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Abstact

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 econorgrowth 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 und#estuparticularly on
soil health in temperate mgons. This thesis addresses this knowledge gap through a soil health
FaaSaaySyd Fd GKNBS f20FdAz2ya Ay (GKS bSGKSNI YR
NHzdz] ¢ YR | 02y thSsyoasbekBoil thealth Mastekafined thidigieltiwork,
laboratory assessment and data compilation. Eleven soil quality indicators were examined and
categorised into 3 types: 1. physical indicators, i.e., soil textea@our, -temperature, aggregate
stability, bulk density, soil moisture content,iscesistance (80cm); 2. chemical indicators, i.e., pH,
organic matter (OM), organic carbon (OC) and 3. biological indicators, i.e., earthworm abundance and
species.A randomstratified sampling design wsdollowed with five samples taken per study gitae
per stratum). At every location, one sample was taken at the topséit(®) and subsoil (385cm).
All soil health indicators were related to soil threats, soil processes and ecosystem serviceghThrou
a literature study, ranges and thresholds wdoemulated for loess soil and used as a benchmark.
Statistically significant differences were found amongst the locatidpart from aggregate stability
in the top- and subsoil and organic matter and carbcontent in the subsoilkesults show that soil
conditions were better atood forest Ketelbroek than the conventional arable fak¥ith the inclusion
of historical data and (unpublished) follewp research, temporal trends show SOM and SOC levels
havingdoubled in the last decade at food forest Ketelek; from approximately 4% in 2009 to 8.8%
in 2019.0verall, this study suggests that food forestry can be a sustainable form of land management
practice for sandy loam soils in a temperate climate, butniare research is needed to validate the
practiceof food forestry.This study also suggest that food forest Ketelbroek can mitigate soil threats
such as OM decline, compaction and biodiversity loss. -temg monitoring would be needed to
investigate theextent of thisRecommendationgor thisstudyarS (12 Ay ONBF asS GKS al vyl
per stratum and to include more biological indicators, e.g. through nematode studies, litter
decomposition rates or measuring soil respirati®@uil health can be assegkin numerous ways;
therefore, integrative soifjuality as a framework is highly recommended to further explore the effects
and impacts of food forestry at soil, land and ecosystem level.



Nederlandse samenvatting

Voedselbosbouw wordt gedefinieerd alsreimtensief agreecosysteem. Deze vorm van agnafstry
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 bijdrage aan economische groei zonder het milieu te stdra De voordelen van agroforestry
systemen voor ecosysteemdiensten worden in toenemende mate erkend door de wetenschappelijke
gemeenschap. Echter, voedselbosbouw is onvoldoende onderzocht, in het bijzegtdeffect op
bodemgezondheid in gematigde klimaanes. 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 gangbadterbouwbedrijf in Groesbeek.

Bodemgezondheidverd onderzocht aan de hand van veldmetingen, laboratoriumanalyses, en
aanvullende bodemgegevens. EIf bodemgesteldheidsindicatoren werden gebruikt, verdeeld in 3
categorieén: 1. fysische indicatoren, te wetdodemtextuur, -kleur, -temperatuur, aggregaat
stabiliteit, bodemdichtheid, bodemvochtgehalte, bodemweerstand-8@m); 2. chemische
indicatoren, te weten pH, organische stof (OM), organische koolstof (OC) en 3. biologische indicatoren,
te weten soorten a aantallen regenwormen.

Een willekeurig gestrditeerd bemonsteringsontwerp werd gevolgd waar 5 monsters genomen
werden per studie locatieéén per stratum). In elke locatie werd één monster genomen van zowel de
toplaag(0 - 5 cm) en de ondergrond (3@5 cm). Vervolgens werden bodemgesteldheidsiatdicen
gerelateerd aan bodembedreigingen, bodemprocessen en ecosysteemdiensten. Via een
literatuurstudie werden streefwaarden en drempels geformuleerd voor I6ssgrond, de bodemsoort in
het studiegebied.

In de data werden statistisch significante verschillgevonden tussen de drie studiegebieden. Met
uitzondering van aggregaatstabiliteit (in d®plaag en ondergrond) en organische stof en
koolstofgehalte (in de ondergrond), toonden de resultaten aan dat déebwmstandigheden in
voedselbos Ketelbroek betewaren dan die van het gangbare akkerbouwbedrijf. Uit historische
gegevens en aanvullende onderzoek (niet gepubliceerde gegevens) bleek bovendien da#nSOM
SOGnhiveaus verdubbelden in het laatste decenniomvoedselbos 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 nadig is o
dit te valideren. De resultaten suggereren aidt voedselbos Ketelbroek bodembedreigingen zoals

de achteruitgang van organisch stofgehalte, bodemverdichting en verlies van biodiversiteit kan
mitigeren. Een langdurige vervolgstudie zou nodig zijn ommdeang hiervan te bepalen. Voor een
betere beoordéing van de bodemgezondheid van agmosystemen wordt aanbevolen de
A0SSTLINRSTF2YQFy3 (S OSNENRBGSY YSG xo LISNIJ &d NI (dz
bijvoorbeeld door middel van nematodenondeek, afbraaksnelheid van strooisel of het metemv
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
voedselbosbaw op bodem, land en ecosysteemniveau verder eederzoeken.
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Figure 5.9: Map showing the soil types present in Groesbeek, the main soil type in research sites, boxed in

black, are sandy loam soils (in Dutch: lesudeerdgronden). (Kadaster, 2018) 33

Figure 5.10: A crossection illustrating groundwater flows for De Bruuk area #relprocess of seepage

(adapted from DLG, 2016) 34
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Figure 5.12: Average temperatures per month for Groesbeek with the pink area displaying tempeasige

most suitable for perennial crops (Soilirdgp.org, 2018) 35

Figure 5.13: Hardiness zone map for Europe with the study area marked by a red circle (Béartels & der Gehdlze,

2014) 36

Figure 5.14: Observed and projected \lgavater shortage during the growing season (Ap&leptember) for
1981-2010, the conservative 2050 projection {¥¢enario 2050) and the extreme 2050 projection W+

scenario 2050) for the Netherlands with the study area circled in black (PBL, 2042) pg. 37
Figure 5.5: Average minimum and maximum temperatures for the month January and June, with the study
area circled in black (KNMI, 2018) 37

Figure 5.16: A graph showing the water balance (rainfall minus evaporation) for the region of Groesbeek, for
the years 2015 (orange), 2016 (gnge2017 (blue) and the average between 2007 and 2016 (Biesheuvel, 2017)

38
Figure 5.17: A graph illustrating the average rainfall measured per year, from 1901 till 2015 for the
Netherlands (CBS et al., 2016) 38
Figure 5.18Yearly average amount of sunlight hours from 1@&D10 (Sluiter, 2012) 39

