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Woord vooraf 

 

EINDELIJK! Een beter woord om mijn dankwoord mee te beginnen kon ik echt niet vinden. 

Eindelijk, eindelijk, eindelijk! Wat in het najaar van 2007 nog een doctoraatsstudie van vier 

jaar leek te gaan worden, is uiteindelijk uitgemond in een ‘rit’ van meer dan zeven jaar die 

nu in april 2015 ten einde komt. Ik had deze rit nooit tot een goed einde kunnen brengen 

zonder de hulp van een heleboel mensen en ik wil deze gelegenheid dan ook aangrijpen om 

iedereen uitvoerig te bedanken! 

Als fervent wielerfan kijk ik ieder jaar reikhalzend uit naar de maand april. April is immers 

de maand van de voorjaarsklassiekers, met in het bijzonder de Ronde van Vlaanderen. Als 

wielertoerist met ambitie heb ik die Ronde van Vlaanderen al enkele keren zelf gefietst en 

nu ik terug kijk op mijn doctoraat, zijn het fietsen van de Ronde en het afleggen van een 

doctoraat perfect te vergelijken (het ene bleek wel wat moeilijker dan het andere…). 

 

 
 

 

Gespannen kom ik aan de start. Het doctoraatsvoorstel is goedgekeurd en vanaf 5 november 

2007 mag ik aan de slag als doctoraatsstudent aan het ILVO. Ik heb een goede voorbereiding 

achter de rug in de vorm van een diploma bio-ingenieur, maar zal dit voldoende zijn om de 

finish te bereiken? 

 

Al van bij de start kon ik rekenen op de hulp van drie gemotiveerde promotoren 

(‘ploegleiders’): Dirk Reheul, Alex De Vliegher en Erik Van Bockstaele. 

Dirk, jij was er bij van in het prille begin. Jij contacteerde mij met de vraag of ik interesse 

had in een doctoraat omtrent bodemkwaliteit en gewasproductie en steunde mij volop bij het 

indienen van het doctoraatsvoorstel aan het ILVO. Bedankt voor alle hulp en geduld de 

voorbije jaren! Je kritische wetenschappelijke ingesteldheid is mijn werk alleen maar ten 

goede gekomen en onze overlegmomenten vormden voor mij steeds een stimulans om met 

nieuwe ideeën aan de slag te gaan. Ook je terechte en steeds opbouwende kritiek bij het 

nalezen van al mijn teksten heb ik enorm geapprecieerd. 



Alex, als mijn vaste begeleider heb jij mij onder je vleugels genomen aan het ILVO. Je leerde 

mij het reilen en het zeilen van het ILVO kennen en stond altijd klaar voor al mijn praktische 

vragen. Dank u voor de hulp bij het organiseren van de veldwerkzaamheden, het nalezen van 

de teksten en het voorbereiden van de presentaties. Bedankt ook om mij steeds nieuwe moed 

in te spreken. Hoewel ik het nooit overwogen heb om te stoppen met het doctoraat, waren 

de bemoedigende schouderklopjes meer dan welkom. 

Erik, als toenmalig administrateur-generaal van het ILVO heb jij mij de kans geboden om 

mijn doctoraatsonderzoek uit te voeren. Je volgde het onderzoek schijnbaar vanop een 

afstand maar was toch steeds aanwezig op de samenkomsten van de begeleidingscommissie 

en stak tijd en energie in het nalezen van het finale manuscript. Bedankt! Zonder sponsor 

geen wielerploeg, zonder financiering geen onderzoek. 

 

Tijdens mijn studies bio-ingenieur lag de nadruk vooral op plantaardige productie. Met 

bodemkwaliteit en de bodem in het algemeen was ik in het begin iets minder vertrouwd. Ik 

had echter geluk dat ik aan het ILVO beroep kon doen op een aantal ervaren 

bodemwetenschappers (‘ploegmaten’): Bart Vandecasteele, Greet Ruysschaert en Koen 

Willekens. 

Bart, Greet en Koen, bedankt om steeds een antwoord te bieden op al mijn vragen omtrent 

bodemeigenschappen, labo-analyses, compostering,… Hoewel jullie niet fungeerden als 

promotor of begeleider, stond jullie deur altijd open en waren jullie steeds bereid om jullie 

licht te laten schijnen over mijn onderzoek. Greet en Bart, het feit dat jullie in de mate van 

het mogelijke rekening hielden met mijn cumul ‘werken aan het ILVO/het schrijven van een 

doctoraat’ heb ik enorm op prijs gesteld. 

Ook een woordje van dank aan de huidige en de voormalige wetenschappelijk directeur van 

Teelt & Omgeving, Johan Van Waes en Lucien Carlier.  

