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Abstract 
Food forestry, a form of agroforestry, is defined as an intensive agroecosystem with primarily woody, 

perennial plants mimicking a forest ecosystem. Since 2017, the Dutch government has recognised 

food forestry as a means towards stimulating economic growth without a compromise on the 

environment. The benefits of agroforestry systems on ecosystem services are increasingly being 

recognised by the scientific community. However, food forests remain understudied, particularly on 

soil health in temperate regions. This thesis addresses this knowledge gap through a soil health 

ŀǎǎŜǎǎƳŜƴǘ ŀǘ ǘƘǊŜŜ ƭƻŎŀǘƛƻƴǎ ƛƴ ǘƘŜ bŜǘƘŜǊƭŀƴŘǎΥ ŦƻƻŘ ŦƻǊŜǎǘ YŜǘŜƭōǊƻŜƪΣ ŦƻǊŜǎǘ ƴŀǘǳǊŜ ǊŜǎŜǊǾŜ ά5Ŝ 

.Ǌǳǳƪέ ŀƴŘ ŀ ŎƻƴǾŜƴǘƛƻƴŀƭ ŀǊŀōƭŜ ŦŀǊƳ in Groesbeek. Soil health was examined through fieldwork, 

laboratory assessment and data compilation. Eleven soil quality indicators were examined and 

categorised into 3 types: 1. physical indicators, i.e., soil texture, -colour, -temperature, aggregate 

stability, bulk density, soil moisture content, soil resistance (0-80cm); 2. chemical indicators, i.e., pH, 

organic matter (OM), organic carbon (OC) and 3. biological indicators, i.e., earthworm abundance and 

species.  A random-stratified sampling design was followed with five samples taken per study site (one 

per stratum). At every location, one sample was taken at the topsoil (0-5cm) and subsoil (30-35cm). 

All soil health indicators were related to soil threats, soil processes and ecosystem services. Through 

a literature study, ranges and thresholds were formulated for loess soil and used as a benchmark.  

Statistically significant differences were found amongst the locations. Apart from aggregate stability 

in the top- and subsoil and organic matter and carbon content in the subsoil, results show that soil 

conditions were better at food forest Ketelbroek than the conventional arable farm. With the inclusion 

of historical data and (unpublished) follow-up research, temporal trends show SOM and SOC levels 

having doubled in the last decade at food forest Ketelbroek; from approximately 4% in 2009 to 8.8% 

in 2019. Overall, this study suggests that food forestry can be a sustainable form of land management 

practice for sandy loam soils in a temperate climate, but far more research is needed to validate the 

practice of food forestry. This study also suggest that food forest Ketelbroek can mitigate soil threats 

such as OM decline, compaction and biodiversity loss. Long-term monitoring would be needed to 

investigate the extent of this. Recommendations for this study arŜ ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ ǎŀƳǇƭŜ ǎƛȊŜ ǿƛǘƘ җо 

per stratum and to include more biological indicators, e.g. through nematode studies, litter 

decomposition rates or measuring soil respiration. Soil health can be assessed in numerous ways; 

therefore, integrative soil quality as a framework is highly recommended to further explore the effects 

and impacts of food forestry at soil, land and ecosystem level. 
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Nederlandse samenvatting 
Voedselbosbouw wordt gedefinieerd als een intensief agro-ecosysteem. Deze vorm van agroforestry 

bestaat uit voornamelijk houtachtige, meerjarige planten die een bosecosysteem nabootsen. Sinds 

2017 wordt voedselbosbouw door de Nederlandse overheid erkend als een vorm van landbouw die 

kan bijdragen aan economische groei zonder het milieu te schaden. De voordelen van agroforestry 

systemen voor ecosysteemdiensten worden in toenemende mate erkend door de wetenschappelijke 

gemeenschap. Echter, voedselbosbouw is onvoldoende onderzocht, in het bijzonder het effect op 

bodemgezondheid in gematigde klimaatzones. Deze scriptie draagt bij aan het opvullen van dit kennis 

hiaat door beoordeling van de bodemgezondheid op 3 locaties in Nederland: voedselbos Ketelbroek, 

bosnatuurreservaat "De Bruuk" en een gangbaar akkerbouwbedrijf in Groesbeek.  

Bodemgezondheid werd onderzocht aan de hand van veldmetingen, laboratoriumanalyses, en 

aanvullende bodemgegevens. Elf bodemgesteldheidsindicatoren werden gebruikt, verdeeld in 3 

categorieën: 1. fysische indicatoren, te weten bodemtextuur, -kleur, -temperatuur, aggregaat 

stabiliteit, bodemdichtheid, bodemvochtgehalte, bodemweerstand (0-80cm); 2. chemische 

indicatoren, te weten pH, organische stof (OM), organische koolstof (OC) en 3. biologische indicatoren, 

te weten soorten en aantallen regenwormen. 

Een willekeurig gestratificeerd bemonsteringsontwerp werd gevolgd waar 5 monsters genomen 

werden per studie locatie (één per stratum).  In elke locatie werd één monster genomen van zowel de 

toplaag (0 - 5 cm) en de ondergrond (30 - 35 cm). Vervolgens werden bodemgesteldheidsindicatoren 

gerelateerd aan bodembedreigingen, bodemprocessen en ecosysteemdiensten. Via een 

literatuurstudie werden streefwaarden en drempels geformuleerd voor lössgrond, de bodemsoort in 

het studiegebied.  

In de data werden statistisch significante verschillen gevonden tussen de drie studiegebieden. Met 

uitzondering van aggregaatstabiliteit (in de toplaag en ondergrond) en organische stof en 

koolstofgehalte (in de ondergrond), toonden de resultaten aan dat de bodemomstandigheden in 

voedselbos Ketelbroek beter waren dan die van het gangbare akkerbouwbedrijf. Uit historische 

gegevens en aanvullende onderzoek (niet gepubliceerde gegevens) bleek bovendien dat SOM- en 

SOC-niveaus verdubbelden in het laatste decennium op voedselbos Ketelbroek, van ongeveer 4.0% in 

2009 tot 8,8% in 2019. 

Al met al suggereert deze studie dat voedselbosbouw een duurzame vorm van landbeheer kan zijn 

voor zandige leemgronden in een gematigde klimaatzone, maar dat er meer onderzoek nodig is om 

dit te valideren. De resultaten suggereren ook dat voedselbos Ketelbroek bodembedreigingen zoals 

de achteruitgang van organisch stofgehalte, bodemverdichting en verlies van biodiversiteit kan 

mitigeren. Een langdurige vervolgstudie zou nodig zijn om de omvang hiervan te bepalen. Voor een 

betere beoordeling van de bodemgezondheid van agro-ecosystemen wordt aanbevolen de 

ǎǘŜŜƪǇǊƻŜŦƻƳǾŀƴƎ ǘŜ ǾŜǊƎǊƻǘŜƴ ƳŜǘ җо ǇŜǊ ǎǘǊŀǘǳƳ Ŝƴ ƳŜŜǊ ōƛƻƭƻƎƛǎŎƘŜ ƛƴŘƛŎŀǘƻǊŜƴ ƻǇ ǘŜ ƴŜƳŜƴΣ 

bijvoorbeeld door middel van nematodenonderzoek, afbraaksnelheid van strooisel of het meten van 

bodemrespiratie. Bodemgezondheid kan op verschillende manieren worden beoordeeld. Op basis van 

dit onderzoek wordt integrale bodemkwaliteit als kader ten zeerste aanbevolen om de effecten van 

voedselbosbouw op bodem-, land- en ecosysteemniveau verder te onderzoeken. 
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1 Introduction 
Food forestry and various agroforestry systems are increasingly being highlighted as agroecosystems 

with large potential to address current challenges such as unsustainable land use, biodiversity loss and 

climate change (De Stefano & Jacobson, 2017; Elevitch, Mazaroli, & Ragone, 2018; Fagerholm et al., 

2016; Park, Turner, & Higgs, 2018; Wilson & Lovell, 2016). Recently, the Dutch government signed the 

Green Deal Voedselbossen, thus identifying the practice of food forestry as part of the path towards 

άƎǊŜŜƴ ƎǊƻǿǘƘέ (RVO, 2017; p.2). This Green Deal also highlights the need for food forestry research 

in order to investigate its potential societal, environmental and economic contribution.  

