 0.006
SOC 0.92 0.85 0.009

pH KCl 0.90 0.81 0.015

Table 10 – LUW4 - Correlations between soil ECa of
HCPH coil geometry (DOI = 65 cm) and soil properties

and R2 and p-value of the simple linear regression for
selected soil properties.

r R2 p-value
pH KCl 0.87 0.76 0.024

Iron 0.86 0.74 0.027
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(a) LUW4 - Scatter plot of PRP1 vs CEC (b) LUW4 - Scatter plot of PRP1 vs moisture content

(c) LUW4 - Scatter plot of PRP1 vs soil organic carbon (d) LUW4 - Scatter plot of PRP1 vs pH KCl

Figure 32 – LUW4 - Scatter plots of PRP1 vs soil properties ((a) CEC ; (b) Moisture content ; (c) SOC ; (d) pH
KCl).

Figure 33 – LUW4 - Scatter plot of HCPH versus pH KCl.

4.3 Clustering analysis

The analysis of the relation between ECa and soil properties allows for a more precise analysis of the
clustering in the different fields. A summary of the different classifications and samples locations is presented
in figure 34.
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Figure 34 – Clustered EMI maps - summary.

4.3.1 LUW1

Table 11 presents the mean value and the standard deviation of the ECa for each cluster and each coils
configuration while table 12 shows the results of the soil analysis for the selected soil properties for each
samples with the indication of their cluster for LUW1. ECa is higher, whatever the volume of soil explored,
in cluster 3 followed by cluster 1 and finally cluster 2 (table 11). As explained before, it is difficult to explain
the differences in cluster 2 from the other two because the topsoil was tilled unlike the rest of the field.
However, the samples taken between 30 and 60 cm, and therefore below the ploughed zone, indicate a lower
clay content as well as, and this is related, a lower water content than in cluster 1. There is also less calcium.
Concerning cluster 3, there is no water content for the single sample which is located in this area. The
reason is simple, G sample was collected several months after the EMI scan so the water content couldn’t be
compared to the ECa. Indeed, water content is temporary dependant. However, one Sentek probe is located
in each of the cluster and shows that the water content is more stable and reacts less quickly to weather
variations in the third cluster at 25 cm depth (figure 35). The clay content which is higher than in cluster
2 goes in the same direction. Moreover, the field observation, by installing the Sentek probes, also showed
that the area was more humid. Finally, cluster 1 and 3 used to belong to a different field than cluster 2 in
the past and that may partly explain the differences between the areas.
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Table 11 – LUW1 - ECa statistics in each cluster.

Cluster
1 2 3

PRPH Mean ECa [mS/m] 5.7 3.8 7.0
STD [mS/m] 0.5 0.5 1.0

PRP1 Mean ECa [mS/m] 8.9 6.5 10.7
STD [mS/m] 0.6 0.6 1.3

PRP2 Mean ECa [mS/m] 13.0 10.8 14.8
STD [mS/m] 0.6 0.9 1.3

HCPH Mean ECa [mS/m] 12.8 11.3 14.3
STD [mS/m] 0.6 0.6 1.0

HCP1 Mean ECa [mS/m] 18.0 16.4 19.7
STD [mS/m] 0.6 0.9 0.9

Table 12 – LUW1 - results of the soil analysis for the selected soil properties.

Sample Cluster Moisture Content [%] Clay [%] Ca [mg/100g]
A 1 31.27 8.38 80
B 2 35.72 7.33 89
C 2 34.19 7.67 100

0 - 30 cm D 2 30.23 7.70 78
E 1 30.10 7.60 74
F 1 30.48 7.54 79
G 3 / 8.00 78
A 1 29.33 10.86 66
B 2 28.81 9.47 63
C 2 26.74 7.17 64

30 - 60 cm D 2 29.53 7.52 47
E 1 29.33 14.66 92
F 1 31.96 12.39 82
G 3 / 14.30 87
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(a) Moisture content at 25 cm and daily precipitation

(b) Moisture content at 25 cm and daily ET0

Figure 35 – LUW1 - Moisture content at 25 cm in each cluster ((a) with daily precipitation ; (b) with daily ET0).