Figure 5.19: A world map showing annual sunlight hours (Landsberg, H. E. in Pinna, M., 1978) 39
Figure 5.20: A world map showing various ecological biomes; tropical/subtropical, temperate, dry,
polar/montane andaquatic biomes (CIESIN, 2012). 40
Figure 6.1: A radar graph providing a visual overview for soil health (@ggirbal, 1=optimal) in the topsoil
(0-5cm depth) for each study site according to the following soil indicators: aggregate stability, bulk density,
soil moistue, soil compaction, pH, organic matter, organic carbon and earthworm abundance. * denotes
results being statistically significant different between each site armtehotes statistically significant different
between some but not all sites. 43
Figure 6.2: A radar graph providing a visual overview for soil health (@pdibal, 1=optimal) in the subsoil
(30-35cm depth) for each study site according to the following soil indicators: aggregate stability, bulk density,
soil moisture, soil compaction, pH, organic matter, organic carbon and earthworm abundance. * denotes
results being statistically significadifferent between each site and tlenotes statistically significant different
between some but not all sites. 43
Figure 6.3: Boxptaesults for physical soil properties; aggregate stability, bulk density and soil moisture
content for topsoil and subsoil layers at each study site: conventional farm (CF), forest nature reserve "De
Bruuk" (DB) and food forest Ketelbroek (FF). 46
Figure 6.4: Scatter plots and boxplots showing measured soil resistance (kPa) across soil depths of 0 to 80cm at
each study site: conventiah farm (CF), forest nature reserve "De Bruuk" (DB) and food forest Ketelbroek (FF).

47
Figure 6.5: Boxplot results for chemicall gobperties; pH, organic matter content and organic carbon content
at each study site: conventional farm (CF), forest nature reserve "De Bruuk" (DB) and food forest Ketelbroek
(FF). 49
Figure 6.6: A boxplot for earthworm abundance results at each study site: conventional farm (CF), forest
nature reserve "De Bruuk" (DB) and food forest Ketelbroek (FF) (data adopted and adapted feoi20B 83

50
Figure 6.7: Earthworm species type at each study siteveational farm (CF), forest nature reserve "De
Bruuk" (DB) and food forest Ketelbroek (FF) (data adopted and adapted from Baas, 2018). 50
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Figure 6.8: SOM and SOC measurements over time (200EB) for food forest Ketelbroek (FF) and the

conventional farm (CF) 51
CAIdzNBE TtomY {2Af LINRPTFALS LISNI aAitSYy F2NBad NBaSNBS
Ketelbroek (FF) (Baas, 2018). 53

Figure 7.2: Soil cores-@p OY0 F2NJ S OK &AAGSY FT2NBad NBaSNBS as5S
forest Ketelbroek (FKBaas, 2018). 53

Figure 7.3: SOM and SOC measurements over time (200) for food forest Ketelbroek (FF) and the
conventional farm (CF) 59

Figue 7.4: A map showing how susceptible soils are to a level of degradation, shaded areas represent missing
data. (Stolte et al., 2016) 62

Figure 7.5: Soil health compass (simplified); relating soil quality indicators to soil threats, soil processes and
ecosystem functions. The orange circles represent soil threats, which affect soil processes (in blue) and these
affect ecosystem functios(in green). 63

Figure 7.6: Soil health compass (extensive); relating soil quality indicators to soil threats, soil processes and
ecosystem functions. The orange circles represent soil threats, which affect soil processes (in blue) and these
affect ecosystem functions (green circle with a different colour per ecosystem function). Soil quality

indicators (in black in the orange circles) are related to soil threats. 64

Figure 7.7: Soil health compasses for DB (forest "De Bruuk™), CF (conventional farm) and FF (food forest
Ketelbroek); connecting soil health results to soil threats, soil processes and ecosystem services. Soil threats
operate with a trdfic light system: green = no threat, light green =-sytimal with no significant threat,

orange = partial threat, red = threat. 65
Figure 7.8: Soil health compass for-BBaccording to the benchmarks set in this study) aneBOjking into
account peat soil type and nature/forest land use system) 66
Figure 7.9: A qualitative valuation of ecosystem functions and services per land use type (Stichting
Voedselbosbouw Nederland, 2019) 67
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1 Introduction

Food forestry and various agroforestry systems iacreasingly being highlighted as agroecosystems
with large potential to address current challenges sastinsustainable land use, biodiversity loss and
climate dange(De Stefano & d&abson, 2017; Elevitch, Mazaroli, & Ragone, 2018; Fagerholm et al.,
2016; Park, Turner, Bliggs, 2018; Wilson & Lovell, 201BEecentlythe Dutch government signetie
Green Deal Voedselbossémus identifyingthe practice of food forestry as part e path towards

G ANB Sy (BVOR IV Kp2ThisGreen Deahlso 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 fard system with mstlywoody, perennial plants
(edible ard non-edible, native and nomative) that mimic a forest ecosyster@rawford, 2010; Jacke,
2008; Limareva, 2014V. van Eck, 2018 pers. comni® Qctober). A food forest can also be desedb

Fa& F GLISNBYYAL t-LidzRliiR 0Sedachie e rBekier Y2022, (p AThis inherent
multi-functionality of food forestry systems has implied a multitude of opportunities and benefits in
addressing major challenges in the Anthropocegdevitch et al., 2018; FAO, 2015; Kremen &
Merenlender, 2018)These implied benefits are often based on documented benefits of agroforestry,
either in practice or through resear¢Nair, 2014)Food forestry is considered a form of agroforestry.

Agroforestry is increasingly reatiged as a sustainable land management pracigrewn, et al., 2018;

Dollinger & dse, 2018; FAO, 2017; Wilson & Lovell, 20Agyoforestry is an umbrella term for tree
incorporated productions systemblair (2014)defines agroforestry as the practice of growing trees

with cropsand sometimes withfarm animalsin interactive combinations over time and/or space for

a variety of objectives. Current remeK & dz33Sada GKIFIG aAYyGSINIGAy3 0
environmental degradation, improve agricultural productivity, increase carbon sequestration,
generate cleaner water, and support healthy soil and healthy ecosystems while providing stable
incomesad2 G KSNJ 0 SYSTA(a (Brdvn & dizy2048, ps1J firdudhNugiee review,

52f f AYISNI FyR W2aS ouwnmyov O2yOfdzRSa GKIFG aF INRTF
better thanmono-cropping systems, improve soil nutrient availability and soil fertility [...] which would

L2 aAGA GBSt & Ay DolueydO&se, 8048\ 6. 218)S | f ( K ¢

Within the scientific and agronomic community, food forestry remains largely unrecognssed a
farming systemTreeincorporatedfarming systems, such asdd forestry is often seen as a novel
practice using agroforestry concepts and technig(ieair, 2014) Due to thisbeing perceived as a

novel land management practice, few studies have assessed whether the benefits of agroforestry are
also true for food foresy and to what extentTheGreen Deal Voedselbosdaghlightedthe need for
researcling the effects of food forestron @ 6 A 2 GA O | aLISOGa &dzOK +a 2y
ecological functionality and abiotic aspects such as on soil, water and micrd&&I§R&tO, 2017; pg.3)

This study aims to contribute quantitative and qualitative data onéheespects, starting with the soil.