The most general description of a food forest is a land-use system with mostly woody, perennial plants 

(edible and non-edible, native and non-native) that mimic a forest ecosystem (Crawford, 2010; Jacke, 

2008; Limareva, 2014; W. van Eck, 2018 pers. comm., 2nd October). A food forest can also be described 

ŀǎ ŀ άǇŜǊŜƴƴƛŀƭ ǇƻƭȅŎǳƭǘǳǊŜ ƻŦ Ƴǳƭǘƛ-ǇǳǊǇƻǎŜ Ǉƭŀƴǘǎέ (Jacke & Toensmeier, 2002, p. 1). This inherent 

multi-functionality of food forestry systems has implied a multitude of opportunities and benefits in 

addressing major challenges in the Anthropocene (Elevitch et al., 2018; FAO, 2015; Kremen & 

Merenlender, 2018). These implied benefits are often based on documented benefits of agroforestry, 

either in practice or through research (Nair, 2014). Food forestry is considered a form of agroforestry. 

Agroforestry is increasingly recognised as a sustainable land management practice (Brown, et al., 2018; 

Dollinger & Jose, 2018; FAO, 2017; Wilson & Lovell, 2016). Agroforestry is an umbrella term for tree-

incorporated productions systems; Nair (2014) defines agroforestry as the practice of growing trees 

with crops and sometimes with farm animals, in interactive combinations over time and/or space for 

a variety of objectives. Current researcƘ ǎǳƎƎŜǎǘǎ ǘƘŀǘ άƛƴǘŜƎǊŀǘƛƴƎ ǘǊŜŜǎ ƻƴ ŦŀǊƳǎ Ŏŀƴ ǇǊŜǾŜƴǘ 

environmental degradation, improve agricultural productivity, increase carbon sequestration, 

generate cleaner water, and support healthy soil and healthy ecosystems while providing stable 

incomes and ƻǘƘŜǊ ōŜƴŜŦƛǘǎ ǘƻ ƘǳƳŀƴ ǿŜƭŦŀǊŜΦέ (Brown et al., 2018, p. 1). Through further review, 

5ƻƭƭƛƴƎŜǊ ŀƴŘ WƻǎŜ όнлмуύ ŎƻƴŎƭǳŘŜǎ ǘƘŀǘ άŀƎǊƻŦƻǊŜǎǘǊȅ Ƙŀǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ŜƴǊƛŎƘ ǎƻƛƭ ƻǊƎŀƴƛŎ ŎŀǊōƻƴ 

better than mono-cropping systems, improve soil nutrient availability and soil fertility [...] which would 

ǇƻǎƛǘƛǾŜƭȅ ƛƴŦƭǳŜƴŎŜ ǎƻƛƭ ƘŜŀƭǘƘέ (Dollinger & Jose, 2018, p. 213).  

Within the scientific and agronomic community, food forestry remains largely unrecognised as a 

farming system. Tree-incorporated farming systems, such as food forestry, is often seen as a novel 

practice using agroforestry concepts and techniques (Nair, 2014). Due to this being perceived as a 

novel land management practice, few studies have assessed whether the benefits of agroforestry are 

also true for food forestry and to what extent. The Green Deal Voedselbossen highlighted the need for 

researching the effects of food forestry on άōƛƻǘƛŎ ŀǎǇŜŎǘǎ ǎǳŎƘ ŀǎ ƻƴ ōƛƻŘƛǾŜǊǎƛǘȅΣ ǎƻƛƭ ƭƛŦŜ ŀƴŘ 

ecological functionality and abiotic aspects such as on soil, water and microclimatŜέ (RVO, 2017; pg.3). 

This study aims to contribute quantitative and qualitative data on these aspects, starting with the soil. 

The effects of land management practices are often examined through a soil health assessment (Duval, 

Galantini, Martínez, López, & Wall, 2016; Pardon et al., 2017; World Bank., 2006). Soil health is defined 

ŀǎ άthe continued capacity of soil to function as a vital living ecosystem that sustains plants, animals, 

ŀƴŘ ƘǳƳŀƴǎέ όbw/{ in Bünemann et al., 2018; pg. 108). This study explores the effect of food forestry 

on soil through a comparative case study; assessing soil health at food forest Ketelbroek, nature 

reserve άDe BruukέΣ and a conventional arable farm in Groesbeek, the Netherlands. 
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In addition to land management practices, pedo-climatic conditions and associated soil threats also 

have an influence on soil health. Therefore, soil conditions are described, and the soil health 

assessment is linked to soil threats, soil processes and ecosystem functions/services. The soil health 

assessment consists of eleven proxy-indicators; a mix of physical indicators, i.e., soil texture, -colour, 

-temperature, aggregate stability, bulk density, soil moisture content, soil resistance (0-80cm); 

chemical indicators, i.e., pH, organic matter (OM), organic carbon (OC) and biological indicators, i.e., 

earthworm abundance and species. These indicators are measured at the topsoil (0-5cm) and subsoil 

(30-35cm) and compared relative to each site and to a benchmark. To a large extent, this thesis is a 

baseline study to quantify soil health. Analysing trends are attempted yet much more data and 

research are needed to monitor the effects of food forestry practices. 

This thesis is divided into Chapters and begins with the introduction (Chapter 1). This is followed by a 

literature study to first establish conceptual clarity between agroforestry systems and food forestry 

(Chapter 2). Then the purpose of this study is defined, including the research questions (Chapter 3).  

The research concepts and methods are then explained (Chapter 4), followed by an analysis of the 

geology, hydrology and climatic conditions of the study area (Chapter 5). Results are shown with 

supportive tables and figures (Chapter 6), followed by a discussion of the results, concept and methods 

(Chapter 7). A summary of the conclusions is made (Chapter 8) and ends with a summary of 

recommendations (Chapter 9).  
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2 Literature Study 
This literature study serves to conceptualize the concept of food forestry in relation to agroforestry. 

To contextualize this thesis, a description is given below on relevant terminology, research into 

agroforestry practices in relation to temperate food forests, the principles of food forestry, and 

current research on temperate food forests. 

2.1 Terminology 

The practice of food forestry is often context-specific, thereby making it a difficult concept to define. 

Food forests are also often related to concepts such as multi-strata systems, agroforestry, 

homegardens, permaculture, analog forestry, etc (Crawford, 2010; Limareva, 2014; Nair, 2014; M. 

Hendriks, 2018. pers. comm., 2nd October). For more clarity, a list of definitions is given below for 

common concepts connected to food forestry (Table 2.1). It should be noted that these definitions are 

not static as there may be variations over time and in specific contexts.  

There are also several synonyms used to refer to food forests. In the Netherlands, voedselbos is a 

popular term, derived from the literal translation of ΨŦƻƻŘ ŦƻǊŜǎǘΩ. In the United Kingdom (UK) however, 

the use of the ǘŜǊƳ ΨŦƻǊŜǎǘ ƎŀǊŘŜƴΩ ƛs more popular. The British terminology was first named by Hart, 

a pioneer in forest gardening since the 1960s. The term Ψedible forest gaǊŘŜƴǎΩ is also used (Jacke, 

2008). The definitions given for each of these synonyms in Table 2.1 are based on terms used by the 

practitioners. Although the definitions have a slightly different wording, the message is similar: a land-

use system with mainly perennials which mimics a forest ecosystem. In this study, the term food 

forestry is used as this case study is based in the Netherlands. Here, a food forest is defined as a land-

use system with mainly woody, perennial plants that mimics a forest ecosystem (Crawford, 2010; 

Jacke, 2008; Limareva, 2014; W. van Eck, 2018 pers. comm., 2nd October).  

Table 2.1: A list of relevant terminology (compiled from Nair, 2014; Agroforestry Research Trust, 2018; Jacke & 
Toensmeier, 2008; Holmgren, 2018; IAFN, 2018) 

Terminology Definition 

Agroforestry 

άPurposeful growing of trees, crops, sometimes with animals, in interacting 
combinations for a variety of objectives. Agrisilviculture = trees + crops;  
Silvopasture = trees + pasture/animals; Agrosilvopasture = trees + crops + 
animals/pasture.έ (Nair, 2014, p. 270). 

Analog forestry 
An approach to ecological restoration which uses natural forests as guides to 
create ecologically stable and socio-economically productive landscapes (IAFN, 
2018). 