Johan, bedankt voor je niet aflatende interesse in mijn doctoraatsonderzoek en het nalezen 

van mijn teksten. Lucien, dank u voor de steun bij het indienen van mijn doctoraatsvoorstel 

aan het ILVO. 

Dank ook aan alle andere collega’s van P109 die van Teelt & Omgeving een aangename 

werkplek maken. Een speciaal woordje van dank ook aan mijn twee bureaugenoten Bert 

Reubens en Victoria Nelissen. 



Bert en Vicky, de loopwedstrijden, de ILVO-quizzen, de koffiekoeken, de 

verjaardagskaartjes, de concerten van Mumford & Sons en de 90’s-Hits zijn slechts een 

greep uit de vele leuke momenten. Wat mij betreft hoeft die deur er niet te komen! 

Ook mijn collega Thijs Vanden Nest dien ik te bedankten voor zijn hulp bij de 

bodemstaalnames, de labo-analyses en het verwerken van de resultaten tijdens het uitvoeren 

van zijn Masterthesis. 

 

  

  

 

De eerste hindernissen duiken op. Een doctoraatsonderzoek loopt niet altijd van een leien 

dakje. Een labotoestel gaat stuk, er loopt iets fout bij de staalname, bepaalde proeven gaan 

niet volgens plan…Toch kan ik dankzij de hulp van ILVO techniekers en laboranten de rit 

verder zetten. 

 

Het uitvoeren van mijn onderzoek ging gepaard met het aanleggen van veldproeven, het 

nemen van bodemstalen en het uitvoeren van heel wat labo-analyses. Dit had ik nooit tot een 

goed einde kunnen brengen zonder de hulp van een groot aantal ILVO techniekers en 

laboranten (‘mechaniciens’): 

Dankuwel aan: 

De ploeg van Geert De Smet en Geert Haverbeke. Geert², Wim, Erwin, Jo, Joost, 

Koen en Peter, bedankt voor alle hulp tijdens de intensieve staalnamecampagnes ieder voor- 

en najaar en voor al jullie geduld tijdens het bemonsteren van regenwormen. 

Iedereen van het Labo Plant-Teelt & Omgeving onder leiding van Chris Van Waes. 

Een speciaal woordje van dank aan Koen Van Loo en Jasmien De Clerck. Koen, bedankt 

voor de hulp bij het bepalen van de Cmic. Jasmien, bedankt voor al je geduld toen bleek dat 

ik er nog maar eens in geslaagd was om het TOC-toestel buiten werking te stellen. 

De afdeling Nematologie onder leiding van Nicole Viaene. Bedankt om al je kennis 

over nematoden met mij te delen. Een hele grote dankuwel aan Nancy De Sutter voor de 

identificatie van de nematoden! Zonder jouw hulp had ik de nematoden niet kunnen 

meenemen in mijn onderzoek. 



 

 

 

 

Een belangrijk drieluik. Te ver van de eindmeet om beslissend te zijn maar toch al richting 

aangevend voor de rest van de rit. Er volgt een tussentijdse evaluatie. Alle resultaten van de 

voorbije twee jaar dienen gerapporteerd te worden en een planning voor de komende jaren 

dient opgesteld te worden. De ILVO-jury is tevreden en ik mag mijn werk verder zetten. 

Hoera! 

 

Naast de vele ILVO-collega’s kon ik ook heel vaak een beroep doen op wetenschappers, 

laboranten en proefveldmedewerkers van de Universiteit Gent (‘bondgenoten in het 

peloton’). 

Dank aan Mathias Cougnon, Franky en Jean-Pierre van de proefhoeve in Melle. Het 

aanleggen en de oogst van de veldproeven was ieder jaar iets om naar uit te kijken! Bedankt 

ook aan Franky voor het delen van zoveel ‘levenswijsheden’. 

Dank aan Prof. Wim Cornelis en Maarten Volckaert van de Vakgroep Bodembeheer voor 

de onvoorwaardelijke hulp bij de analyses van fysische bodemparameters. 

Dank aan Prof. Geert Haesaert en Veerle De Rycke van de proefhoeve in Bottelare voor 

de opvolging van de veldproef en de vlotte samenwerking. 

 

 

 

 

 

De hellingen volgen elkaar nu in sneltempo op. Een eerste paper, een presentatie op een 

congres, de laatste analyses,… De spanning begint te stijgen maar voorlopig loopt alles 

volgens plan. Komt Meerbeke in zicht? 



Gelukkig was er af en toe ook nog tijd voor de broodnodige ontspanning waarbij ik een 

beroep kon doen op een aantal goede vrienden en vriendinnen (‘supporters’).  