Qi

The effects of land management practica® often examineadhrough asoil healthassessmenfDuval,
Galantini, Martinez, L6pe & Wall, 2016; Pardon et al., 2017; World Bank., 2(8d) health is defined

I athe@ontinued capacity of soil to function as aaliiving ecosystem that sustains plants, animals,

I YR KdzY |l ynBénentabrvet af, 2018; pg. 108his study eplores the effect of food forestry

on soil through a comparative case study; assessing soil health at food forest Ketelbroek, nature
reservedDe Bruuk and a conventional arableafmin Groesbeek, the Netherlands.



In addition to land management practiggsedoclimatic conditions and associated soil threats also
have aninfluence on soil health. Therefore, soil conditions aredescribed,and the soil health
assessment is linketh soil threats, soil processes and ecosystem functions/services. The soil health
assessment consists of eleven pramglicators;a mix of physical indicators, i.e., soil textueglour,
-temperature, aggregate stdiiy, bulk density, soil moisture coent, soil resistance (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 togsmih)@nd subsaoill
(30-35cm)and comparedelative to each site and to a benchmark. To a large extent, this thesis is a
baseline study to quantify soil health. Analysing trends are attemptédmywech more data and
research areeeded to monitor the effects dbod forestry practices.

This thesigs 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 theuppose of this study is defined, indimg 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).tfRasellshown with
supportive tables athfigures (Chapter 6), followed by a discussion of the results, concept and methods
(Chapter 7). A summary of the conclusiaesmade (Chapter 8) and ends with a summary of
recommendations (Chapter 9).



2 LiteratureSudy

This lierature study serves ta@onceptualize the concept of food forestry in relation to agroforestry
To contextualize thisthesis, adescriptionis given belowon relevantterminology, research into
agroforestry practicesin relation to temperate fod forests,the principlesof food forestry and
currentresearchon temperatefood foress.

2.1 Terminology

The practice of food forestry is oftamontextspecifi¢ thereby making it a difficult concept wefine.
Food foests are also often related to concefs such asmulti-strata systems,agroforestry,
homegardens, permaculture, analog forestatc (Crawford, 2010; Limareva, 2014; Nair, 2004
Hendriks, 2018pers. comm. 2" Octobe). For more @rity, a list of definitions is given below for
common concepts connected to food forgs{Table2.1). It should be noted that these definitions are
not staticas here may be variations over time amdspecificcontexts.

There are also several synonyms used to refer to food foréstdhe Netherlandsyoedselboss a
popular term, derived fsm the literal translation o ¥ 2 2 R . IiFti2eNtiiedl Kingdom (UKhowever,
theuse of theli SN W T 2 NSrioiié populaNR 8rifigd tefminology was first named by Hart,
a pioneer in forest gardening since the 1960ke term€dible forest gAlR Sig aldd usedJacke,
2008) The definitions gien for each of these synonymsTiable2.1 are based orntermsused by the
practitioners. Althouglthe definitions have a slightly different wordinfpet messagéssimilar. a land
use system with mainly perennials which mimics a forest ecosysteithis study,the term food
forestry is used as this case study is based in the Netherldhete, a food forest is defined as a land
use system wittmainly woody, perenial plants that mimics a forest ecosyste@rgwford, 2010;
Jacke, 2008; Limareva, 2004. van Eck, 2018 pers. comni Qctober).

Table2.1: A list of relevant terminology (compiled from Nair, 2014; Agroforestry Research Trust, 2018; Jacke &
Toensmeier, 2008; Holmgren, 2018; IAFN, 2018)

Terminology Definition

oPurposeful growing of trees, crops, sometimeghwanimals, in interating
Agroforestry combinations for a variety of objectives. Agrisilvicultereees + crops;

Silvopasture= trees + pasture/animals; Agrosilvopasture= trees + crops +

animals/pasturee (Nair, 2014, p. 270)

An approach to ecological restoration which uses natural farest guides tc
Analog forestry  create ecologically stable and sogoconomically productive landscap@#FN,

2018).

GORAOGES FT2NBad 3IINRSyAy3dI Aa GKS |
Edible forest woodlandlike patterns that forge mutually beneficial relationships, creatin
garden AF NRSy S$0238ad08Y GKIFG Aa Y2NB (KL y

(Jacke, 208, p. 1)

G ! fuseysyRtem with mainly woody, perennial plants (edible and-edible,
Food forest native and nomative) that attempts to mimic a forestcosystend

(W. van Eck, 2018 pers. comnT9 Qctober)

A synonym for food forestiA designed agronomic system based on trees, sh
Forest gadening and perer]nial plants. These are mjxed in such a way as to mimic the struct

- Yl Udz2NF £ F2NBaUéE

(Agroforestry Research Trust UK, 2018, p. 1)



G! &adzoaArxaiaSyOoS FINXYAy3d aeaiaqsSy Oz2y:
Homegardens  trees and shrubs in associatiofitivcropsand sometimes livestock around home
UKS gK2tS dzyAld YFEYylFI3ISR AyuSyaagdsSte
(Nair, 2014, p. 270)
Multipurpose g1 (NBSKkaKNHz GKIG Aa INRsY F2N Yo
tree (and shrub) (Nair, 2014, p. 270)

Multi-storied or g1 v | NINJ of Bdhts Byhing distinct layers from the lower (usual
multi-strata KSNbI OS2dzao fF@SNJ G2 GKS dzLILISNY 2 & {
system (P.K.R. Nair, 2014, p. 270)

G!'y AYGS3IANI G§SR3E S@2ft Gpeyp&uating gait Snd andhie
Permaculture 3 1 JISOA Sa dzaSFdzZ (2 YIyoe

(Mollison &Holmgren, 19781 Holmgren, 2018

2.2 Agroforestry

2.2.1 Defining the concept
Agroforestry systems stems fron
indigenous and traditional
farming practices (Nair, 2014; M 100% trees
Hendriks, 2018pers. comm. 2
October). Literature often links

the history of agroforestry to
homegardening, dating backo
10000 BC in moist tropical
regions (Nair, 2014)
Homegardeningis defined as a
GadzoaraidSyos —

consisting of integrated mixtures

of multipurpose trees and shrubs / Craps / Miked fcmiing \"esmﬁ

in association with crops anc N < : X
sometimes  livestock  around 1006l G

homes, the whole unit managed-igure2.1: Tre agroforestry triangle (an adaptation from the AGFORWARD
AyGSyargSte o eaPpoegipvaniopragik Cqe pngSpgAd

(Nair, 2014, p. 270)

<
2

Agroforestry

Wood
pastures

0% arable

A food fores is one of manyland-use systems thafall under the umbrella term: agroforestnAn
agroforestry system igenerally defined athe purposeful growingf trees, crops, sometimes with
animals, invariouscombinations over time and/or space for a variety of objectigiéair, 2014; van
Noordwijk, et al.,2016) Figure2.1 illustratesthis interplay between treescrops and livestock. This
agroforestry trianglalistinguishedive mainproductiontypologies arable farming (i.e100%crops),
productive forests and tree plantations (iH0%trees),livestock farmindi.e. 100% animalsjmixed
farming (between crops and/kistock) and agroforestigystemsThe rdio of onecorecomponent (i.e.
trees, crops or livestockyith anotherdeterminesthe type of agroforestry system it i§or example,
a tree and crop dominated agroforestry system is often tedra silvoarable system or an
intercropped orchardFigure2.1). There are many possibilities and therefore, miamd-usesystems.