4.3.2 LUW2

For LUW2, by looking at the mean ECa of the clusters (table 13) we see that the differences between
the clusters are less pronounced than for LUW1. Furthermore, concerning the six first samples, the field
could seem very homogeneous. However, sample G, taken after the SFCM was performed, reveals a clear
difference in texture which might explain the higher ECa of the second cluster. This shows the interest of
having performed a clustering of the EMI data. If we focus only on the experimental part, near and in which
the samples were taken, it is then important to note that there is certainly a zone significantly more clayey
in depth corresponding to the cluster 2 and so to the second walnut tree row of the LUW experiment. This
could affect the performances of the walnut trees in the future and must therefore be known when analysing
further results. The clay layer can lead to poor drainage which is unfavourable to the good development of
the walnut tree (Wertheim, 1981; Germain et al., 1999).

49



Table 13 – LUW2 - ECa statistics in each cluster.

Cluster
1 2 3

PRPH Mean ECa [mS/m] 4.4 5.8 4.8
STD [mS/m] 0.5 0.8 0.6

PRP1 Mean ECa [mS/m] 6.5 8.8 7.4
STD [mS/m] 0.5 0.7 0.4

PRP2 Mean ECa [mS/m] 9.2 12.0 10.6
STD [mS/m] 0.7 0.7 0.6

HCPH Mean ECa [mS/m] 10.4 12.5 11.3
STD [mS/m] 0.7 0.7 0.6

HCP1 Mean ECa [mS/m] 12.9 15.5 14.2
STD [mS/m] 0.6 0.7 0.6

Table 14 – LUW2 - results of the soil analysis for the selected soil properties.

Sample Cluster Moisture Content [%] Clay [%] Ca [mg/100g]
A 3 34.66 10.41 132
B 3 33.18 11.18 141
C 3 32.90 10.86 129

0 - 30 cm D 1 32.76 10.42 124
E 1 33.20 10.52 117
F 3 32.41 10.79 146
G 2 / 10.50 151
A 3 33.39 12.05 124
B 3 32.18 10.79 127
C 3 30.79 12.59 133

30 - 60 cm D 1 33.62 10.14 110
E 1 34.59 12.29 109
F 3 35.04 12.84 124
G 2 / 19.70 175

4.3.3 LUW3

In LUW3, the second cluster is the one with the highest ECa while cluster 1 has the lowest ECa. Indeed,
cluster 2 has more clay. Moisture content is at the highest for A sample which is in the cluster 2 but it is
difficult to give an estimation for G sample because on the one hand the clay content is high but on the
other hand the elevation on the field is higher than for the other sampling points. It would not be rigorous
to draw much other information from the samples because trends are not clear in this case. Nevertheless,
as said before, the clusters follow the topography. A silty and organic-rich zone at the bottom of the slope,
which corresponds to the cluster 1, can therefore be expected.

Table 15 – LUW3 - ECa statistics in each cluster.

Cluster
1 2 3

PRPH Mean ECa [mS/m] 8.3 11.1 9.7
STD [mS/m] 1.0 1.2 0.9

PRP1 Mean ECa [mS/m] 13.7 18.8 16.2
STD [mS/m] 1.3 1.7 1.1

PRP2 Mean ECa [mS/m] 19.9 26.5 23.3
STD [mS/m] 1.6 2.2 1.1

HCPH Mean ECa [mS/m] 16.3 20.8 18.7
STD [mS/m] 1.2 1.6 0.9

HCP1 Mean ECa [mS/m] 25.2 31.7 28.6
STD [mS/m] 1.6 2.4 1.1
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Table 16 – LUW3 - results of the soil analysis for the selected soil properties.