Dank aan de landbouwvrienden voor de fietstochtjes naar zee, de etentjes onder de middag, 

en de gezellige tuinfeesten. Dank aan de ‘eeuwige beloften’ voor de quizdeelnames, de bal 

marginals of gewoonweg het uren leuteren over voetbal bij pot en pint. Dank aan de 

fietsvrienden van WTC Tempelhof die mij vergezelden tijdens de ‘echte’ Rondes. En dank 

aan de vrienden en vriendinnen van Geraardsbergen en omstreken voor de barbecues, de 

fiets/kroegentocht en de leuke feestjes. Dank jullie allemaal voor die vele 

ontspanningsmomenten die mij mijn doctoraat even deden vergeten.  

 

 

 

 

De Muur van Geraardsbergen, hier wordt de koers beslist! Alle analyses zijn afgerond, nu 

komt het er op aan om alles te bundelen in een doctoraat. Ik plan een beslissende demarrage 

op het steilste stuk en hoop zo het doctoraat op tijd af te ronden. Meerbeke, ik kom eraan!  

Helaas, de benen beslissen er anders over. Iedere kassei voelt aan als een Mortirolo en ik 

beklim de Muur op een slakkentempo. Het doctoraat geraakt niet tijdig klaar en de volgende 

drie jaar voelen soms aan als een ware helletocht. Even waan ik mij in de verkeerde 

klassieker, de Hel van het Noorden, Parijs-Roubaix. 

 

Tijdens ‘mijn helletocht’ ben ik steeds een beroep kunnen blijven doen op de mensen die 

mij na aan het hart liggen. Ma en Pa, bedankt om er steeds voor mij te zijn. Bedankt voor 

de onvoorwaardelijke steun gedurende de voorbije 30 jaar en bedankt om mij de persoon te 

laten worden die ik vandaag ben. Zonder jullie had ik nooit aan de start gestaan. Ma, ook 

bedankt voor de vele goede zorgen tijdens mijn verblijf in ‘Hotel mama’. 

  



 

 

Hoera! De slak heeft de ark bereikt. Het doctoraat is ingediend! Vol goede moed zet ik koers 

richting laatste helling van de dag, de preliminaire verdediging. Na een grondige evaluatie 

van het doctoraat, krijg ik groen licht van de examencommissie om door te gaan naar de 

publieke verdediging. De eindmeet komt nu echt wel in zicht! 

 

Langs deze weg wil ik tevens de mensen van de leescommissie uitvoerig bedanken: Prof. 

Steven Sleutel, Prof. Carlo Grignani en Dr. Hein ten Berge. Bedankt dat jullie zich zo 

uitvoerig van jullie taak hebben gekweten. Jullie nuttige opmerkingen zijn mijn werk meer 

dan ten goede gekomen. Bedankt! Grazie mille! 

 

Bij de mensen die mij na aan het hart liggen, had ik uiteraard nog één iemand niet vermeld. 

Zoals Tom Boonen zijn Lore heeft, zo heb ik mijn Lotte. Lotte, toen we elkaar bijna vier 

jaar geleden ‘beter’ leerden kennen, was ik mijn doctoraat al aan het afronden. Het vervolg 

is gekend. Het doctoraat geraakte niet op tijd klaar en ik begon aan een nieuwe job aan het 

ILVO waardoor schrijven aan het doctoraat iets werd voor ‘na de uren’. Daarnaast kochten 

en verbouwden we ook nog eens een huis zodat er amper nog vrije tijd overbleef. Nu ik op 

deze periode terug kijk, durf ik toch wel te stellen dat de combinatie werken aan het 

ILVO/doctoraat schrijven/huis verbouwen alles behalve ideaal was. En toch ben je mij steeds 

door dik en dun blijven steunen! Ook al was dit voor jou niet altijd even gemakkelijk. We 

zijn er echter samen doorheen gekomen en gaan dit najaar zelfs trouwen. En daar kijk ik 

geweldig naar uit! Bedankt voor alles! 

 

 

 

Tommy 

 

PS. De wakkere lezer en/of wielerfan zal terecht opmerken dat dit dankwoord volledig achterhaald 

is. De Ronde van Vlaanderen doet immers al een tijdje de Muur van Geraardsbergen niet meer aan 

en de eindstreep ligt niet meer in Meerbeke. Oudenaarde is nu de nieuwe aankomstplaats. Ik ben 

echter geen fan van het nieuwe parcours…
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Summary 

 

Recent EU and national legislative restrictions have reduced the use of fertilizers and 

pesticides in conventional agriculture. This has led to a renewed interest for improving soil 

quality as an important basis to optimize crop yields. Potential management options for the 

maintenance and the improvement of soil quality are e.g. conversion of arable land to 

grassland, reduced and no tillage, crop rotations, the use of cover crops and the more efficient 

use of crop residues and organic amendments such as animal manures and compost. In order 

to ensure sustainable agriculture, and for evaluating the effects of agricultural management 

practices on soil processes, tools for assessing soil quality are required though. Moreover, in 

order to be effective, soil quality measurements need to be related to specific soil function 

such as crop production. 