2.2.2 Classification of agroforestry systems

An overview of the various agroforestsystems, susystems and practices has been compiled by
Nair (1985), shown iRigure2.2. Here, Nair typifies agroforestry systems according to the interaction
of three core components: woody perennials, pastures/aninzald agricultural species. The ratio

between these core comgments are dignguished into four different categories: silvopastoral

systems, agrosilvipastoral systems, agrisilvicultural systems and other systems. Each of these
agroforestry systems are related to sapstems and practices.

Agroforestry systems are found and docemted most often in the sulropics than in temperate or
semtarid regions. Classifying (temperate) food forestry systen@mains a challenge due to the
variability of these three core components. For example, temperate food forests typically have-a multi
strata structure with multipurpose trees. This can be considered an agrisilvicultural system, with sub

systems/practice such as mul$pecies tree gardens and multipurpose trees/shrubs on farmland
(outlined in red inFigure2.2). Alternatively, a food forest can als&b Of a8 A FA SR
such as multipurpose tree lots (outlined in greerfrigure2.2).
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Figure2.2: Gategorization of agroforestry systems (labelled inside ring band) with related sydems 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(K&ir, 1985)



As such, temperate food forest, like agroforestrgteyns, are difficult to (sulp categorise because
some practices are mulfunctional and therefore not easily distinguishable. Other reasons for the

difficulty in categorizing food forest systems at some systems (also) have a ragricultural
function or are practiced on neagricultural 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 throup 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.

<QIIINIIMIINATURAL PROCESSESHIIIIIIIERID>

PLANTATION FOREST] NATURAL FOREST FOOD FOREST

Figure2.3: A continuum of types ofecosystems, clustering agricultural systems, agroforestry systems and forestry

systems(Stichting Voedselbd®uw Nederland, 2019)

Classifying agroforestry sgshs based on the structure of the sgst is simply one classification

criterion. Nair (1985) developed aagroforestry classification systeriigble2.2) based onseveral
criteria (structure, function, agro-ecological conditionsmanagement level andociceconomic
conditiong(Nair, 1985Nair, 2014)The structureof agroforestry systems is sutivided intostructural

differencS a

0 KNP dz3 K
F NNF y3ISYSyi

Table2.2: Major approaches in classification of agroforestry systems and practices (Nair, 1985)

Categorization of systems

(Based on their structure and function)

Grouping of systems

(According to their spread and management)

aLl O0S

Structure Function Agro-ecological/ Socio-economic and
(Nature and arrangement of components, especially (Role and/or output env:rum_n_ental management level
woody ones) of components, adaptability

especially woody ones)

Nature of Arrangement of
components components
isilvi e In space (Spatial Productive function Systems in/ffor Based on le»:ei of
Ag(l::ig‘:sc :g:ll ruees incl. Mix‘::i de(nslt’a ) Food Lowland humi‘d tmpi_cs techn_oiogy input
shrubs/trees and trees) (e.g.: Home garden) Fodder Highland humid tropics Low input (Marginal)
Silvopastoral Mixed sparce Fuelwood (above 1,200m _a.s.l; M‘ediqm input
(pasture/animals and (e.g.: most systems Other woods e.g.: Aqdes, India, High input
trees) of trees in pastures) Malaysia) .
Agrosilvopastoral Strip Other products Low_land subhumid Baseq' on cost/benefit
(crops, pasture/animals (width of strip to be ) ) tropics relations .
and trees) more than one tree) Protective function {e.g.: savanna zone Commerc_la]
Others Boundary Windbreak of Africa, Cerrgdo Intermediate
(multipurpose tree lots, (trees on edges of Shelterbelt . _of South Amen'ca) .
apiculture with trees, plots/fields) Soil conservation ngh}zmd subt_mrmd Subsistence
aquaculture with trees, Moisture conservation tropics (Tropical
etc.) In time (Temporal) Soil improvement highlands)
Coincident Shade (e.g.: in Kenya,
Concomitant (for crop, animal, Ethiopia)
Overlapping and man)
Sequential (separate)
Interpolated

0KS Wyl (dNBi A22F 21K Si NRSaLR yENHI LT
2F O2YLRySy@Waressy 20 K Ay

Iy R



2.2.3 Research intagroforestrysystems

There is increasingly more research on agroforestry systems sinceedtablishment of the
International Centre for Research Agroforestry (ICRAR 1977, currently known as the World
Agroforestry Cent (Nair, 1993)

Agroforestry as a sustainable land management approach
Research shows that agroforestry systems are a sustainable land managéhdnt approach,
especially improving soil conditio®ollinger & Jose, 2018; FAO, 2017; Motavalli, Nelson, Udawatta,
Jose, & Bardhan, 2018) ! ANR F2 NB & (i NB ¢ bfihe ReStaladdNIsé SrRtegiksito & 2 Y
contribute to food security while sinfuli I yS2dzat e fAYAGAYy 3 BMLOAKNRY Y Sy
Lovell, 2016, p. 1pollinger & José H nmy 0 YIRS Of SI NJ G4KI G dal AINRPTF2NBA
soil organic carbon bettehan monacropping systems, (2) improve soil nutrient availability anit so
fertility due to the presence of trees in the system, and (3) enhance soil microbial dynamics, which
g2dzf R LI2aAdAOBSt eDAliggeri&doSe/ 2088, paARNE KSI f 1 K¢

Agoforestry as a strategy to mitigate and adapt to climate change
Agroforesty is also seen as a strategy to mitigate and adapt to climate chéidgen@ndezMorcillo,
Burgess, Mirck, Pantera, & Plieninger, 2018; Jose, 2009; Park &29it)s Mutuo, et al. (2005)had
aK2gy GKFG FaINRPF2NBaidiNe aeadaSvya OFy aAyONBlas
RSAINI RIGAZ2Y S a ¢Sttt | & YANuudkt®S 2085NE 33fThesaza S I |
researcherslso quantified the potential of agrofoséry systems in the humid tropics as being able to
aSljdzSaid SN OIMYD Behyfin vege@t®ijlJard upto 25 MgHaA y (G KS G2LJ wn OY
(Ibid.). The mitigation of carbon and other greenhouse gasses for agroforestry systems in temperate
climate zones remain unknown. Secondiytuo, et al. (2005)LI2 Ay 1 a 2dzi GKIF G af Saa
the potential Cchy3Sa Ay GKS &2 Mutuolefial.,, 2008 Ip.045)Thes®R BdskntK & ¢
opportunities for further research.