Sample Cluster Moisture Content [%] Clay [%] Ca [mg/100g]
A 2 41.64 19.82 240
B 1 35.68 14.10 290
C 1 37.94 13.78 220

0 - 30 cm D 3 38.17 17.62 320
E 3 36.50 11.85 260
F 3 35.87 12.10 250
G 2 / 18.60 295
A 2 41.46 19.43 205
B 1 36.71 13.57 195
C 1 37.03 14.63 152

30 - 60 cm D 3 37.74 15.29 230
E 3 36.37 13.26 230
F 3 34.65 14.13 220
G 2 / 20.40 222

4.3.4 LUW4

Concerning LUW4, table 17 shows that the cluster 2 have a clearly higher ECa than the cluster 1. The
soil analysis (table 18) confirms the EMI results (figure 23) and the soil map (figure 10). Indeed, the samples
taken in the second cluster have a higher water content which is explained by the poor drainage and can
explain the ECa. The cluster 2 is therefore a wetter area, with higher organic carbon content, higher pH
and higher iron content. Sample F isn’t taken into account here because it is at the frontier between the two
zones. It can not be seen with the soil analysis but the soil in the cluster 2 (figures 36 and 37) have a white
colour synonymous with gleying while the soil in cluster 1 has colours that go more towards orange (figure
38). The water table level seems therefore to be higher in cluster 2. As far as the expected performances of
the trees are concerned, the poor drainage area represented by cluster 2 could significantly affect the trees in
the future, excessive humidity and insufficient aeration of the soil being one of the most impacting elements
for the walnut tree (Wertheim, 1981; Germain et al., 1999). However, pH is very low in cluster 1 and it could
also affect the performance of the trees (Wertheim, 1981; Germain et al., 1999).

Table 17 – LUW4 - ECa statistics in each cluster.

Cluster
1 2

PRPH Mean ECa [mS/m] 4.5 9.1
STD [mS/m] 0.9 2.1

PRP1 Mean ECa [mS/m] 9.1 17.8
STD [mS/m] 1.8 3.0

PRP2 Mean ECa [mS/m] 19.3 32.8
STD [mS/m] 3.7 4.1

HCPH Mean ECa [mS/m] 18.5 25.4
STD [mS/m] 2.3 2.2

HCP1 Mean ECa [mS/m] 31.1 44.4
STD [mS/m] 4.3 3.9
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Table 18 – LUW4 - results of the soil analysis for the selected soil properties.

Sample Cluster CEC
[cmol(+)/kg]

Moisture
content

[%]

Organic
carbon

[%]

pH
KCl
[-]

Iron
[mg/100g]

A 1 6.05 24.81 0.76 4.66 94.3
B 2 6.91 33.41 0.95 5.23 152.3

0-30 cm C 1 6.16 26.63 0.84 4.61 87.8
D 2 8.28 33.43 1.04 6.34 167.8
E 1 6.31 28.60 0.79 4.65 115.5
A 1 5.09 49.1
B 2 6.06 62.5

30-60 cm C 1 4.95 53.5
D 2 6.86 136.4
E 1 5.22 80.9

Figure 36 – Soil profile of sample B in cluster 2. Figure 37 – Soil profile of sample D in cluster 2.

Figure 38 – Soil profile of sample C in cluster 2.

4.4 Clustering with NDVI data

SFCM algorithm has been computed with PRPH, PRP1 and NDVI data (figure 39) to compare with the
results of clustering with all the EMI data but without NDVI (figure 40).
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For LUW1, the analysis of the different classification index shows that a fourth group was needed (in
yellow). Except for this new group, the clusters have remained almost unchanged.

Concerning LUW2, the important element is the disappearance of the zone following the clayey area. This
area didn’t therefore impact the vegetation index. Expectations about low walnut tree performance might
therefore be discussed if crops are not affected. However, it is still early to predict whether the trees will
develop well or not and if differences are observed in the future in this area, this clustering could be used to
justify these differences.