This thesis, which focused on farm compost application and crop rotation, had three main 

objectives: 

1. to study the effect of repeated farm compost application in a crop rotation of potato, 

fodder beet, forage maize and Brussels sprouts on crop yield and soil quality; 

2. to define the relationship between soil quality and crop production by means of a soil 

quality index (SQI); 

3. to validate the developed SQI in different maize-based crop rotations. 

 

1. To assess the effect of repeated application of farm compost on soil quality and crop yield, 

data were collected from a long-term field experiment (i.e. farm compost experiment) 

over a period of seven years (2004-2010). The experiment comprises a crop rotation of 

potato, fodder beet, forage maize and Brussels sprouts, a repeated application of 50 m³ 

farm compost ha-1 y-1 and three mineral N fertilizer levels (i.e. 0, 100 and 200 kg N ha-1 

y-1). Soil samples were drawn at the 200N level during three consecutive times after the 

sixth (fall 2009) and during the seventh (spring and fall 2010) cropping season of the 

study. From our results, it can be concluded that the frequent application of farm compost 

positively influenced chemical, physical and biological soil quality. After seven years of 

compost application the soil organic carbon (SOC) content had increased significantly (+ 
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17%) in respect to the unamended plots. Calculations showed that over a depth of 15 cm 

approximately 30% of the carbon which was applied by the compost was retained in the 

soil. The SOC increase was complemented by enhanced total N content (+ 12%), 

ammonium lactate extractable K content (+ 10%) and an improved pH-KCl (+ 0.42 pH 

units). Further, the prominence of long term compost applications were extremely useful 

in improving soil physical fertility by lowering soil bulk density and increasing aggregate 

stability in the topsoil. Finally, compost amendment positively influenced soil biota. 

Earthworm abundance, microbial biomass and the proportion of bacterivorous nematodes 

were improved while the amount of plant-parasitic nematodes was notably suppressed 

(on average – 28%), leading to an overall improved biological soil quality. 

Significant yield effects were lacking in the first three years (i.e. 2004-2006) of the farm 

compost experiment. After the fourth annual farm compost application, the effect on crop 

yield became significant, illustrating that farm compost amendments can increase crop 

yields over time. At the 200N-level, which was regarded as being closest to current 

practice for the four crops at that time and consequently of interest to the farmer, the 

repeated farm compost application resulted in an average annual dry matter (DM) yield 

increase for potato, forage maize, and fodder beet of 3.3, 2.3 and 6.1%, respectively, and 

an average annual DM yield decrease of - 0.9% for Brussels sprouts in the first three years 

of the farm compost experiment (i.e. 2004-2006).  

In the 2007-2010 period, DM-yield benefits for potato, forage maize, fodder beet and 

Brussels sprouts became more pronounced with average annual increases of 6.8, 4.5, 11.3 

and 7.4%, respectively. The clear nitrogen fertilizing effect of compost on crop yield in 

our study resulted in average annual positive nitrogen fertilizer replacement values of 

22.8, 19.6, 12.6 and 12.9 kg N ha-1 y-1 for potato, fodder beet, forage maize and Brussels 

sprouts, respectively. 

On top of this, a continually positive yield effect at the 200N rate (especially in the period 

2007-2010) was noticed indicating that the positive yield effect of the farm compost may 

also be caused by non-N effects such as improved chemical, physical and biological soil 

quality (discussed above). 

2. The relationship between soil quality and crop production in the farm compost experiment 

was assessed by means of a SQI in which several soil properties were combined. After a 

thorough statistical analysis, SOC, total N, the relative abundance of bacterivorous 
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nematodes, microbial biomass carbon and earthworm number emerged as the most 

relevant indicators to compute soil quality. As these indicators were significantly 

improved after repeated farm compost application (discussed above), the summed 

indicator scores resulted in the highest SQI values for the farm compost treatments. In a 

next step, the developed SQI was linked to crop yield and a significant, positive 

correlation between the SQI and yields of potato and fodder beet was found, suggesting 

a causal relationship between soil quality and crop production in these two crops. A 

similar significant correlation between the SQI and crop yields was missing for forage 

maize and Brussels sprouts. As potato and fodder beet are both tuber/root crops, we 

speculate that they have benefited most from increased topsoil quality. However, the trial 

set-up prevented us from fully separating the nitrogen and the soil quality effect on crop 

yields. Finally, multiple regressions pointed out SOC as the most important indicator 

positively influencing crop yields. Hence, for soil quality assessment in relation to arable 

crop production on compost amended loamy sandy soils in Northwestern Europe, the 

focus should be on SOC content. 