Edible forest 
garden 

ά9ŘƛōƭŜ ŦƻǊŜǎǘ ƎŀǊŘŜƴƛƴƎ ƛǎ ǘƘŜ ŀǊǘ ŀƴŘ ǎŎƛŜƴŎŜ ƻŦ ǇǳǘǘƛƴƎ Ǉƭŀƴǘǎ ǘƻƎŜǘƘŜǊ ƛƴ 
woodland-like patterns that forge mutually beneficial relationships, creating a 
ƎŀǊŘŜƴ ŜŎƻǎȅǎǘŜƳ ǘƘŀǘ ƛǎ ƳƻǊŜ ǘƘŀƴ ǘƘŜ ǎǳƳ ƻŦ ƛǘǎ ǇŀǊǘǎΦέ  
(Jacke, 2008, p. 1). 

Food forest 
ά! ƭŀƴŘ-use system with mainly woody, perennial plants (edible and non-edible, 
native and non-native) that attempts to mimic a forest ecosystemέ  
(W. van Eck, 2018 pers. comm., 2nd October). 

Forest gardening 

A synonym for food forest. άA designed agronomic system based on trees, shrubs 
and perennial plants. These are mixed in such a way as to mimic the structure of 
ŀ ƴŀǘǳǊŀƭ ŦƻǊŜǎǘέ  
(Agroforestry Research Trust UK, 2018, p. 1). 
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Homegardens 

ά! ǎǳōǎƛǎǘŜƴŎŜ ŦŀǊƳƛƴƎ ǎȅǎǘŜƳ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ƛƴǘŜƎǊŀǘŜŘ ƳƛȄǘǳǊŜǎ ƻŦ ƳǳƭǘƛǇǳǊǇƻǎŜ 
trees and shrubs in association with crops and sometimes livestock around homes, 
ǘƘŜ ǿƘƻƭŜ ǳƴƛǘ ƳŀƴŀƎŜŘ ƛƴǘŜƴǎƛǾŜƭȅ ōȅ ŦŀƳƛƭȅ ƭŀōƻǳǊΦέ  
(Nair, 2014, p. 270). 

Multipurpose 
tree (and shrub) 

ά! ǘǊŜŜκǎƘǊǳō ǘƘŀǘ ƛǎ ƎǊƻǿƴ ŦƻǊ ƳǳƭǘƛǇƭŜ ǇǊƻŘǳŎǘǎ ŀƴŘκƻǊ ǎŜǊǾƛŎŜǎΦέ  
(Nair, 2014, p. 270). 

Multi -storied or 
multi-strata 
system 

ά!ƴ ŀǊǊŀƴƎŜƳŜƴǘ of plants forming distinct layers from the lower (usually 
ƘŜǊōŀŎŜƻǳǎύ ƭŀȅŜǊ ǘƻ ǘƘŜ ǳǇǇŜǊƳƻǎǘ ǘǊŜŜ ŎŀƴƻǇȅΦέ  
(P.K.R. Nair, 2014, p. 270). 

Permaculture 
ά!ƴ ƛƴǘŜƎǊŀǘŜŘΣ ŜǾƻƭǾƛƴƎ ǎȅǎǘŜƳ ƻŦ ǇŜǊŜƴƴƛŀƭ ƻǊ ǎŜƭŦ-perpetuating plant and animal 
ǎǇŜŎƛŜǎ ǳǎŜŦǳƭ ǘƻ ƳŀƴΦέ  
(Mollison & Holmgren, 1978 in Holmgren, 2018). 

 

2.2 Agroforestry 

2.2.1 Defining the concept 

Agroforestry systems stems from 

indigenous and traditional 

farming practices (Nair, 2014; M. 

Hendriks, 2018. pers. comm., 2nd 

October). Literature often links 

the history of agroforestry to 

homegardening, dating back to 

10,000 BC in moist tropical 

regions (Nair, 2014). 

Homegardening is defined as a 

άǎǳōǎƛǎǘŜƴŎŜ ŦŀǊƳƛƴƎ ǎȅǎǘŜƳ 

consisting of integrated mixtures 

of multipurpose trees and shrubs 

in association with crops and 

sometimes livestock around 

homes, the whole unit managed 

ƛƴǘŜƴǎƛǾŜƭȅ ōȅ ŦŀƳƛƭȅ ƭŀōƻǳǊέ 

(Nair, 2014, p. 270). 

A food forest is one of many land-use systems that fall under the umbrella term: agroforestry. An 

agroforestry system is generally defined as the purposeful growing of trees, crops, sometimes with 

animals, in various combinations over time and/or space for a variety of objectives (Nair, 2014; van 

Noordwijk, et al., 2016). Figure 2.1 illustrates this interplay between trees, crops and livestock. This 

agroforestry triangle distinguishes five main production typologies: arable farming (i.e. 100% crops), 

productive forests and tree plantations (i.e. 100% trees), livestock farming (i.e. 100% animals), mixed 

farming (between crops and livestock) and agroforestry systems. The ratio of one core component (i.e. 

trees, crops or livestock) with another determines the type of agroforestry system it is. For example, 

a tree and crop dominated agroforestry system is often termed a silvoarable system or an 

intercropped orchard (Figure 2.1). There are many possibilities and therefore, many land-use systems.  

Figure 2.1: The agroforestry triangle (an adaptation from the AGFORWARD 
project in van Noordwijk, Coe and Sinclair, 2016) 
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2.2.2 Classification of agroforestry systems 

An overview of the various agroforestry systems, sub-systems and practices has been compiled by 

Nair (1985), shown in Figure 2.2. Here, Nair typifies agroforestry systems according to the interaction 

of three core components: woody perennials, pastures/animals and agricultural species. The ratio 

between these core components are distinguished into four different categories: silvopastoral 

systems, agrosilvipastoral systems, agrisilvicultural systems and other systems. Each of these 

agroforestry systems are related to sub-systems and practices.  

Agroforestry systems are found and documented most often in the sub-tropics than in temperate or 

semi-arid regions. Classifying (temperate) food forestry systems remains a challenge due to the 

variability of these three core components. For example, temperate food forests typically have a multi-

strata structure with multi-purpose trees. This can be considered an agrisilvicultural system, with sub-

systems/practices such as multi-species tree gardens and multipurpose trees/shrubs on farmland 

(outlined in red in Figure 2.2). Alternatively, a food forest can also bŜ ŎƭŀǎǎƛŦƛŜŘ ŀǎ ŀƴ ΨƻǘƘŜǊ ǎȅǎǘŜƳΩΣ 

such as multipurpose tree lots (outlined in green in Figure 2.2).  

  

Figure 2.2: Categorization of agroforestry systems (labelled inside ring band) with related sub-systems and practices 
(outer examples), based on the interplay of core components (woody perennials, agricultural species and 
pastures/animals). Green and red boxes reflect where food forestry can be classified into (Nair, 1985) 
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As such, temperate food forest, like agroforestry systems, are difficult to (sub-) categorise because 

some practices are multi-functional and therefore not easily distinguishable. Other reasons for the 

difficulty in categorizing food forest systems is that some systems (also) have a non-agricultural 

function or are practiced on non-agricultural land. These practices are yet to be categorised.  

The diversity within food forests and agroforestry systems reflects the large variability of systems and 

practices.  

Figure 2.3 illustrates this through gradations of productive ecosystems and shows agroforestry 

systems to range from an orchard with livestock (i.e. silvopasture) or an orchard with crops (i.e. alley 

cropping) to a food forest. 

  

Figure 2.3: A continuum of types of  ecosystems, clustering agricultural systems, agroforestry systems and forestry 
systems  (Stichting Voedselbosbouw Nederland, 2019) 

Classifying agroforestry systems based on the structure of the system is simply one classification 

criterion. Nair (1985) developed an agroforestry classification system (Table 2.2) based on several 

criteria (structure, function, agro-ecological conditions, management level and socio-economic 

conditions)(Nair, 1985; Nair, 2014). The structure of agroforestry systems is sub-divided into structural 

differencŜǎ ǘƘǊƻǳƎƘ ǘƘŜ ΨƴŀǘǳǊŜ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΩ όƛΦŜΦ Ǌŀǘƛƻ ƻŦ ǘǊŜŜǎΣ ŎǊƻǇǎ ŀƴŘ ŀƴƛƳŀƭǎύ ŀƴŘ ΨǘƘŜ 

ŀǊǊŀƴƎŜƳŜƴǘ ƻŦ ŎƻƳǇƻƴŜƴǘǎΩΣ ōƻǘƘ ƛƴ ǎǇŀŎŜ ŀƴŘ ƛƴ ǘƛƳŜ (Nair, 1985). 