No clear differences are observed in LUW3. What could be considered as edges effect in the Western
part of the field for the NDVI (figure 39) goes in fact in the same direction as EMI data and the a cluster
following this area is observed in both classifications.

Finally, concerning LUW4, lower plants performances is confirmed in the Northern part of the field (figure
39), with poor drainage and high water table level. This confirms that attention must be paid to the health
of the trees in this area.

Figure 39 – NDVI maps.

(a) Clustered maps : EMI (b) Clustered maps : EMI + NDVI

Figure 40 – Clustered maps ((a) EMI ; (b) EMI + NDVI).
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4.5 First results of tree characteristics

In order to have comparable groups, the first step was to select trees in each cluster (figure 41). A variety
had to be represented an equal number of times in each group for a site. It is important to remember that
the clusters determined previously do not take into account the experimental design of the sites and that it
is therefore not appropriate to select all the trees of a cluster.

(a) LUW1 (b) LUW2

(c) LUW3 (d) LUW4

Figure 41 – Selected trees for the statistical analysis ((a) LUW1 ; (b) LUW2 ; (c) LUW3 ; (d) LUW4).
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Most groups do not follow a normal distribution (table 19), which is one of the assumption of the ANOVA.
The results must therefore be considered with caution. Regarding the differences in performance in terms of
budding time and leaf damages, almost no significant effect is observed (table 19) except for the leaf damage
measurement for LUW1 (the second measurement) and LUW3 (p-value = 0.000182 and 0.0362 respectively).

The Tukey’s test for LUW1 shows that the walnut trees in the second cluster have a significantly higher
damage score than those in the first cluster (p-value = 0.00147) and than those in the third cluster (p-value
= 0.00043) (table 20). However, the groups do not follow a normal distribution and the results are then less
reliable and moreover the clusters follow the tree rows and therefore the higher damage score in the second
cluster may be the effect of proximity between trees that increases the chances of disease transmission or
simply the position in the field rather than the effect of spatial heterogeneity of the soil. Furthermore, due
to differences in terms of soil management of this second cluster, it is the determined homogeneous soil area
for which there is the least certainty as to its relevance.

Concerning LUW3, the Tukey’s test shows that the damage score is higher in cluster 3 than in cluster 2
(p-value = 0.0362) (table 20). Once again, the groups do not follow a normal distribution and the results
are therefore less reliable, especially when taking into account that the p-value is close to not be significant.

Table 19 – Summary of the statistical analyses.

Site Variable Shapiro-Wilk test Levene’s test One-way ANOVA

p-value Normal
distribution p-value

Homogeneity
of

variances
p-value Significantly

different

Budding time Cluster 1 0.000276 NO
Cluster 2 0.000720 NO 0.84 YES 0.999 NO
Cluster 3 0.00341 NO

Leaf damages 1 Cluster 1 0.000489 NO
LUW1 Cluster 2 0.000804 NO 0.05984 YES 0.14 NO

Cluster 3 0.000000321 NO
Leaf damages 2 Cluster 1 0.00684 NO

Cluster 2 0.0318 NO 0.07001 YES 0.000182 YES
Cluster 3 0.0000299 NO

Budding time Cluster 2 0.977 YES 0.8798 YES 0.936 NO
Cluster 3 0.877 YES

LUW2 Leaf damages 1 Cluster 2 0.000892 NO 0.5057 YES 0.303 NO
Cluster 3 0.0672 YES

Leaf damages 2 Cluster 2 0.000165 NO 0.642 YES 0.705 NO
Cluster 3 0.000892 NO

Budding time Cluster 1 0.000486 NO 0.2934 YES 0.686 NO

LUW3 Cluster 3 0.637 YES
Leaf damages Cluster 1 0.0391 NO 0.4442 YES 0.0362 YES

Cluster 3 0.0548 YES
Budding time Cluster 1 0.637 YES 1 YES 0.252 NO

LUW4 Cluster 2 0.637 YES
Leaf damages Cluster 1 0 NO 0.5614 YES 0.768 NO

Cluster 2 0 NO
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Table 20 – Results of Tukey’s test.