3. In the final part of this thesis the developed SQI was validated by collecting yield and soil 

data during the fifth growing season (i.e. 2010) of another long-term field experiment (i.e. 

crop rotation experiment). The experiment studied a maize based cropping system in 

which a monoculture of forage maize was confronted with maize grown in a diverse crop 

rotation (including ley-arable, potato and pea). The SQI was calculated for the different 

treatments but was found not sensitive enough to demonstrate significant differences 

between the different maize-based crop rotations. This could be partly explained because 

differences in soil quality in the crop rotation experiment were smaller than the soil 

quality changes in the farm compost experiment. After all, our analysis revealed no 

significant effects on overall soil quality nor crop yields that could be ascribed to the 

introduction of a grass-ley or an extended crop rotation compared to a monoculture of 

forage maize at a common N rate of 150 kg N ha-1. Further, in the SQI soil properties 

were included which have been found most sensitive to organic matter management (i.e. 

SOC, total N, earthworm number, microbial biomass C and the relative abundance of 

bacterivorous nematodes). As, except for SOC, other soil properties (i.e. bulk density) 

emerged as key indicators of soil quality in the crop rotation experiment, different land 

uses may require different soil quality indicators. This implies that the SQI needs further 

testing and a broader validation using data from long-term field experiments and farmers’ 
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fields that vary in terms of site conditions, soil use and management practices before the 

use of the index can be generalized. 
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Samenvatting 

 

Anno 2015 zorgen de steeds strenger wordende Europese en nationale regelgeving voor een 

afnemend gebruik van minerale meststoffen en gewasbeschermingsmiddelen in de gangbare 

landbouw. Dit maakt de landbouwer in toenemende mate afhankelijk van de natuurlijke 

processen in de bodem bij het op peil houden van de bodemvruchtbaarheid en het laag 

houden van de ziektedruk om zo een stabiele gewasproductie te verzekeren. Om de 

bodemkwaliteit te behouden en/of te verbeteren komen verschillende teelttechnische 

maatregelen in aanmerking: minimale bodembewerking, wisselbouw, goed uitgekiende 

vruchtwisselingen, het behoud van gewasresten, composttoepassing,… Er is echter nood aan 

meetinstrumenten die het effect van deze landbouwpraktijken op de bodemkwaliteit 

evalueren en opvolgen. Daarenboven lijkt het bepalen van de bodemkwaliteit enkel nuttig 

indien deze gekoppeld wordt aan belangrijke bodemfuncties zoals gewasproductie. 

Deze doctoraatsthesis, waarin de focus lag op de toepassing van boerderijcompost en 

vruchtwisseling, omvat drie onderzoeksdoelstellingen: 

1. onderzoek naar het effect van herhaalde boerderijcomposttoepassing in een 

vruchtwisseling met aardappel, voederbiet, kuilmaïs en spruitkool op gewasopbrengst 

en bodemkwaliteit; 

2. ontwikkelen van een bodemkwaliteitsindex (BI) om de relatie tussen bodemkwaliteit 

en gewasopbrengst te bepalen; 

3. validatie van de ontwikkelde BI in verschillende gewasrotaties met kuilmaïs in het 

bouwplan. 

 

1. Aan de hand van een meerjarige veldproef (boerderijcompostproef) werd het effect van 

een herhaalde boerderijcomposttoepassing op de bodemkwaliteit en gewasopbrengst 

onderzocht. De boerderijcompostproef ging van start in 2004 en omvat een 

vruchtwisseling met aardappel, voederbiet, kuilmaïs en spruitkool, een jaarlijkse 

boerderijcompostgift (50 m³ ha-1 jaar-1) en het toedienen van minerale stikstof in drie 

bemestingstrappen (0, 100 en 200 kg N ha-1 jaar-1). In het najaar van 2009 en het voor- 

en najaar van 2010 werd de proef intensief bemonsterd voor de bepaling van verschillende 

chemische, fysische en biologische bodemeigenschappen. Uit praktische overwegingen 
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werden de bodemstalen enkel genomen bij het 200N-niveau. Onze resultaten toonden aan 

dat de herhaalde toepassing van boerderijcompost aanleiding gaf tot een significante 

verbetering van de chemische, fysische en biologische bodemeigenschappen. Zoals 

verwacht resulteerde de aanbreng van een aanzienlijke hoeveelheid stabiel, organisch 

materiaal, in een significante toename (+ 17%) van het organische koolstofgehalte in de 

bodem (BOC) in de 0-15cm bodemlaag. Berekeningen toonden aan dat na 7 jaar 

composttoepassing, ongeveer 30% van de totale toegediende hoeveelheid organische 

koolstof werd weerhouden in de stabiele koolstoffractie in de bodem. De toename in BOC 

ging tevens gepaard met een significante toename in totale N (+ 12%), de ammonium-

lactaat extraheerbare K (+ 10%) en de pH-KCl (+ 0.42 eenheden). Naast een verhoogde 

chemische bodemkwaliteit, werden ook de fysische en biologische bodemeigenschappen 

positief beïnvloed. De herhaalde composttoepassing resulteerde in een verlaagde 

bulkdichtheid, een verhoogde aggregaatstabiliteit in de toplaag, hogere 

regenwormaantallen en microbiële biomassa en een groter aandeel bacterivore 

nematoden. Ook de bodemgezondheid werd verhoogd door het systematisch 

onderdrukken van aantallen plant-parasitaire nematoden (gemiddeld – 28%). 