2.2.4 Development of agroforestry research in Europe

ICRAF has mainbarried outresearchon agroforestrysystemsin the tropics, sukropics, arid and
semiarid regions since 1978n comparisonthere is limitedresearch intotemperate agroforestry
systems In Europe agroforestry researchtartedin it K S w i §98Xxe Agroforasy Research
Trust was formed in the Ukvith Martin Crawforda prominentpractitioner of food foresty) currently
sening as Trust Director. In 2011he European Agrofestry Federation (EURAF) was formdédth
wide-scale research on agroforegtsystensin Europeprovided throughthe EU funded AGFORWARD
project (20142017) a least sixother agroforestry practices were identifieid the literature (Table
2.3). However, the AGFORWARD researchers acknowledge thayebe more practices and
categories that are undocumented. For instance, forest gardening is recognisetter style of
practice Figure2.4), whereas in the AGFORWARD report, forest gardening is unmentioned.

¢KS ! DChw2! w5 NBLR2NI &KFINBa [dzyRINBya g whkAyidNB
types of temperate, European | INRP T2 NBadGNE &aeadsSvya oe& adaraay3a
silvoarable and silvopastoral systems such as alley cropping, woedlaOK A O1 Sy~ | yR ¥F22
(as cited in den Herderetal., 2016; 5) ¢ KS I dzi K2NA 2F GKA A& NBLER2NI NBO
advantage othe interactive benefits from combining trees and shrubs with crops and/or livestock to

create an integrated and sustainabEnd-dza S & & & G $Ixiréet alo(R0d7AhRstalssbdescribed
Cinderellaagroforestry systms which are locatiogpecific and with unrecognised potential; being



GdzyAljdzS Ay GSN¥Ya 27F Ala LINBuRdaributed;\bdt noBe/[Beindi2 v Y
RSAONAROGSR Ay ljdzk yGAGF GA G S(Nair Sty 20172pF 908BQuad ol RI§ | Y
literature study, it can be concluded that food forests may not bengef as a typical agroforestry
system, but rather as a novel system, which is yet to be clearly defined.

Sy
R 1

Table2.3: Six agroforestry practices identified the Europen literature (by MosqueraLosada et al2009 as cited in den
Herder et al., 2015)

Agroforestry practice Brief description
Silvoarable agroforestry | Widely spaced treesier-cropped with annual or perennial crops. It comprises
alley croppingscattered trees and line belts.

Forest farming Forested areas used for production or harvest of natural standing specialty ¢
for medicinal, ornamental or culinary uses
Riparan buffer strips Strips of perennial vegetation (tree/shrub/grass) natural or planted between

croplands/pastures and watesources such as streams, lakes, wetlands, and
ponds to protect water quality.

Improved fallow Fast growing, preferably leguminow®ody species planted during the fallow
phase of shifting cultivation; the woody species improve soil ferglitgt may
yield economic products.

Multipurpose trees Fruit and other trees randomly or systematically pkchin cropland or pasture
for the pupose of providing fruit, fuel wood, fodder and timber, among other
sevices, on farms and rangelands.

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

Agroforestry systems

Forest Farming:
Growing crops undemeath
the canopy of an
existing forest  goraain Silvopasture:
b Combination of trees,

,“"! Animals }
q!d‘)‘A‘ﬁ, and hivestock
Forest
Streams
“f‘ Grazing in '-,‘
[ Riparian Buffers: between rows |

[ Vegetative corridors to |
protect waterways op
rwnoff  Alley Cropping:
' buffer  Rows of tree crops \
| interplanted with rows |
of grain, vegetables, animals

Windbreaks: MUI‘;{:{’:“"
Plantings of woody ?
vegetation to mitigate  Edible /
\ effects of wind i /
and snow A Forest Gardening: /

Designing gardens that
mimic structure and function
of forest ecosystems

>

Figure2.4: A schematic representationf the various temperate
agroforestry practicesgdapted fromMudge and Gabriel, 2014)



2.3 Foodforestry

2.3.1 Prindples of temperate food forest

Themost general and broadest deription of a food forestist ' RAGSNES LI I yiAy3a 2F
FGGSYLIWGia G2 YAYAO GKS F2NBad SPrajectraod Boreat, 2016,R LI §
p. 1) In the Dutch context, a food forest defined,by the Green Deal (201 7according to the

following criteria:

0 a humandesigned productive ecosystemnimicking a natural forest ecodgsn which
contains a high diversityf@erennials 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

o0 the presence of at least three niches or productive layers (e.grloanopy layer, shrub layer
herbaceas layer, groundcover layer, underground layer and climbing layer)

o the presence of a rich forest soil life

0 a robust size; minimally 0.5ha in an ecologically rich environment and minimallyir2@ha
degraded landscape.

Based on observations of a naturatdst, RobertHart initiated the framework for (temperatbased)
food forestry bydescribingt 8 S @Sy R AshoSyidFiges. B(kinareva, 204). The first known
temperate food forest was planted by Hart in th@€Ds in the UK(ibid.). These sevemlimensions
represent seven possible productiveydas within a food forestwith Table2.4 providingan overview
of theseseven layers and agdible speciegxamplefor eachlayer.

Canopy layer

Low canopy
layer

4 ST A, X
sn v . 3 P
s ‘N " s ‘
N [
Shrub \
layer

Herbaceous

layer Groundcover

layer

Climbing (§
layer

e /Y
(|

Rhizospﬁere
layer

Figure2.5: The seven dimensions in a forest gardety(@wood, et al., 2014 ihimareva, 2014)



Table2.4: Overview of the seven productive layers within a food faresth edible species as examplésr each layer
(adapted fromAgroforestry Research Trust UK, 2018)

Layer Example of edible species tdtinname] + (edible part)
Rhizosphere layer Liguorice [Glycyrrhiza spp] (roots)

Ol ®1 @ @ WNR 2

Ground cover layer Creeping raspberry [Rubus calycinoides] (berries)
Herbaceous layer Mint [Mentha spp] (leaves)

Shrub layer Berries [Rubus spiiberries)

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)leveloped the seven layer concept into a nine layer approach, by adding the
aquatic/wetland layer anthe mycelial/fungal lagr (Figure2.6). Kitsteiner(2013)looked beyondhe
typical forest structure and also lookbdyond theforest edges. Ponds, streams or larger wétedies

such as wetland areas, can providemerous 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 addedrecognise the importance of fungal adty in the
above and belovground; such as its ability to prode mushrooms, decompose biomassnsport
nutrients and for its ability to retain and transport sailoisture (Kitsteiner, 2013)Limareva2014)

also suggested to add a permacultural garden to the south side of a food forest to include the
possibility of growing annuals next to perensial higpermacultural garden coulde considered as a

10" layerin the food forest(Limareva, 2014 0verall, food forests are composeardugh conscious
design, knowledge angractice with perennial plants, leading to planting qmmeitions being shaped
over time and space. This pradimcorporates spac®r plantto-plant and plantto-soil interactions