Site Variable Tukey’s test

Group Estimate
difference

Lower
confidence

(95 %)

Upper
confidence

(95 %)
p-value

Cluster 1 Cluster 2 1.06 0.369 1.74 0.00147
LUW1 Leaf damages 2 Cluster 1 Cluster 3 -0.111 -0.798 0.576 0.92

Cluster 2 Cluster 3 -1.17 -1.85 -0.48 0.00043
LUW3 Leaf damages Cluster 1 Cluster 3 -1 -1.93 -0.0727 0.0362

Although significant differences were observed in two of the sites, the experiment is still too recent and
the trees too young to draw any conclusions. However, if these differences continue in the future of the
experiment, conclusions could be made.

Finally, this is outside the field of statistics, but it is important to note that for LUW4, out of 4 trees
that died during 2021, two are located in cluster 2 (which represents 6 trees out of 22 in total) and another
is located almost at the border of this cluster (figure 42). One hypothesis is that since 2021 was a very wet
year and cluster 2 of LUW4 was also particularly wet, the trees in this area suffered from the lack of air for
roots.

Figure 42 – LUW4 - Dead walnut trees.
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5 Discussion

5.1 Soil mapping and determination of homogeneous zones

5.1.1 EMI soil scanning

An EMI soil scanning was performed in March 2021 in the four studied AF sites. This scanning provided
six soil ECa maps per field based on the six different coil orientations : horizontal coplanar dipole mode
with a coil spacing of 0.5, 1 and 2 m (HCPH, HCP1 and HCP2) and perpendicular dipole mode with a coil
spacing of 0.6, 1.1 and 2.1 m (PRPH, PRP1 and PRP2). For LUW2 and LUW3, the soil scan went well.
However, concerning LUW1 and LUW4, the data need to be discussed.

For LUW1, the land cover and soil management were not homogeneous when the EMI scanning was
performed. This biased the results in two ways. Firstly, the EMI rasters had to be clipped to eliminate one
of the three land cover of the dataset and to only focus on the two within the long-term experimental trial.
However, this clipped part nowadays also belongs to the experiment and it would have been interesting to take
it into account in the search for soil homogeneous areas. Furthermore, this would have added heterogeneity
to the data and may have resulted in areas with larger differences or in more areas. Then the fact that
the field had different land covers within the agroforestry system and that the rasters couldn’t therefore be
clipped except by not considering one of the rows of trees biased the results of the clustering. Indeed, the
ploughing of the field had a important weight in the results of the soil scan and one of the three clusters
directly follows the ploughed portion of the plot. To focus on the deeper layers in the scan, so as to eliminate
heterogeneity caused by recent tillage in the top layer, was not a solution because the impact of the first
30 cm of soil was important for all coil configurations. The soil scanning should have been performed on a
homogeneous field especially in this case in which the objective is to search for homogeneous soil areas.

Regarding LUW4, some metal fences were around the trees to protect them and the different rasters were
then clipped because the metal distorted the scan results. However, the impact of the metal fences was only
felt around the trees and the rest of the field had reliable data.

EMI soil scanning has been done only once on each field. Therefore, it does not take into account a
potential temporal heterogeneity of the sites. Indeed, soil moisture has a huge impact on the soil ECa and
soil moisture on a field is time dependent. Additional soil scans could have brought information about the
temporal heterogeneity.

5.1.2 Data clustering

Several soil zones considered as homogeneous have been determined by EMI data clustering with a spatial
fuzzy c-means algorithm in each sites.

The clustering was performed based on five EMI data rasters and then compared with a clustering in-
cluding NDVI data. The NDVI datasets used had a resolution of 8 m x 8 m which is low for fields that
are sometimes less than 1 ha in surface area.. That is why these datasets were used only in addition to
compare with the previously determined areas instead of being included since the beginning. The use of
high resolution NDVI, obtained for instance with a drone, could add a reliable information on the plant
performances in the field. This would directly echo the reason why clusters are determined : to determine
homogeneous areas in order to interpret the performance of trees.