Tijdens de eerste drie jaar (2004-2006) van de boerderijcompostproef werden geen 

significante opbrengstverschillen vastgesteld. Pas na de vierde boerderijcompost-

toepassing (2007) werden de opbrengsten van aardappel, voederbiet, kuilmaïs en 

spruitkool significant verhoogd. Bij het voor de landbouwer meest relevante 200N-niveau 

resulteerde een extra boerderijcompostgift van 50 m³ ha-1 jaar-1 in een jaarlijkse, 

gemiddelde droge stofopbrengststijging van 3.3, 2.3 en 6.1% bij respectievelijk 

aardappel, kuilmaïs en voederbiet en een jaarlijkse, gemiddelde droge 

stofopbrengstdaling van - 0.9% bij spruitkool tijdens de periode 2004-2006. 

In de periode 2007-2010 werden de opbrengstverschillen positief voor de vier gewassen 

en tevens meer uitgesproken met een jaarlijkse, gemiddelde droge stofopbrengststijging 

van 6.8, 4.5, 11.3 en 7.4% bij respectievelijk aardappel, kuilmaïs, voederbiet en 

spruitkool. Uit de boerderijcompostproef kwam de bemestingswaarde van 

boerderijcompost duidelijk naar voor. De jaarlijkse, gemiddelde ‘Nitrogen Fertilizer 

Replacement Value (NFRV)’ van de boerderijcompost bedroeg immers 22.8, 19.6, 12.6 

and 12.9 kg N ha-1 jaar-1 bij respectievelijk aardappel, voederbiet, kuilmaïs en spruitkool. 

De hoge meeropbrengsten bij het 200N bemestingsniveau (vooral in de periode 2007 - 

2010) doen ons echter ook besluiten dat het gunstige effect van boerderijcompost op de 
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gewasopbrengst niet louter als een N-effect kan bestempeld worden. Zoals eerder 

beschreven, fungeerde de boerderijcompost ook als een uitstekende bodemverbeteraar. 

Het positieve effect op de bodemchemische, -fysische en -biologische eigenschappen kan 

mee bijgedragen hebben aan de significante opbrengststijging. 

2. Het onderzoek naar de relatie tussen bodemkwaliteit en gewasopbrengst in de 

boerderijcompostproef werd gevoerd aan de hand van een BI die de verschillende 

bodemeigenschappen combineerde. Een uitgebreide, statistische analyse duidde BOC, 

totale N, het aandeel bacterivore nematoden, microbiële biomassa en het aantal 

regenwormen aan als de belangrijkste indicatoren voor het bepalen van de 

bodemkwaliteit in de boerderijcompostproef. Aangezien deze bodemeigenschappen 

gunstig beïnvloed werden na de herhaalde boerderijcompostoepassing, werden de 

hoogste BI-waarden aangetroffen in de boerderijcompostplots. Het relateren van de BI 

aan de gewasopbrengsten van de vier gewassen bracht een significante, positieve 

correlatie aan het licht voor aardappel en voerderbiet wat een causaal verband doet 

vermoeden tussen bodemkwaliteit en gewasopbrengst voor die gewassen. Een dergelijk 

causaal verband werd niet gevonden voor kuilmaïs en spruitkool. Aangezien aardappel 

en voederbiet behoren tot de wortel/knol-gewassen, speculeren wij dat deze gewassen het 

meeste baat hadden bij een verhoogde bodemkwaliteit. Het proefopzet van de 

boerderijcompostproef liet echter niet toe om het stikstofeffect en het 

bodemkwaliteitseffect volledig los te koppelen van elkaar. Tot slot toonde een 

meervoudige lineaire regressie aan dat gewasopbrengst het meest beïnvloed wordt door 

het BOC-gehalte. Dit doet ons besluiten dat bij onderzoek naar gewasopbrengst in relatie 

tot bodemkwaliteit in met compost behandelde lemige zandbodems in West-Europa, de 

aandacht vooral moet uitgaan naar het BOC-gehalte. 

3. In een laatste deel van deze doctoraatsthesis werd de ontwikkelde BI gevalideerd in een 

tweede meerjarige veldproef, de vruchtwisselingsproef. De vruchtwisselingsproef 

vergelijkt een aantal praktijkrelevante vruchtwisselingen met kuilmaïs in het bouwplan 

(vb. wisselbouwsysteem, rotatie met aardappel en erwt) met een monocultuur kuilmaïs. 