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

Overall, this process aims to mimic natural swséen 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 particusscondary succession. This is where an ecosystem isggigea

and time to evolve into a young or climax forestdium. Over time soil is built up and enricheith

a corresponding increase iniodiversity and biomass increasasth every stage within a forest
successiomollowingits own cycle of evolution, ahown in the top half ofFigure2.7. Food forests are
created in consideration of these cycles of evolufjdh van Eck, 2018 pers. comni'd Qctober) Due

to relatively low sunlight levels in the Netherlands comparedh® tropics, food forests are often
desiredto6 OK | @2dzy3 W¥22R T2 NB Figured. B B$edd ofirdathRd adzy 6 &
climax food forest (stage 6). This is becaofsa limited availability of sunlight hours in the northern
hemisphere compad to the southern hemisphere andore edible species, such as tResaceae
family, being able toflourish n the pioneering stage compared to the climax stageB{@m, 2018,
pers. comm., Thursday ZMarch).
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Over Time In Six Stages

Nine Layers of the Edible Forest Garden

1. Canogy/T all Tree Layer ©. Underground Layer

2. Sub-Canopy/Large Shrub Layer 7. Vertical/Climber Layer
3. Shrub Layer &. Aquatic/Wetland Layer
4. Herbaceous Layer 9. Mycelial/Fungal Layer
5.Groundcover/Creeper Layer ~ ga . . -

Figure2.6: The nine layers of the edible forest gardé€Kitsteiner, 2013)

Disturbance

Increase over lime

Hiodiversity
Glomass
Soil Layer

Figure2.7: An illustration offorest successionver time (Kitsteiner, 2012)
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2.3.2 Research intoemperate food foresy

In the Netherlands, organisations suchStghting Voedselbosbouw Niood Forestry Development,
Circle Ecologystichting BOTEHNDSndVan Akkenaar Bos HAS Den BoselmdVan Hall Larenstein
(Velp)are pioneeringthe development ofood forestry. This is achievetthrough educating, designing,
planning, implementing, practicing and researching food fore#ts.2015, the Permacliure
Association UK seip the Food Forest International Research Network and their initial survey counted
over 150forest gardensworldwide (T. Walisch,2018, pers. comm.,14" January. Despite these
numbers,there are still limitedscientific studies o temperate food foresteompared to sukropical
agroforestry systems

From thisinitial literature review, only a handful o$cientificaly-basedresearch studiesntemperate
food foresty have been identifiedof which most werey | & ( tBeNiEpiojets. For exampleWest
(2016)SELX 2NBR (KS OgA&aR2YI (y26ft SRIS Limgréva20ad) OG A OS¢
explored the ecological principles in natural temperate forest ecosystardspthand focussed on
the lessons learnt fronfood forest Ketelbroek, the NetherlandsVargasPoveda(2016a, 2016b)
developedtools to facilitate temperag forest garden development frocase studies in the UK and in
Denmark and also developedaolkit for formulating forest garden archetypeBakker(2016)also
carried out a sustainability assessment investiggtihe soil properties water quality and flora and
fauna biodiversity levelat food forest KetelbroekThe followingyear, Breidenbachget al. (2017)
investigated the biodiversity levels thfe same food foresin comparison wittnearbynature reserve
G5S . Ndzdricénceptual levePark and Higgg2018) presenteda monitoring framework
containingdd4 criteria, 39 indicators, and 109 measuréBark & Higgs, 2018, p. 4% a guiddo
systematically assess food forestry projediespite few peereviewed articleon temperate food
forestry systemsthere appears to be growing interest from academiand society to pretice and
understand the practice of (temperate) food forestry
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3 Pumpose of this Study

3.1 Objectives

This study aimaddress the knowledge gapour understanding about the effects of temperate food

forestry on soil aspect3his is explorethrough acomparative case studyssessing soil health fatod

forest Ketelbroekay dzy YI yF 3SR F2NBad FNBIF i yI (dadiile NBE &SN
farm. At each site,lie key objectives we:

1. To characterize the general settings
2. To investigate specifioil propertiesat the topsoil andsubsoil layer
3. To investigate thelevelopment ofsoil organic matterin the topsoi) over time.

3.2 Personamotivation

A personal goal of mine is tmntribute towards the development of biodiverse agomsystemand

| see enormous potential in food forestry. As a student, | would like éonug academic potential to
know more about theeffects andimpacts offood forestry practicesstarting in the Netherlands.
Knowing myself as more of a generalist than a spegcidlishjoy approaching this project with a
adaidtsSyQa GKAY(1Ay3a LISNELISOGAGSO®

3.3 Researchquestions

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 farthexfudest
natureNBE 38 SNIBS | NBF &a5S . NHzdz] € K

To answer this main question, two soésearch questions (SRQ) were formulated:
SRQ1: What settingdharactersethe three study sites, in terms of:

A. Gechydro-peddogy
B. Climatic conditions
C. Land nanagement approach

SRQ2wWhat dosoil quality indicators reveal abotlte land managemergystem pacticed akachsite,
in terms of:

A. the topsoil layer
B. the subsoil layer
C. overtime

Thefollowing chapter describes thesearch methods used to answer thassearch questions.
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4 Research Concepts and Methods

To addressthe research gquestions mixed melhod approach was adopteiwd combine quantitative
and qualitative data collectiarT hisinvolveda quantitative study using soil quality indicators to assess
soil properties at each site. In addition, qualitative data was collected through desktop resemrch
informal interviewsin order to gain insight about the soil management practices and to collect
historical data. These research methods are discussed in more detail bEfmwnderlying key
research concejstof soilquality and soihealtharefirst explainedbelow.

4.1 Researcltoncept

Soil quality and soil health
Inthis thesis the terms soil quality and soil health are used interchangeably and considered equivalent.
l'a adGrFdiSR o0& GKS bl ddaNIt wS&az2dzaNOSa re@tgasSolldl G A2y
quality, is defined as the continued capacity of smfunction as a vital living ecosystem that sustains
LIX I ydas | yAYlf &hBingann tddY ROYS: gy. 168h. Whis{definition reflects how
soil is regarded aa living ecogstem compared to thenore classical thought of soils being anrtne
structure consisting of biological, physical and chenpicagperties Soil quality often redrs to inherent
soil properties, e.gsoiltexture, and dynamic propertieg.g. organic mattecontent. Bothinherent
and dynamigoroperties can be influencedybsoil managemenapproachesand this influenceshe
functioning of the soil Internally and externally driven soil processes are diverse;spieific,
interrelated and can widely contribet to ecosystem servicess visualised byrigure 4.1. The
B NAFOoAfAGE YR AYUGSNIrOUGUA2Yya 0SG6SSYy WLINBA&A dzN
4dz0 aSljdzSyid WAYLI OGQ 2yglagRi{AGFRYVSDRZ2EAZ2VASY Kz
$02a428adG8Y 322 Banehayiret &, 200UE pgO19F ¢

B a
D8

‘Drivers’ ‘Pressures’

Land use & management and
associated soil threats, i.e soil

N . erosion, organic matter decline,
Pedoclimatic conditions, contamination, sealing
¥ ¥

T,
Land uge policies \ / compaction, salinization,
flooding & landslides

Light, Water

Temperature

Mineralogy, soi
structure, pH, organic
matter, contaminants

'State’ of
ecosystem

Soil and
aboveground biota

Adaptive management

‘Impact’ on Elament

ecosystem cycling

functioning

‘Response’ Ecosystem goods & services delivery

Figure4lY G ¢KS B5NAGSNE t NBaadaNBz {GFaGS8Ss LYLI Ol wSal
al. 2007 inBunemann et al., 20180g. 109)
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As mentioned before, soil health is increasingly being connected to the idea of soils as a living
ecld@@aiSYs O02YLRAaASR 2F 020K AYKSNByd FyR ReylYAO
emergent system properties such as the seljanization of soils, e.g. feedbacks between soil
organisms and soil structure, and the adaptability [of soilsjtay 3Ay 3 O2y RAGAZ2Yy &a¢ . Ny
2018; pg. 108Much remains to be studied about such syistem propertieswhilst currently, most

soil properties and processes are often studied in a practical yet reductionist appiodhbis study,

both classial and emerging approacheare consideredwith the aimto merge practicality and

innovation.