5.2 Relationships between EMI signal and soil properties

In each sites, six soil samples have been taken between 0 and 30 cm and six others between 30 and 60 cm
to analyse the soil. The sample locations were determined using a conditioned Latin hypercube algorithm
based on the EMI signal. The goal was to optimally sample the variability in the EM data while limiting
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the number of samples so as not to increase the cost for soil analyses compared to a simple cross-sampling.
This objective is partly achieved. However, this led to two issues.

Firstly, relying on the cLHS method to determine the sampling location and determining the clusters
by another algorithm, the SFCM, led to the need to resample in some areas. It was therefore not possible
anymore to analyse the soil moisture of these new samples in regard to the EMI data because of the time
shift between sampling and scanning. Moreover, the cLHS method showed a failure by not designating a
sample in an area that eventually showed great differences in terms of texture in LUW2.

Secondly, and it is the main problem, a set of six samples is too low to determine in a statistically sound
way the effect of a soil property on the ECa. Even when regrouping LUW1, LUW2 and LUW3 datasets, 18
samples is still a quite limited number. Fortunately, for some properties, and consistent with the literature,
it was possible to identify a relationship between the EMI signal and the soil analysis results. However,
at the field level this was not always the case or worse, the relationship was different. The assumption
was made that this was due to the small number of samples, not always representative enough, and that
the real relationship is the one determined based the 18 samples. It should be noted, however, that even
with more samples collected in each site, it may still have been necessary to combine the data in order to
obtain conclusive results. In general, the greater the variability within a measured property, the stronger
the correlations with ECa measurements (Doolittle and Brevik, 2014).

Finally, a lot of properties have been analysed while only a few of them explain the EMI signal. With the
benefit of hindsight, it would have been more appropriate to test initially only the properties that are most
closely related to soil electrical conductivity in the literature for the locations determined thanks to the
cLHS method. Then, once the clusters determined via SFCM, a composite sample could have been taken
from each cluster to test the other properties.

5.3 First results of trees performance

A statistical analysis of the budding time and the health of walnut trees in the light of the homogeneous
areas was performed. Although significant differences were observed for the health of the leaves, it is more
prudent not to draw any conclusions given that the size of the groups tested is limited and that the hypothesis
of normality of the populations is not met.

Then, for the other statistical analyses, any significant effects were observed.

However, all these results should be viewed with caution.

Above all, the trees are two years old and were planted in January 2021. They are therefore still very
young and are located in the different clusters for less than a year. Results over several years would have
allowed clearer conclusions to be drawn.

An other issue in the analysis is that the agroforestry systems have been designed to be analysed in such
a way that the walnut varieties are evenly spread over the field and tree rows, so as to be able to consider
the trees from the same varieties as independent replicates. In two of the sites (LUW1 and LUW2), the
design furthermore took into account the ability to assess two factors : crop performance in the alleys as
affected by the phenology of the walnut trees, by planting the commercial varieties and the late budding
varieties in separate block. The clusters representing homogeneous soil areas were determined after the
plantation and independently of the design. In the case of LUW1, by chance, the clusters follow the tree
rows and each walnut variety is represented at least once per row. It is therefore easily feasible to select one
representative group of walnut trees per cluster for the statistical analysis. However it is not the case for
the other experimental sites in which only two clusters can be analysed. Moreover, the number of trees in
some clusters is too small to allow a reliable analysis.

58



5.4 Soil moisture dynamics

The Sentek probes, used to measure the moisture content in LUW1, were not calibrated. Conclusions could
then be made only concerning the relative values. The calibration of the probes could refine the analysis by
allowing the use of the absolute values. Moreover, the calibration could make it easier to model the water
content and thus be able to estimate the future of the water dynamics in the plot.