Gewas- en bodemstalen werden verzameld tijdens het vijfde teeltseizoen (2010) waarna 

de BI berekend werd. Onze resultaten toonden aan dat de BI geen onderscheid kon maken 

tussen de verschillende vruchtwisselingen met maïs in het bouwplan. Een mogelijke 

verklaring is het afwezig blijven van een significante wijziging in de chemische, fysische 

en biologische bodemkwaliteit na het toepassen van een wisselbouwsysteem of een 



viii 

 

vruchtwisseling met erwt en aardappel in vergelijking met een monocultuur kuilmaïs bij 

een gangbaar bemestingsniveau van 150 kg N ha-1 jaar-1. Daarenboven werd de BI 

ontwikkeld in de boerderijcompostproef en bleken de sleutelindicatoren waaruit de BI 

werd opgebouwd (BOC, totale N, het aandeel bacterivore nematoden, microbiële 

biomassa en het aantal regenwormen) vooral te reageren op een toediening van extern 

organisch materiaal (boerderijcompost). In de vruchtwisselingsproef werd naast BOC, de 

bulkdichtheid van de bodem naar voor geschoven als de belangrijkste indicator voor 

bodemkwaliteit. Dit geeft aan dat de BI een zeer specifiek verhaal is en dat de indicatoren 

waaruit deze BI is opgebouwd kunnen wijzigen naargelang het landgebruik. Hieruit blijkt 

meteen ook de nood aan een grondige validatie met data van andere meerjarige 

veldproeven en landbouwpercelen bij verschillende (bodem)condities en management 

vooraleer de ontwikkelde BI algemeen kan ingezet worden om de landbouwer het nodige 

advies te verstrekken bij de implementatie van bodemverbeterende maatregelen. 
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 CHAPTER 1 

Introduction and objectives 

 

After World War II, agricultural development was highly successful and resulted in 

substantial yield increases that enabled farmers to feed more people than ever (Karlen et al. 

1997). Mineral fertilizers, pesticides and cultivars that respond effectively to increased 

nutrient levels were important inputs in this increase in productivity (Schjønning et al. 2004). 

Furthermore, the development of modern agriculture was supported by government policies 

introducing systems of production and commodity subsidies with the overall aim to secure 

adequate and reliable sources of food of good quality and at affordable prices (Schjønning 

et al. 2004). However, with agricultural expansion, conservation efforts to protect soil 

resources were not always given appropriate attention and soil and crop management 

practices were rapidly adopted without recognizing consequences on long-term productivity 

and environmental quality (Doran et al. 1996). Consequently, intensive agricultural 

management has brought economic and social development but it has also contributed to 

land degradation in terms of soil organic matter decline, soil erosion, biodiversity loss and 

appearance of pesticides and increased N and P concentrations in our water resources 

(Kirschenmann 2010). From the late 1980’s on, attention began to shift from production 

agriculture to sustainable agriculture, environmental health, and preservation of the soil 

resource (Wienhold et al. 2004).  

1.1 Soil quality 

With the new emphasis on sustainable agriculture, the soil quality concept, which was 

introduced by Alexander (1971) and Warkentin and Fletcher (1977), was further developed, 

defined and methods to evaluate it were published (e.g. (Doran and Parkin 1994; Larson and 

Pierce 1991). Over the last 20 years, soil quality has been one of the topics of greatest interest 

in soil science: the Web of Knowledge supplies more than 4500 publications that use the 

term ‘soil quality’ as a key word. The main interest was focused on defining the concept of 

soil quality and on searching for reliable ways for evaluating this quality (Gil-Sotres et al. 

2005). With regard to the definition of soil quality, the key involvement of the soil in crop 

production and in water and atmospheric purification has been recognized, thus emphasizing 
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the role of the soil both for production and for environmental quality (Gil-Sotres et al. 2005). 

This has led to a profusion of definitions of soil quality, but that of Karlen et al. (1997) is 

widely accepted: 

 

“Soil quality is the capacity of a specific kind of soil to function, within natural or managed 

ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water 

and air quality, and support human health and habitation”. 

 

A more practical definition was proposed by van Eekeren et al. (2010):  

 

“Agronomic soil quality is the sustained ability of a soil to (i) provide enough water and 

nutrients to crops, (ii) maximize the use efficiency of external inputs, (iii) minimize negative 

influences on the environment and (iv) sustain soil biodiversity”. 

 

Until about 20 years ago, large rates of mineral and/or organic fertilizers and pesticides could 

be applied in Flanders and could thus compensate for and mask losses in productivity 

associated with reductions in soil quality. Recent EU and national legislative restrictions 

(e.g. Flemish Manure Decree) have reduced the use of fertilizers and pesticides. This has led 

to a renewed interest for improving soil quality as an important basis to optimize yield and 

nutrient use efficiency (Hanegraaf et al. 2009; van Eekeren et al. 2010).  