  

Table 2.2: Major approaches in classification of agroforestry systems and practices (Nair, 1985) 



 

7 

2.2.3 Research into agroforestry systems 

There is increasingly more research on agroforestry systems since the establishment of the 

International Centre for Research in Agroforestry (ICRAF) in 1977, currently known as the World 

Agroforestry Centre (Nair, 1993). 

Agroforestry as a sustainable land management approach 

Research shows that agroforestry systems are a sustainable land management (SLM) approach, 

especially improving soil conditions (Dollinger & Jose, 2018; FAO, 2017; Motavalli, Nelson, Udawatta, 

Jose, & Bardhan, 2013)Φ !ƎǊƻŦƻǊŜǎǘǊȅ ǿŀǎ ŘŜǎŎǊƛōŜŘ ŀǎ άƻƴe of the best land use strategies to 

contribute to food security while simuƭǘŀƴŜƻǳǎƭȅ ƭƛƳƛǘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŘŜƎǊŀŘŀǘƛƻƴΦέ (Wilson & 

Lovell, 2016, p. 1). Dollinger & Jose όнлмуύ ƳŀŘŜ ŎƭŜŀǊ ǘƘŀǘ άŀƎǊƻŦƻǊŜǎǘǊȅ Ƙŀǎ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ όмύ ŜƴǊƛŎƘ 

soil organic carbon better than mono-cropping systems, (2) improve soil nutrient availability and soil 

fertility due to the presence of trees in the system, and (3) enhance soil microbial dynamics, which 

ǿƻǳƭŘ ǇƻǎƛǘƛǾŜƭȅ ƛƴŦƭǳŜƴŎŜ ǎƻƛƭ ƘŜŀƭǘƘέ (Dollinger & Jose, 2018, p. 213).  

Agroforestry as a strategy to mitigate and adapt to climate change 

Agroforestry is also seen as a strategy to mitigate and adapt to climate change ((Hernández-Morcillo, 

Burgess, Mirck, Pantera, & Plieninger, 2018; Jose, 2009; Park & Higgs, 2018).  Mutuo, et al. (2005) had 

ǎƘƻǿƴ ǘƘŀǘ ŀƎǊƻŦƻǊŜǎǘǊȅ ǎȅǎǘŜƳǎ Ŏŀƴ άƛƴŎǊŜŀǎŜ ŀōƻǾŜƎǊƻǳƴŘ ŀƴŘ ǎƻƛƭ / ǎǘƻŎƪǎ ŀƴŘ ǊŜŘǳŎŜ ǎƻƛƭ 

ŘŜƎǊŀŘŀǘƛƻƴΣ ŀǎ ǿŜƭƭ ŀǎ ƳƛǘƛƎŀǘŜ ƎǊŜŜƴƘƻǳǎŜ Ǝŀǎ ŜƳƛǎǎƛƻƴǎΦέ (Mutuo et al., 2005, p. 43). These 

researchers also quantified the potential of agroforestry systems in the humid tropics as being able to 

ǎŜǉǳŜǎǘŜǊ ŎŀǊōƻƴ άƻǾŜǊ т0 Mg C haҍ1 [in vegetation], and up to 25 Mg haҍ1 ƛƴ ǘƘŜ ǘƻǇ нл ŎƳ ƻŦ ǎƻƛƭΦέ 

(Ibid.). The mitigation of carbon and other greenhouse gasses for agroforestry systems in temperate 

climate zones remain unknown. Secondly, Mutuo, et al. (2005) Ǉƻƛƴǘǎ ƻǳǘ ǘƘŀǘ άƭŜǎǎ ƛǎ ƪƴƻǿƴ ŀōƻǳǘ 

the potential C chŀƴƎŜǎ ƛƴ ǘƘŜ ǎƻƛƭ ŀǘ ƎǊŜŀǘŜǊ ŘŜǇǘƘǎέ (Mutuo et al., 2005, p. 45). These present 

opportunities for further research.  

2.2.4 Development of agroforestry research in Europe 

ICRAF has mainly carried out research on agroforestry systems in the tropics, sub-tropics, arid and 

semi-arid regions since 1978. In comparison, there is limited research into temperate agroforestry 

systems. In Europe, agroforestry research started in ǘƘŜ мффлΩǎ; in 1992 the Agroforestry Research 

Trust was formed in the UK, with Martin Crawford (a prominent practitioner of food forestry) currently 

serving as Trust Director. In 2011, the European Agroforestry Federation (EURAF) was formed. With 

wide-scale research on agroforestry systems in Europe provided through the EU funded AGFORWARD 

project (2014-2017), at least six other agroforestry practices were identified in the literature (Table 

2.3). However, the AGFORWARD researchers acknowledge there may be more practices and 

categories that are undocumented. For instance, forest gardening is recognised as another style of 

practice (Figure 2.4), whereas in the AGFORWARD report, forest gardening is unmentioned.  

¢ƘŜ !DChw²!w5 ǊŜǇƻǊǘ ǎƘŀǊŜǎ [ǳƴŘƎǊŜƴǎ ϧ wŀƛƴǘǊŜŜ όмфунύ ŀƴŘ [ŜŀƪŜȅΩǎ όмффсύ ǘƘƻǳƎƘǘǎ ƻƴ ƻǘƘŜǊ 

types of temperate, EuropeanΣ ŀƎǊƻŦƻǊŜǎǘǊȅ ǎȅǎǘŜƳǎ ōȅ ǎǘŀǘƛƴƎΥ άώǘƘŜǊŜ ŀǊŜ ŀƭǎƻϐ ƳƻǊŜ ƴƻǾŜƭ 

silvoarable and silvopastoral systems such as alley cropping, woodlaƴŘ ŎƘƛŎƪŜƴΣ ŀƴŘ ŦƻƻŘ ŦƻǊŜǎǘǊȅΦέ 

(as cited in den Herder et al., 2016; p.5)Φ ¢ƘŜ ŀǳǘƘƻǊǎ ƻŦ ǘƘƛǎ ǊŜǇƻǊǘ ǊŜŎƻƎƴƛȊŜ ǘƘŀǘ ǘƘŜǎŜ ǇǊŀŎǘƛŎŜǎ άǘŀƪŜ 

advantage of the interactive benefits from combining trees and shrubs with crops and/or livestock to 

create an integrated and sustainable land-ǳǎŜ ǎȅǎǘŜƳέ όLōƛŘΦύΦ Nair et al. (2017) has also described 

Cinderella agroforestry systems which are location-specific and with unrecognised potential; being 
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άǳƴƛǉǳŜ ƛƴ ǘŜǊƳǎ ƻŦ ƛǘǎ ǇǊƻŘǳŎǘƛƻƴΣ ŜƴǾƛǊƻƴƳŜƴǘŀƭΣ ŀƴŘ ǎƻŎƛƻŎultural attributes; but none [being] 

ŘŜǎŎǊƛōŜŘ ƛƴ ǉǳŀƴǘƛǘŀǘƛǾŜ ǘŜǊƳǎ ƻŦ ŜŎƻƭƻƎȅ ŀƴŘ ǇǊƻŘǳŎǘƛƻƴΦέ (Nair et al., 2017, p. 901). Bound on this 

literature study, it can be concluded that food forests may not be defined as a typical agroforestry 

system, but rather as a novel system, which is yet to be clearly defined.  

Table 2.3: Six agroforestry practices identified in the European literature (by Mosquera-Losada et al. 2009 as cited in den 
Herder et al., 2015) 

Agroforestry practice  Brief description  

Silvoarable agroforestry  Widely spaced trees inter-cropped with annual or perennial crops. It comprises 
alley cropping, scattered trees and line belts. 

Forest farming  Forested areas used for production or harvest of natural standing specialty crops 
for medicinal, ornamental or culinary uses  

Riparian buffer strips  Strips of perennial vegetation (tree/shrub/grass) natural or planted between 
croplands/pastures and water sources such as streams, lakes, wetlands, and 
ponds to protect water quality. 