5.5 Overview

The purpose of the present study was to characterise the soil conditions and heterogeneity in four new
experimental AF sites with late-budding walnut trees in Flanders by developing a methodology for the
determination of homogeneous soil zones and to identify the impact of these growth conditions on the tree
performance.

For LUW1, the clustering combined with the soil analysis mainly shows an wetter area in the Western
part of the field. Clustering in LUW2 revealed an area with a clay layer in depth, which is not present in the
rest of the field. In LUW3, the clustering, and therefore the electrical conductivity, follow the topography
and the soil types of the field. Finally, LUW4 analysis highlights a very wet area with a water table that
rises close to the surface.

A first remark that can be made is that, for LUW1 and LUW2, the clustering method determined three
different zones while the global analysis concludes to only one single zone with really different characteristics
compared to the two others. This highlights the fact that there is a dichotomy between the high accuracy
and resolution of the EMI data and the goal of determining areas of soil considered homogeneous for trees
that are in fact quite tolerant to the soil type and in small-sized plots.

However, although some determined soil zones do not actually vary much from others, the methodo-
logy used has highlighted other areas that in terms of texture and moisture content may affect the future
performance of walnut trees.

In a broader context, there is an interest in replicating this method, while considering the criticisms and
adjustments mentioned previously, for other long-term AF experiments. First, it allows for a more detailed
analysis of the soil conditions at the beginning of the experiment. Then, it can refine the understanding of
the differences in future results of the trees in the experiment. Even if the experimental designs are created
to take into account a potential spatial heterogeneity of the soil (randomised blocks, Latin square, etc.), the
clusters will refine the understanding of this heterogeneity.
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6 Personal contribution of the student
The main goals for the student was to characterise the soil conditions and heterogeneity in four new

experimental AF sites by determining soil homogeneous zones. With this purpose, the activities carried out
by the student are :

- The collection of the soil samples.

- The soil moisture analysis of the soil samples.

- The installation of the Sentek probes in LUW1.

- The assessment of a leaf damage score in LUW3 and LUW4.

- The choice of an algorithm for the clustering and the realisation of this clustering.

- The development of a innovative method to identify different soil homogeneous area in AF systems.

- All the analyses of the results.

- Interviews of AF key informants which have improved the knowledge of the student about AF.

In each field, at least one soil zone with significant differences has been identified which may help to explain
differences in development or performance of walnut trees in the future of this experiment. Moreover, the
developed methodology could be applied in other experimental AF sites.
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7 Conclusion
In the new AGROFORESTRY 2025 project, seven experimental sites for a long-term trial of agroforestry

with late-budding walnut trees have been launched early 2021 in Flanders, of which four were examined
in the framework of this master thesis : LUW1, LUW2, LUW3 and LUW4. An electromagnetic induction
soil scanning was conducted on each of these sites in March and soil sampling took place. The EMI soil
scanning was simultaneously done with six different coil orientations : PRPH, PRP1, PRP2, HCPH, HCP1
and HCP2. The five first orientations, corresponding to a maximum depth of investigation of 1.5 m, have
been implemented in a spatial fuzzy c-means algorithm with the purpose of determining homogeneous soil
zones within each field.

In each field, at least one zone with significant differences in terms of soil texture, water table level or
water content has been identified. Differences in performance could therefore occur between trees in this zone
and those in other zones in the future of the experiment. On the other hand, the methodology developed
in this study also determined areas between which there is no large difference. Since walnut tree is not very
sensitive to small soil differences, these areas seem to be of limited interest.

Nowadays, the analysis of performance of the walnut trees didn’t prove with certainty a significant influence
of the determined homogeneous soil zones on the trees. However, the trees are still young and were only
planted one year ago. Since the determination of zones is intended to explain differences in tree performance
over the long term, more conclusive results are expected in the future.