Soil threats
As defined by Berget al.(2017;pg. 3D a2 Af GKNBF Ga HieRletaliddP(6bBé a Sa 2 1
of) the functions of soils and the services that soils provide, or that change the state of sodléf and
prolongedg are expeotd to damage soil functions and services in the long run. While some of these
processes (or pressureadyjvers) occur naturally, emphasis [...] is on threats caused by human activity
GKNRdzZAK | ANRKROdzA GdzNIF £ &2 At Y y llyWéfived yyiteEuropeant A a i 2
Commission (2003nd expanded on by other studieBable4.1). This is because some soil threats in
thist Aald 6SNB Y2NB aLISOATA0 SINBTK FHyaR YASNRSE AY2S/5 0582 Adt
I RRSRY adzOK a Wftz2aa 27T | 022233 NRod2yNy/ S0 ARRARASA SINSEAAQT
information (Berge et al.2017) Berge et al. (2017) attempted to rank these identified soil threats
according tatheir urgency to society. This was done through a qualitative evaluation. It is suggested
G2 NBIFIR /KIFILGSNI n Ay Wt NB i Balieleyall (201ANA dedifedi dzNJ f 3
explanation of each soil threat.

Table4.1 European soil threats identified by various studies (Modified and adapted fiBerge et al., 2017, p. 32)

Soil threat Louwagie Joneset Stolte et Bergeet
et al. al., 2012 al., 2016 al., 2017
2009

Erosion by wind

Erosion by water

Floods and land slides

Degradation of peat soils

Carbon loss in mineral soils

Compaction

Salinisation and sodificatn

Contamination

Acidification

Loss of soil fertility

Desertification

12 Loss of aboveground biodiversity

©O© 00N Ok WN P

el
= o

13 Loss of soil biodiversity
14 | Spread of soil borne diseases
15 | Sealing (landake)
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Followng recommendations fronBliinemann et al. (2038soil quality indicators are related to soil
threats to adopt a more functional approach in assessing soil health. In this study, the selected soill
quality indicators are clusted around three soil threats: SOM declioempaction, and biodiversity

loss. These soil threats (and their corresponding indicators) are connected to all listed soil processes
and sodbased ecosystem functions/services (illustratedrigure4.2).

Sustainable saéind landmanagement
An underlying concept for this study is sustainable soil managenagwct sustainable land
managemen® G { 2Af YIylF3aASYSyid A& &adzadl Ayl of Sculturdl GKS
services provided by soil are maintained or enhanced without significantly impairing either the soil

a

Tdzy Otia2ya GKIFG Sylot$S (Fe2617, » 3N dénices Zaile @A 2 RA O ¢

ecosystem services, which are termed as-Bafled ecosystem functions/services in this study. As
mentioned earlier, these ecosystem functions are connected to soil process, soil tlaeatsoil
guality indicators Figure4.2). Sustainable land managemteis also an underlying concept of this
d0dzReé @ ¢ KA ahekstawasif dngr &&of lardl regoiirces, including soils, water, animals
andplants, to meet changing human needs, while simultaneously ensuring thedomgoroductive
potential of these resources and the maintenance of their environmental functioiBCC, 2019b, p.

4 & FAO, 2015)

4.2 Researcimethodology

Soil health assessment
Thereisa 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 (Brussataal. 2006). Due to
this, coupled with a diversity of soil sampling teithres 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 qualitylicators that have been developed (as a proxy) to identify
certainsoil properties(Biinemann et al., 2018Research has shown that land management practices,
certain soil fauna groups and soil structure do influence the functioning of a soil (Bruesah2006).
Examining soil indicators can provide a way to assess the conditgmil.

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 tts€Bable4.2 & Figure4.2). Eight
soil qualiy indicators were assessed using a benchmark and the remaining three were included as
backgroundsoil information (these being soil coloutexture and-temperature)All indicatorsaside

from woil texture and colour, are dynamic soil properti€sr thisd ( dzZR& Qa LJdzN1J2aSasx 02Y

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 agroedo8yS Ya ® C2NBaAG d5S8 . NYzdz

as a nature area witmo production value (for humans). Establishing optimum soil ranges are,
therefore, relevantfor agroecosystem.
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Table4.2: A completeoverviewof every soil quality indicator, summarized according to their type and significance (soil quality indicator with an agterisk &

FR2LIGSR FNRY

research).
Soil quality Indicator Explanation Significance Source
type
Physical Soiltexture Ratio betwen sand, silt and clay. Soil texture affects physical and chemical soil properties. (Gooren, Peters, Riksen, &
Gertsen, 2017)
Soil colour Determining the colour of the sail. Soil colour gives an indication of the soil composition (i.e. organic matte, (Munsell, 2017)
content and presence of essential nutrients).
Soil The temperature of the soil (°C) Soil temperature directly affects plant growth and influences soil moistur (Agriinfo.in, 2015)
temperature content, aeration and availability of plant nutrien@ptimum soil
temperature for il life is between 25°C and 35°C.
Aggregate Indicates the stability of the soil against This shows how susceptible the soil is to soil erosion from water and (Eijkelkamp Soil & Water
stability émechanical or physicochemical destructive indicates the stability of the soil structure. BV, n.d.; USDA, 1996)
F 2 NJESkaliéamp Soil & Water BV, n.d.)
Bulk density Indicates the ratio between dgparticles and non | Characterizes the soil structure. Soil structure supports vital processes:| (CDPR, 2014)
soil particles. ability for plant root growth, soil aeration/exchange of gases, water
infiltration and drainage cagities of the soil.
Soil moisture Indicates percentage of water present in tbeil. | Soil moisture acts as a medium for transferring nutrients and minerals. I| (Johnson, 1992; R. Schulte
content can also influence the stability of soil structure. hQ{dzZ t AGIlI yx
2018)
Soil resistance = Assessing how dense, i.e. compacted, the soil it A compacted soil adversely affects the growttplaints due to less room foi (Keesstra, 2017)
measuring the resistance exerted by thail. aeration, water infiltration and increased difficulty for root penetration.
Chemical pH Indicates the level of soil acidity or basicity. Level of soil pH influences plant nutrient availability in the soil and isa | (Rayment & Higginson,
fundamentd influence on soil properties, such as on SOM andezgge 1992)
stability.
Soil organic Organicmatter is the process of osite biological = The level of SOM influences vital soil processes: nutaeatiability, cation | (FAO, 2005; Geissen, 201!
matter & decomposition, whiclean also lead to the buld | exchange capacity, soil structure, wateslding capacity and source of
carbon content | up of humus, make nutrients available for uptak: energy to soil biota. SOM is also an indicator for soil organic carbon con
(SOM & SOC) @ and stores and releases carbon through soil (SOC = SOM x 0.5).
respiration.
Biological Earhworm Number of earthworms present in sodmsple. Earthworms play a significant role in soil structure and contribute to the | (Baas, 2018)