Improved fallow  Fast growing, preferably leguminous woody species planted during the fallow 
phase of shifting cultivation; the woody species improve soil fertility and may 
yield economic products. 

Multipurpose trees  Fruit and other trees randomly or systematically planted in cropland or pasture 
for the purpose of providing fruit, fuel wood, fodder and timber, among other 
services, on farms and rangelands. 

Silvopasture  Combining trees with forage and animal production. It comprises forest or 
woodland grazing and open forest trees. 

 

  

Figure 2.4: A schematic representation of the various temperate 
agroforestry practices (adapted from Mudge and Gabriel, 2014) 
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2.3 Food forestry 

2.3.1 Principles of temperate food forestry 

The most general and broadest description of a food forest is: άŀ ŘƛǾŜǊǎŜ ǇƭŀƴǘƛƴƎ ƻŦ ŜŘƛōƭŜ Ǉƭŀƴǘǎ ǘƘŀǘ 

ŀǘǘŜƳǇǘǎ ǘƻ ƳƛƳƛŎ ǘƘŜ ŦƻǊŜǎǘ ŜŎƻǎȅǎǘŜƳǎ ŀƴŘ ǇŀǘǘŜǊƴǎ ŦƻǳƴŘ ƛƴ ƴŀǘǳǊŜΦέ (Project Food Forest, 2016, 

p. 1). In the Dutch context, a food forest is defined, by the Green Deal (2017), according to the 

following criteria: 

o a human-designed productive ecosystem mimicking a natural forest ecosystem which 

contains a high diversity of perennials and/or woody plants; of which parts are food sources 

for humans (i.e. fruits, seeds, leaves, stalks, etc.) 

o the presence of a canopy layer 

o the presence of at least three niches or productive layers (e.g. lower canopy layer, shrub layer 

herbaceous layer, groundcover layer, underground layer and climbing layer) 

o the presence of a rich forest soil life  

o a robust size; minimally 0.5ha in an ecologically rich environment and minimally 20ha in a 

degraded landscape.  

Based on observations of a natural forest, Robert Hart initiated the framework for (temperate-based) 

food forestry by describing άǎŜǾŜƴ ŘƛƳŜƴǎƛƻƴǎέΣ shown in Figure 2.5 (Limareva, 2014). The first known 

temperate food forest was planted by Hart in the 1960s in the UK (ibid.). These seven dimensions 

represent seven possible productive layers within a food forest, with Table 2.4 providing an overview 

of these seven layers and an edible species example for each layer. 

 

 

Low canopy 

layer 

Herbaceous 

layer 

Canopy layer 

Shrub 

layer 
Climbing 

layer 

Groundcover 

layer 

Rhizosphere 

layer 

Figure 2.5: The seven dimensions in a forest garden (Clynewood, et al., 2014 in Limareva, 2014) 



 

10 

Table 2.4: Overview of the seven productive layers within a food forest with edible species as examples for each layer 
(adapted from Agroforestry Research Trust UK, 2018) 

Layer Example of edible species + [Latin name] + (edible part) 

Rhizosphere layer  
όŀΦƪΦŀΦ ΨǊƻƻǘ ƭŀȅŜǊΩύ 

Liquorice [Glycyrrhiza spp] (roots) 

Ground cover layer Creeping raspberry [Rubus calycinoides] (berries) 

Herbaceous layer Mint [Mentha spp] (leaves) 

Shrub layer Berries [Rubus spp] (berries) 

Low canopy layer Japanese peppers [Zanthoxylum spp] (peppercorns) 

Climbing layer Hardy kiwis [Actinidia spp] (berries) 

Canopy layer Chestnuts [Castanea spp] (nuts) 
 

In 2013, Kitsteiner (2013) developed the seven layer concept into a nine layer approach, by adding the 

aquatic/wetland layer and the mycelial/fungal layer (Figure 2.6). Kitsteiner (2013) looked beyond the 

typical forest structure and also looked beyond the forest edges. Ponds, streams or larger water bodies 

such as wetland areas, can provide numerous ecosystem services. These ecosystems can either be 

found naturally at the edge of, or within, a (food) forest or created to increase the layers of biodiversity 

and productivity. The fungal layer was added to recognise the importance of fungal activity in the 

above and below-ground; such as its ability to produce mushrooms, decompose biomass, transport 

nutrients and for its ability to retain and transport soil moisture (Kitsteiner, 2013). Limareva (2014) 

also suggested to add a permacultural garden to the south side of a food forest to include the 

possibility of growing annuals next to perennials. This permacultural garden could be considered as a 

10th layer in the food forest (Limareva, 2014). Overall, food forests are composed through conscious 

design, knowledge and practice with perennial plants, leading to planting compositions being shaped 

over time and space. This practice incorporates space for plant-to-plant and plant-to-soil interactions 

and stimulates symbiosis rather than competition between plants and soil life.  

Overall, this process aims to mimic natural succession and speed up forest succession (i.e. evolution 

of the forest). All these layers within a food forest (apart from a permaculture garden) make part of a 

natural forest succession, in particular secondary succession. This is where an ecosystem is given space 

and time to evolve into a young or climax forest stadium. Over time soil is built up and enriched with 

a corresponding increase in biodiversity and biomass increases with every stage within a forest 

succession following its own cycle of evolution, as shown in the top half of Figure 2.7. Food forests are 

created in consideration of these cycles of evolution (W. van Eck, 2018 pers. comm., 2nd October). Due 

to relatively low sunlight levels in the Netherlands compared to the tropics, food forests are often 

desired to rŜŀŎƘ ŀ ȅƻǳƴƎ ΨŦƻƻŘ ŦƻǊŜǎǘ ŜŘƎŜΩ ǎǘŀŘƛǳƳ όǎǘŀƎŜ п ŀƴŘ р ƛƴ Figure 2.7) instead of reaching a 

climax food forest (stage 6). This is because of a limited availability of sunlight hours in the northern 

hemisphere compared to the southern hemisphere and more edible species, such as the Rosaceae 

family, being able to flourish in the pioneering stage compared to the climax stage (T. Blom, 2018, 

pers. comm., Thursday 22nd March).   
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Figure 2.6: The nine layers of the edible forest garden (Kitsteiner, 2013) 

 

Figure 2.7: An illustration of forest succession over time (Kitsteiner, 2012) 
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2.3.2 Research into temperate food forestry  

In the Netherlands, organisations such as Stichting Voedselbosbouw NL, Food Forestry Development, 

Circle Ecology, Stichting BOTH ENDS and Van Akker naar Bos, HAS Den Bosch and Van Hall Larenstein 

(Velp) are pioneering the development of food forestry. This is achieved through educating, designing, 

planning, implementing, practicing and researching food forests. In 2015, the Permaculture 

Association UK set up the Food Forest International Research Network and their initial survey counted 

over 150 forest gardens worldwide (T. Walisch, 2018, pers. comm., 14th January). Despite these 

numbers, there are still limited scientific studies on temperate food forests compared to sub-tropical 

agroforestry systems.  