Prospects in order to improve this methodology of determination and description of homogeneous soil
zones are possible. Firstly, now that several soil properties have been shown to be related to soil electrical
conductivity in the different experimental sites, more soil samples could be collected as a result of a future
scan to analyse only those specific properties. Moreover, samples could be taken according to the exact
depth of investigation of the different coils geometry. In this way, robust models could possibly be built
to define for each site, or for all the sites in once, the relationship between these properties and ECa.
Secondly, the relevance of the determined soil zones will have to be evaluated during the future of the
experiment by analysing the results obtained in the light of the different clusters. Finally, as for a broader
view of this methodology, it could be applied in other long-term AF experiments in order to provide a better
understanding of the initial soil conditions and especially of the spatial heterogeneity of the experimental
sites.
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Table 21 – LUW1 - tree performance.

Cluster Variety Budding week Damage leaf 1 Damage leaf 2
1 PLO 0 1 2
1 RIT 0 2 1
1 16 0 1 1
1 GER 0 1 2
1 PRO 0 1 2
1 LOD 0 1 2
1 ZL6 8 0 3
1 ZL1 4 1 3
1 ZL2 8 0 0
1 ZL11 7 0 1
1 BRO 0 1 1
1 BUC 0 0 3
1 COE 0 1 3
1 ZL9 7 0 0
1 ZL8 9 0 1
1 ZL12 4 0 0
1 ZL15 4 2 1
1 ZAAI1 9 0 2
2 PRO 0 1 2
2 LOD 0 1 3
2 PLO 0 0 1
2 BRO 0 1 3
2 16 0 0 3
2 COE 0 1 3
2 ZL9 7 0 3
2 ZL12 4 0 3
2 ZL15 4 0 2
2 ZAAI1 9 0 2
2 RIT 0 0 3
2 BUC 3 0 2
2 GER 0 0 3
2 ZL1 4 0 3
2 ZL2 8 0 3
2 ZL6 8 0 3
2 ZL8 6 1 3
2 ZL11 7 0 2
3 BRO 0 1 1
3 BUC 1 0 2
3 COE 0 1 2
3 GER 0 1 2
3 ZL1 6 0 0
3 ZL2 9 0 0
3 ZL6 8 0 2
3 ZL8 7 0 1
3 RIT 0 1 3
3 PLO 0 2 2
3 16 0 1 1
3 PRO 0 2 2
3 LOD 1 1 2
3 ZL15 4 1 2
3 ZL11 7 0 1
3 ZAAI1 8 0 1
3 ZL12 4 0 2
3 ZL9 6 0 0
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Table 22 – LUW2 - tree performance.

Cluster Variety Budding week Damage leaf 1 Damage leaf 2
2 ZL6 10 0 1
2 ZL8 8 0 3
2 ZL1 7 0 1
2 LOD 1 1 1
2 COE 2 1 2
2 GER 4 1 1
2 ZL10 6 1 1
2 ZL3 5 0 1
3 COE 1 1 2
3 ZL1 8 0 1
3 ZL6 10 0 1
3 LOD 2 2 2
3 GER 4 1 1
3 ZL10 6 1 2
3 ZL8 8 0 1
3 ZL3 5 2 2

Table 23 – LUW3 - tree performance.

Cluster Variety Budding week Damage leaf
1 ZL6 8 3
1 ZL24 6 2
1 ZL10 6 1
1 ZL12 6 1
1 ZL17 6 2
1 ZL1 6 2
1 ZL14 9 1
1 ZL14 9 1
1 ZL13 6 4
3 ZL14 9 1
3 ZL14 8 0
3 ZL6 9 2
3 ZL12 5 2
3 ZL1 5 1
3 ZL10 3 0
3 ZL17 6 1
3 ZL24 7 1
3 ZL13 7 0

Table 24 – LUW4 - tree performance.

Cluster Variety Budding week Damage leaf
1 ZL1 8 2
1 ZL10 7 1
1 ZL3 10 1
2 ZL3 5 3
2 ZL10 7 0
2 ZL1 8 0

69
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