abundance (per
mZ)*

build-up of healthy soils through the creation of maexggregates, increase
the decomposition process pfant biomass, soil particles and microbes in
(smaller) organic @iter and disperse organic matter across soil layers.
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Soil quality indicator Soil threats Soil processes Soitbased ecosystem

function/ services

Soil organic matter Habitat provisiorf
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Figure4.2: A visualization of selected soil quality indicators in relation to soil threats, soils processes anbdas#b ecosystem functions/services. Relationship is colour and pattern codet
green lines showannections between three soil threats in relation t@is quality indicators and soil processes. Blue lines reflect the interrelationship from soil processes withaseil
ecosystem. Within green and blue connections, each-tfiufime adheres to a patterng outline (denoted by superscript and legend; e.g. S@&tline has green dashed lines and habitat

LINEPAAA2Y KlFIa o0fdzS RIFIaKSR tAySaz SGO0vd0od {2Af | dzl A (neBrussgardi 201BaAndthadanietiaK, 2018) | 4 G SNR & | |
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The results from thse soil quality indicators ammpared to a benchmark relevant for loess soil with

a (sandy) loam soil textureTéble 4.3). Also, basic soil indicators such as soil texture, colour,
temperature and moisture content were measured to determine local soil conditiorseTlbasic soil
properties shape soil propeds and soil processes as they are often interrelated. For example, soil
texture characterises several soil propertigalfle 4.4, such as bulk densitfFigure 4.3.

Table4.3: A benchmarksystem showing ever il quality indicator and their respective colowroded ranges for loess
soils, where red are subptimal values, lightgreenare tolerable values and green areptimum values

Indicator Range Source
Low Medium High
Aggregate stability <0.3 >0.5 (Ohio State University, 201¢
(%)
. Bulk density ¢g/cms3) >1.32 >1.72 (USDA, n.d.
Physical Soil moisture (%) <20 20-40 > 40 (Tsoar, 2005
Soil resistance (kPa)  #250 > 250 (Hanegraaf, Han, & Visser,
2019)
pH <55 55-7.5 >75 | (FAO, 2015; MoebiuSlune et
al., 2017)
Chemical Soil organic matter <2 >4 (Morari et al., 2016 irstolte
content (%) etal., 2016
Soil organic carbo <1 > 2 (EEA, 2012; Aksoy, Yigini,
(%) Montanarella, 2016)
Biological Earthworm <120 >250 (Pfiffner, 2014)
abundance (per m)
Legend

###0ptimum range
Tolerable range
### Threshold

Table4.4: An overview showing the effect of different soil textes on soil properties, with the effect on soil moisture
content visualised(Goldy, 2012; Tsoar, 2005)

Property/Behavior Sand Siit Clay 5
Surface area to volume ratio Low Medium High B
Water-holding capacity Low Medium to high High B Field capacity
Ability to store plant nutrients Poor Medium to high High 3
Nutrient supplying capacity Low Medium to high High ; B
Aeration Good Medium Poor g B Wa:z’;:ifble
Internal drainage High Slow to medium Very slow g B
Organic matter levels Low Medium to high High to medium § B
Compactability Low Medium High s L
i . ; v 3 Wilting point
Suceptibility to wind erosion Moderate High Low
Suceptibility to water erosion Low High Low if aggregated, high if not ol
Sealing of ponds and dams  Poor Poor Good o
Pollutant leaching Poor Medium Good Sand  Sandy Loam  Silt Clay  Clay

loam loam loam
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<—— Sand Separate, % ———
Low Density

“— Sand Separate, %
Medium Density

«—— Sand Separate, % —
High Density

Figure4.3: 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 Samplinglesign

The forest, food forest and conventional farm were sampled using a rassti@tified sampling design.

In the case fothe forest and food forest, sampling was based on-dividing the field into non
2OSNIFLIAY3T &adNFXdGF +FOO2NRAY3I (2 aqalLl GAlt -2N GSY
existing information or professional judgS y @ERA, 2002pg. 13) In the context of gfood) forest,

GKS GSNY WdzyAiaQ ¢SNBE RBr¥derrgpambinaiiongSlieoek al. l2618by § N5 S
Sampling locations for this study were also based on the sampling locationsesi@ysrsoil study by

Bakker (206 0 @ | A& al YLX Ay3 YSiK2R2ft23& g¢gla olaSR 2y «a
maps of the study sites in a seneigular systematic grid. In the field, sample sites were chosen within

the sampling zones, based @ccessibility and local field2 Y RAGA 2y &8¢ o6. F 11 SNE HAN
also considered a randostratified & I YLX Ay 3 | LILINBI OK® C2NJ O22NRAY I
f20FGA2ya 00l aSR dzLl2y . H12)ibiIRaEs foi B @vestidnal fadm) dzZRe 0 X
samples were taken at randoas there were no previous sample points to follow

Figure4.4: Two sampling designs, systematic (A) and randstratified (B), for the case of food forest EcoVredeGaart
(EVG). The systematic approach entails samglat equally spaced locations. The randestratified approach entails
sampling at random withinpreRSFA Y SR K| 0 A | (i & -trée\hgibitad (pubple)] iebshr8b hebNadd & y
(yellow), fruit-tree and shrub habitat (grey), fruitree and shrub habiat in lowland (green), nemanagement area

(orl vy 3 §Slieér @ al., 2018pg. 63
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Considering time and
feasibility,  five sample
locationswere takenper land
management systerror food
forest Ketelbroek, five samples
were teken; in the northern
shrubs with various grass
species (FF1), sowm 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
ar YLX Ay3a 208l i
Bruwke forest and the arable
field are shown irFigured.7 &
Figure4.8.

Sample points at food forest Ketelbroek (FF)
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Figure4.5: A map showing sample locations at food forest Ketelbroek (coded wi

FF# for food forest)
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@ Bench I Silvoarable alley cropping Meadow
*  Entrance B Deep food forest Shrubs
== Bridge Open food forest Water
=== Raster Recreational grass field

Figure4.6: A schematic map showing sample locations in different zooEfod forest KetelbroeKadapted from

Baas, 2018)

B Lane with nut trees
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Figure4.7: A map showing sample locations at naturé @ SNJ@S b5S . Ndzdzl b 6 02 RS

Figure4.8: A map showingsample locations at the arable field (coded with CF# for conventional farm)
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