From this initial literature review, only a handful of scientifically-based research studies on temperate 

food forestry have been identified, of which most were ƳŀǎǘŜǊΩǎ thesis projects. For example, West 

(2016) ŜȄǇƭƻǊŜŘ ǘƘŜ ȰǿƛǎŘƻƳΣ ƪƴƻǿƭŜŘƎŜ ŀƴŘ ǇǊŀŎǘƛŎŜΩ ƛƴ /ǊŀǿŦƻǊŘΩǎ ŦƻǊŜǎǘ ƎŀǊŘŜƴΦ Limareva (2014) 

explored the ecological principles in natural temperate forest ecosystems in depth and focussed on 

the lessons learnt from food forest Ketelbroek, the Netherlands. Vargas Poveda (2016a, 2016b) 

developed tools to facilitate temperate forest garden development from case studies in the UK and in 

Denmark and also developed a toolkit for formulating forest garden archetypes.  Bakker (2016) also 

carried out a sustainability assessment investigating the soil properties, water quality and flora and 

fauna biodiversity levels at food forest Ketelbroek. The following year, Breidenbach, et al. (2017) 

investigated the biodiversity levels of the same food forest in comparison with nearby nature reserve 

ά5Ŝ .ǊǳǳƪέΦ On a conceptual level, Park and Higgs (2018) presented a monitoring framework 

containing ά14 criteria, 39 indicators, and 109 measuresέ (Park & Higgs, 2018, p. 1) as a guide to 

systematically assess food forestry projects. Despite few peer-reviewed articles on temperate food 

forestry systems, there appears to be a growing interest from academia and society to practice and 

understand the practice of (temperate) food forestry.  
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3 Purpose of this Study  

3.1 Objectives 

This study aims address the knowledge gap in our understanding about the effects of temperate food 

forestry on soil aspects. This is explored through a comparative case study assessing soil health at food 

forest Ketelbroek, aƴ ǳƴƳŀƴŀƎŜŘ ŦƻǊŜǎǘ ŀǊŜŀ ŀǘ ƴŀǘǳǊŜ ǊŜǎŜǊǾŜ ά5Ŝ .Ǌǳǳƪέ ŀƴŘ ŀ ŎƻƴǾŜƴǘƛƻƴŀƭ arable 

farm. At each site, the key objectives were: 

1. To characterize the general settings. 

2. To investigate specific soil properties at the topsoil and subsoil layer.  

3. To investigate the development of soil organic matter, in the topsoil, over time. 

3.2 Personal motivation 

A personal goal of mine is to contribute towards the development of biodiverse agroecosystems and 

I see enormous potential in food forestry. As a student, I would like to use my academic potential to 

know more about the effects and impacts of food forestry practices, starting in the Netherlands. 

Knowing myself as more of a generalist than a specialist, I enjoy approaching this project with a 

ǎȅǎǘŜƳΩǎ ǘƘƛƴƪƛƴƎ ǇŜǊǎǇŜŎǘƛǾŜΦ  

3.3 Research questions 

The main research question (MRQ for short) that guides this study is: 

MRQ: How does soil health at food forest Ketelbroek compare to a conventional farm and the forest 

nature ǊŜǎŜǊǾŜ ŀǊŜŀ ά5Ŝ .ǊǳǳƪέΚ 

To answer this main question, two sub-research questions (SRQ) were formulated:  

SRQ1: What settings characterise the three study sites, in terms of: 

A. Geo-hydro-pedology 

B. Climatic conditions 

C. Land management approach 

 

SRQ2: What do soil quality indicators reveal about the land management system practiced at each site, 

in terms of: 

A. the topsoil layer 

B. the subsoil layer 

C. over time  

 

The following chapter describes the research methods used to answer these research questions.  
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4 Research Concepts and Methods 
To address the research questions, a mixed method approach was adopted to combine quantitative 

and qualitative data collection. This involved a quantitative study using soil quality indicators to assess 

soil properties at each site. In addition, qualitative data was collected through desktop research and 

informal interviews in order to gain insight about the soil management practices and to collect 

historical data. These research methods are discussed in more detail below. The underlying key 

research concepts of soil quality and soil health are first explained below. 

4.1 Research concept 

Soil quality and soil health 

In this thesis, the terms soil quality and soil health are used interchangeably and considered equivalent. 

!ǎ ǎǘŀǘŜŘ ōȅ ǘƘŜ bŀǘǳǊŀƭ wŜǎƻǳǊŎŜǎ /ƻƴǎŜǊǾŀǘƛƻƴ {ŜǊǾƛŎŜΣ ¦{!Υ άǎƻƛƭ ƘŜŀƭǘƘΣ ŀƭǎƻ ǊŜŦŜǊred to as soil 

quality, is defined as the continued capacity of soil to function as a vital living ecosystem that sustains 

ǇƭŀƴǘǎΣ ŀƴƛƳŀƭǎΣ ŀƴŘ ƘǳƳŀƴǎέ όbw/{ in Bünemann et al., 2018; pg. 108). This definition reflects how 

soil is regarded as a living ecosystem compared to the more classical thought of soils being an inert 

structure consisting of biological, physical and chemical properties. Soil quality often refers to inherent 

soil properties, e.g. soil texture, and dynamic properties, e.g. organic matter content. Both inherent 

and dynamic properties can be influenced by soil management approaches and this influences the 

functioning of the soil. Internally and externally driven soil processes are diverse, site-specific, 

interrelated and can widely contribute to ecosystem services, as visualised by Figure 4.1. The 

ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ōŜǘǿŜŜƴ ΨǇǊŜǎǎǳǊŜǎΩ ŀƴŘ ΨŘǊƛǾŜǊǎΩ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ΨǎǘŀǘŜΩ ƻŦ ǘƘŜ ǎƻƛƭΣ ǿƛǘƘ 

ǎǳōǎŜǉǳŜƴǘ ΨƛƳǇŀŎǘΩ ƻƴ ǎƻƛƭ ŀƴŘ ŜŎƻǎȅǎǘŜƳ ŦǳƴŎǘƛƻƴƛƴg, ŀƴŘ ƛǘǎ ΨǊŜǎǇƻƴǎŜΩ ƛƴ ǘŜǊƳǎ ƻŦ ǘƘŜ ŘŜƭƛǾŜǊȅ ƻŦ 

ŜŎƻǎȅǎǘŜƳ ƎƻƻŘǎ ŀƴŘ ǎŜǊǾƛŎŜǎΦέ (Bünemann et al., 2018; pg. 109).  

Figure 4.1Υ ά¢ƘŜ 5ǊƛǾŜǊΣ tǊŜǎǎǳǊŜΣ {ǘŀǘŜΣ LƳǇŀŎǘΣ wŜǎǇƻƴǎŜ ŦǊŀƳŜǿƻǊƪ ŀǇǇƭƛŜŘ ǘƻ ǎƻƛƭέ όƳƻŘƛŦƛŜŘ ŦǊƻƳ .ǊǳǎǎŀŀǊŘ Ŝǘ 
al. 2007 in Bünemann et al., 2018; pg. 109) 
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As mentioned before, soil health is increasingly being connected to the idea of soils as a living 

ecoǎȅǎǘŜƳΣ ŎƻƳǇƻǎŜŘ ƻŦ ōƻǘƘ ƛƴƘŜǊŜƴǘ ŀƴŘ ŘȅƴŀƳƛŎ ǇǊƻǇŜǊǘƛŜǎ ŀƴŘ ŀŎƪƴƻǿƭŜŘƎƛƴƎ άǘƘŜ ŎŀǇŀŎƛǘȅ ŦƻǊ 

emergent system properties such as the self-organization of soils, e.g. feedbacks between soil 

organisms and soil structure, and the adaptability [of soils] to chaƴƎƛƴƎ ŎƻƴŘƛǘƛƻƴǎέ .ǸƴŜƳŀƴƴ Ŝǘ ŀƭΦΣ 

2018; pg. 108). Much remains to be studied about such soil system properties, whilst currently, most 

soil properties and processes are often studied in a practical yet reductionist approach. In this study, 

both classical and emerging approaches are considered with the aim to merge practicality and 

innovation.  

Soil threats 

As defined by Berge et al. (2017; pg. 31)Σ ǎƻƛƭ ǘƘǊŜŀǘǎ ŀǊŜ άǇǊƻŎŜǎǎŜǎ ƻǊ ŀƎŜƴǘǎ that deteriorate  (some 

of) the functions of soils and the services that soils provide, or that change the state of soils and ς if 

prolonged ς are expected to damage soil functions and services in the long run. While some of these 

processes (or pressures, drivers) occur naturally, emphasis [...] is on threats caused by human activity 

ǘƘǊƻǳƎƘ ŀƎǊƛŎǳƭǘǳǊŀƭ ǎƻƛƭ ƳŀƴŀƎŜƳŜƴǘΦέ ! ƭƛǎǘ ƻŦ ǎƻƛƭ ǘƘǊŜŀǘǎ ǿŜǊŜ ƛƴƛǘƛŀlly defined by the European 

Commission (2002) and expanded on by other studies (Table 4.1). This is because some soil threats in 

this ƭƛǎǘ ǿŜǊŜ ƳƻǊŜ ǎǇŜŎƛŦƛŎΣ ǎǳŎƘ ŀǎ ΨŜǊƻǎƛƻƴ ōȅ ǿƛƴŘΩ ƻǊ Ψ-ǿŀǘŜǊΩΣ ŀƴŘ ǎƻƳŜ ƴŜǿ ǎƻƛƭ ǘƘǊŜŀǘǎ ǿŜǊŜ ŀƭǎƻ 

ŀŘŘŜŘΣ ǎǳŎƘ ŀǎ Ψƭƻǎǎ ƻŦ ŀōƻǾŜƎǊƻǳƴŘ ōƛƻŘƛǾŜǊǎƛǘȅΩ ŀƴŘ ΨǎǇǊŜŀŘ ƻŦ ǎƻƛƭ ōƻǊƴŜ ŘƛǎŜŀǎŜǎΩ ƛƴ ƭƛƎƘǘ ƻŦ ƴŜǿ 

information (Berge et al., 2017). Berge et al. (2017) attempted to rank these identified soil threats 

according to their urgency to society. This was done through a qualitative evaluation. It is suggested 

ǘƻ ǊŜŀŘ /ƘŀǇǘŜǊ п ƛƴ ΨtǊŜǎŜǊǾƛƴƎ ŀƎǊƛŎǳƭǘǳǊŀƭ ǎƻƛƭǎ ƛƴ ǘƘŜ 9¦Ȱ ōȅ Berge et al. (2017) for a detailed 

explanation of each soil threat.  

Table 4.1 European soil threats identified by various studies (Modified and adapted from Berge et al., 2017, p. 32) 

 Soil threat Louwagie 
et al. 
2009 

Jones et 
al., 2012 

Stolte et 
al., 2016 

Berge et 
al., 2017 

1 Erosion by wind     

2 Erosion by water     

3 Floods and land slides     

4 Degradation of peat soils     

5 Carbon loss in mineral soils     

6 Compaction     

7 Salinisation and sodification     

8 Contamination     

9 Acidification     

10 Loss of soil fertility     

11 Desertification     

12 Loss of aboveground biodiversity     

13 Loss of soil biodiversity     

14 Spread of soil borne diseases     

15 Sealing (land-take)     
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Following recommendations from Bünemann et al. (2018), soil quality indicators are related to soil 

threats to adopt a more functional approach in assessing soil health. In this study, the selected soil 

quality indicators are clustered around three soil threats:  SOM decline, compaction, and biodiversity 

loss. These soil threats (and their corresponding indicators) are connected to all listed soil processes 

and soil-based ecosystem functions/services (illustrated in Figure 4.2). 

Sustainable soil and land management 

An underlying concept for this study is sustainable soil management and sustainable land 

managementΦ ά{ƻƛƭ ƳŀƴŀƎŜƳŜƴǘ ƛǎ ǎǳǎǘŀƛƴŀōƭŜ ƛŦ ǘƘŜ ǎǳǇǇƻǊǘƛƴƎΣ ǇǊƻǾƛǎƛƻƴƛƴƎΣ ǊŜƎǳƭŀǘƛƴƎΣ ŀƴŘ cultural 

services provided by soil are maintained or enhanced without significantly impairing either the soil 

ŦǳƴŎǘƛƻƴǎ ǘƘŀǘ ŜƴŀōƭŜ ǘƘƻǎŜ ǎŜǊǾƛŎŜǎ ƻǊ ōƛƻŘƛǾŜǊǎƛǘȅΦέ (FAO, 2017, p. 3). These services relate to 

ecosystem services, which are termed as soil-based ecosystem functions/services in this study. As 

mentioned earlier, these ecosystem functions are connected to soil process, soil threats and soil 

quality indicators (Figure 4.2). Sustainable land management is also an underlying concept of this 

ǎǘǳŘȅΦ ¢Ƙƛǎ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άǘhe stewardship and use of land resources, including soils, water, animals 

and plants, to meet changing human needs, while simultaneously ensuring the long-term productive 

potential of these resources and the maintenance of their environmental functions.έ (IPCC, 2019b, p. 

4 & FAO, 2015). 

4.2 Research methodology 

Soil health assessment 

There is a plethora of biotic and abiotic entities that make part of the soil ecosystem, yet much remains 

unknown as to how much they contribute to the functioning of soils (Brussaard et al. 2006). Due to 

this, coupled with a diversity of soil sampling techniques and a mixture of goals associated with any 

soil assessment, there remains no universal framework for assessing and comparing soil health. 

Despite this, there are many soil quality indicators that have been developed (as a proxy) to identify 

certain soil properties (Bünemann et al., 2018). Research has shown that land management practices, 

certain soil fauna groups and soil structure do influence the functioning of a soil (Brussaard et al. 2006). 

Examining soil indicators can provide a way to assess the condition of soil.  

In this study, given time and funding limitations, eleven soil quality indicators were selected based on 

what they reflect, practical feasibility and in relation to EU soil threats (Table 4.2 & Figure 4.2). Eight 

soil quality indicators were assessed using a benchmark and the remaining three were included as 

background soil information (these being soil colour, -texture and -temperature) All indicators, aside 

from soil texture and colour, are dynamic soil properties. For this ǎǘǳŘȅΩǎ ǇǳǊǇƻǎŜǎΣ ŎƻƳǇŀǊƛƴƎ ŀ ŦƻƻŘ 

forest with a forest are for reference purposes only. A comparison between a food forest and arable 

farm is more relevant as they are both productive agroecosyǎǘŜƳǎΦ CƻǊŜǎǘ ά5Ŝ .Ǌǳǳƪέ ƛǎ ŘŜǎƛƎƴŀǘŜŘ 

as a nature area with no production value (for humans). Establishing optimum soil ranges are, 

therefore, relevant for agroecosystem.   
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Table 4.2: A complete overview of every soil quality indicator, summarized according to their type and significance (soil quality indicator with an asteriskϝ ƛǎ  ŀŘƻǇǘŜŘ ŦǊƻƳ .ŀŀǎΩ 
research). 

Soil quality 
type  

Indicator Explanation Significance Source 

Physical Soil texture Ratio between sand, silt and clay. Soil texture affects physical and chemical soil properties. (Gooren, Peters, Riksen, & 
Gertsen, 2017) 

Soil colour Determining the colour of the soil. Soil colour gives an indication of the soil composition (i.e. organic matter 
content and presence of essential nutrients). 

(Munsell, 2017) 

Soil 
temperature  

The temperature of the soil (°C) Soil temperature directly affects plant growth and influences soil moisture 
content, aeration and availability of plant nutrients. Optimum soil 
temperature for soil life is between 25°C and 35°C. 

(Agriinfo.in, 2015) 

Aggregate 
stability  

Indicates the stability of the soil against 
άmechanical or physicochemical destructive 
ŦƻǊŎŜǎέ (Eijkelkamp Soil & Water BV, n.d.) 

This shows how susceptible the soil is to soil erosion from water and 
indicates the stability of the soil structure. 

(Eijkelkamp Soil & Water 
BV, n.d.; USDA, 1996) 

Bulk density Indicates the ratio between soil particles and non-
soil particles. 

Characterizes the soil structure. Soil structure supports vital processes: 
ability for plant root growth, soil aeration/exchange of gases, water 
infiltration and drainage capacities of the soil. 

(CDPR, 2014) 

Soil moisture 
content 

Indicates percentage of water present in the soil. Soil moisture acts as a medium for transferring nutrients and minerals. It 
can also influence the stability of soil structure. 

(Johnson, 1992; R. Schulte, 
hΩ{ǳƭƭƛǾŀƴΣ ϧ /ǊŜŀƳŜǊΣ 
2018) 

Soil resistance Assessing how dense, i.e. compacted, the soil is by 
measuring the resistance exerted by the soil. 

A compacted soil adversely affects the growth of plants due to less room for 
aeration, water infiltration and increased difficulty for root penetration. 

(Keesstra, 2017) 

Chemical 
 

pH Indicates the level of soil acidity or basicity. Level of soil pH influences plant nutrient availability in the soil and is a 
fundamental influence on soil properties, such as on SOM and aggregate 
stability. 

(Rayment & Higginson, 
1992) 

Soil organic 
matter & 
carbon content 
(SOM & SOC) 

Organic matter is the process of on-site biological 
decomposition, which can also lead to the build-
up of humus, make nutrients available for uptake 
and stores and releases carbon through soil 
respiration. 

The level of SOM influences vital soil processes: nutrient availability, cation 
exchange capacity, soil structure, water holding capacity and source of 
energy to soil biota. SOM is also an indicator for soil organic carbon content 
(SOC = SOM x 0.5). 

(FAO, 2005; Geissen, 2015) 

Biological Earthworm 
abundance (per 
m2)* 

Number of earthworms present in soil sample.  Earthworms play a significant role in soil structure and contribute to the 
build-up of healthy soils through the creation of macro-aggregates, increase 
the decomposition process of plant biomass, soil particles and microbes into 
(smaller) organic matter and disperse organic matter across soil layers. 

(Baas, 2018) 
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Figure 4.2: A visualization of selected soil quality indicators in relation to soil threats, soils processes and soil-based ecosystem functions/services. Relationship is colour and pattern coded; 
green lines show connections between three soil threats in relation to soil quality indicators and soil processes. Blue lines reflect the interrelationship from soil processes with soil-based 
ecosystem. Within green and blue connections, each sub-theme adheres to a patterned outline (denoted by superscript and legend; e.g. SOM decline has green dashed lines and habitat 
ǇǊƻǾƛǎƛƻƴ Ƙŀǎ ōƭǳŜ ŘŀǎƘŜŘ ƭƛƴŜǎΣ ŜǘŎΦύΦ {ƻƛƭ ǉǳŀƭƛǘȅ ƛƴŘƛŎŀǘƻǊ ǿƛǘƘ ŀƴ ŀǎǘŜǊƛǎƪϝ ƛǎ ŀŘƻǇǘŜŘ ŦǊƻƳ .ŀŀǎΩ ǊŜǎŜŀǊŎƘΦ ό!ŘŀǇǘŜŘ ŦǊƻm Brussaard, 2012 in Bünemann et al., 2018) 
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The results from these soil quality indicators are compared to a benchmark relevant for loess soil with 

a (sandy) loam soil texture (Table 4.3). Also, basic soil indicators such as soil texture, colour, 

temperature and moisture content were measured to determine local soil conditions. These basic soil 

properties shape soil properties and soil processes as they are often interrelated. For example, soil 

texture characterises several soil properties (Table 4.4), such as bulk density (Figure 4.3). 

 

Table 4.3: A benchmark system showing every soil quality indicator and their respective colour-coded ranges for loess 
soils, where red are sub-optimal values, light-green are tolerable values and green are optimum values 

Legend 

### Optimum range 

### Tolerable range 

###  Threshold 

 

 

Table 4.4: An overview showing the effect of different soil textures on soil properties, with the effect on soil moisture 
content visualised  (Goldy, 2012; Tsoar, 2005) 

 

Indicator Range Source 

 Low Medium High  

Physical 

Aggregate stability 
(%) 

< 0.3 0.3 - 0.5 > 0.5 (Ohio State University, 2018) 

Bulk density (g/cm³) >1.32 1.32 - 1.72 >1.72 (USDA, n.d.) 

Soil moisture (%) < 20 20 - 40 > 40 (Tsoar, 2005) 

Soil resistance (kPa) Җ 250  > 250 (Hanegraaf, Haan, & Visser, 
2019) 

Chemical 

pH < 5.5 5.5 - 7.5 > 7.5 (FAO, 2015; Moebius-Clune et 
al., 2017)  

Soil organic matter 
content (%) 

< 2 2 - 4 > 4 (Morari et al., 2016 in Stolte 
et al., 2016) 

Soil organic carbon 
(%) 

< 1 1 - 2 > 2 (EEA, 2012; Aksoy, Yigini, & 
Montanarella, 2016) 

Biological 
Earthworm 
abundance (per m2 ) 

<120 120 - 250 >250 (Pfiffner, 2014) 
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Figure 4.3: Low, medium and high bulk density classes across different soil textures (Rawls and Brakensiek, 1983 in 
USDA, n.d.) 
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4.2.1 Sampling design  

The forest, food forest and conventional farm were sampled using a random-stratified sampling design. 

In the case for the forest and food forest, sampling was based on sub-dividing the field into non-

ƻǾŜǊƭŀǇǇƛƴƎ ǎǘǊŀǘŀ ŀŎŎƻǊŘƛƴƎ ǘƻ άǎǇŀǘƛŀƭ ƻǊ ǘŜƳǇƻǊŀƭ ǇǊƻȄƛƳƛǘȅ ƻŦ ǘƘŜ ǳƴƛǘǎΣ ƻǊ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ ǇǊŜ-

existing information or professional judgƳŜƴǘέ (EPA, 2002; pg. 13). In the context of a (food) forest, 

ǘƘŜ ǘŜǊƳ ΨǳƴƛǘǎΩ ǿŜǊŜ ŘŜŦƛƴŜŘ ŀǎ ƘŀōƛǘŀǘǎΣ ǘǊŜŜ ǎǇŜŎƛŜǎ or tree-crop combinations (Slier et al., 2018b). 

Sampling locations for this study were also based on the sampling locations of a previous soil study by 

Bakker (201сύΦ Iƛǎ ǎŀƳǇƭƛƴƎ ƳŜǘƘƻŘƻƭƻƎȅ ǿŀǎ ōŀǎŜŘ ƻƴ άώΦΦΦϐ ΨǎŀƳǇƭƛƴƎ ȊƻƴŜǎΩ ώΦΦΦϐ ƛƴŘƛŎŀǘŜŘ ƻƴ ŀŜǊƛŀƭ 

maps of the study sites in a semi-regular systematic grid. In the field, sample sites were chosen within 

the sampling zones, based on accessibility and local field ŎƻƴŘƛǘƛƻƴǎέ ό.ŀƪƪŜǊΣ нлмсΤ ǇƎΦ мпύΦ ¢Ƙƛǎ ƛǎ 

also considered a random-stratified ǎŀƳǇƭƛƴƎ ŀǇǇǊƻŀŎƘΦ CƻǊ ŎƻƻǊŘƛƴŀǘŜǎ ƻŦ ǘƘƛǎ ǎǘǳŘȅΩǎ ǎŀƳǇƭŜ 

ƭƻŎŀǘƛƻƴǎ όōŀǎŜŘ ǳǇƻƴ .ŀƪƪŜǊΩǎ ǇǊŜǾƛƻǳǎ ǎǘǳŘȅύΣ ǊŜŦŜǊ ǘƻ 11.2. In the case for the conventional farm, 

samples were taken at random as there were no previous sample points to follow. 

  

Figure 4.4: Two sampling designs, systematic (A) and random-stratified (B), for the case of food forest EcoVredeGaard 
(EVG). The systematic approach entails sampling at equally spaced locations. The random-stratified approach entails 
sampling at random within pre-ŘŜŦƛƴŜŘ Ƙŀōƛǘŀǘǎ όƛƴ 9±D ǘƘŜǎŜ ŀǊŜ άƴǳǘ-tree habitat (purple), herb-shrub habitat 
(yellow), fruit-tree and shrub habitat (grey), fruit-tree and shrub habitat in lowland (green), no-management area 
(orŀƴƎŜύέΦ (Slier et al., 2018; pg. 63) 
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Considering time and 

feasibility, five sample 

locations were taken per land 

management system. For food 

forest Ketelbroek, five samples 

were taken; in the northern 

shrubs with various grass 

species (FF1), southern shrubs 

with fruit bushes (FF2), deep 

food forest with seven 

productive layers (FF3), in a 

lane with mainly nut trees 

(FF4) and in the open food 

forest with comfrey and nut 

trees (FF5) One sample was 

taken per stratum. The 

ǎŀƳǇƭƛƴƎ ƭƻŎŀǘƛƻƴǎ ŀǘ άDe 

Bruukέ forest and the arable 

field are shown in Figure 4.7 & 

Figure 4.8.  

Figure 4.6: A schematic map showing sample locations in different zones of food forest Ketelbroek (adapted from 
Baas, 2018) 

Figure 4.5: A map showing sample locations at food forest Ketelbroek (coded with 
FF# for food forest) 

N 



 

23 

 

  

Figure 4.7: A map showing sample locations at nature rŜǎŜǊǾŜ Ϧ5Ŝ .ǊǳǳƪϦ όŎƻŘŜŘ ǿƛǘƘ 5.І ŦƻǊ ά5Ŝ .Ǌǳǳƪέύ 

N 

Figure 4.8: A map showing sample locations at the arable field (coded with CF# for conventional farm) 

N 






































































































































































