1.2 Soil management and soil quality in agro-ecosystems 

In order to maintain a high level of soil quality, fertility and productivity, there has been a 

growing awareness among researchers to identify suitable management practices (Flora 

2010; Gowing and Palmer 2008). These management practices are designed to protect soil 

from erosion, reduce the loss of nutrients through runoff and leaching, improve soil fertility 

and maintain overall soil quality (Sharma et al. 2008). Possible tools for the maintenance 

and the improvement of soil quality are e.g. conversion of arable land to grassland, reduced 

and no tillage, crop rotations, the use of cover crops and the more efficient use of crop 

residues and organic amendments such as animal manures and compost (Leroy 2008; 

Monaco et al. 2008; Moreau et al. 2012; Söderström et al. 2014; van Eekeren et al. 2008; 

Wezel et al. 2014; Willekens et al. 2014). In this chapter, the discussion will be limited to 

the use of crop rotations and the application of farm compost. 
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1.2.1 Crop rotation 

Crop rotation, which involves the sequential production of different plant species on the 

same land, is being practiced for thousands of years (Karlen et al. 1994a). The beneficial 

effects of crop rotation are evident and were summarized in a European study on the 

“Environmental impacts of different crop rotations”: growing crops in rotation can reduce 

soil erosion, improve soil structure, increase the soil microbial activity, increase soil organic 

matter, reduce the use of external inputs through internal nutrient recycling and prevent the 

build-up of diseases and pests (European Comission - DG ENV 2010). However, in the 

second half of the 20th century, the availability of chemical inputs such as fertilizers and 

pesticides allowed the same crop to be grown more frequently on the same land because 

problems such as pests, diseases and loss of soil fertility were largely controlled (Ball et al. 

2005; Bennett et al. 2012). Further, widespread adoption of monocultures has allowed 

farmers to specialize and to improve marketing practices (Bennett et al. 2012). Consequently 

monocultures and short rotations are now common across Europe (Zegada-Lizarazu and 

Monti 2011).  

The major drawback of monocultures is, however, that these systems often induced a 

decrease in soil organic matter content, a degradation of the soil structure, increased needs 

for external inputs and higher risks of surface and groundwater contamination (Hanegraaf et 

al. 2009; Malezieux et al. 2009). As there is increasing pressure from consumers, retailers 

and governments in the EU to reduce the adverse impact of agriculture on the environment, 

attention was brought back on crop rotations (European Comission - DG ENV 2010). To 

promote the adoption of diversified crop rotations, greening payments for crop 

diversification are now included in the major reform of the Common Agricultural Policy 

(CAP) for the period 2014-2020 (EU regulation 2013). 

Advantages of crop rotation on soil quality are illustrated by several studies (Deike et al. 

2008; Griffiths et al. 2010; van Eekeren et al. 2008; Van Eerd et al. 2014). Central to the 

effects of various cropping systems on soil quality is the accumulation of soil organic carbon 

which is mainly affected by the quantity and type of C input from crop residues (Weil and 

Magdoff 2004). As reported by Deike et al. (2008), low-residue crops such as forage maize, 

potato and sugar beet tend to decrease the SOC content while an increase has been observed 

when growing legumes, grass, cereals or catch/cover crops. This assumption was endorsed 

by several experiments in which the long term effect of crop rotation on carbon storage in 

soil was evaluated. In an experiment with 35 years of grain maize monoculture and legume-
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based cropping (i.e. alfalfa), Gregorich et al. (2001) found that soils under maize grown in a 

legume-based rotation contained about 20 Mg.ha-1 more organic carbon than soils under 

monoculture where 110 Mg C ha-1 was stored. A Canadian long term study (i.e. 11 years) 

reported that rotations which included winter wheat (i.e. soybean – winter wheat) 

sequestered 25 Mg C ha-1 more SOC than continuous soybean at 0-20cm (Van Eerd et al. 

2014). This positive effect on carbon storage in the soil was attributed to the wheat residues 

(i.e. straw was left on the field) which tends to be more recalcitrant to decomposition 

compared to soybean residues. Also the introduction of cover crops or the adoption of a ley-

arable rotation can be a good strategy to increase SOC as was shown by Mazzoncini et al. 

(2011) and Bertora et al. (2009) in long-term field experiments in Central and Northern Italy, 

respectively. Mazzoncini et al. (2011) observed an increased SOC content by 0.17 and 0.42 

Mg C ha-1 y-1 (0-30cm) after the inclusion of non-legume and legume cover crops, 

respectively. The introduction of a grass-ley in a monoculture forage maize increased SOC 

content by 3.5 Mg C ha-1 (0-30cm) after 11 years (Bertora et al. 2009).  

Crop rotations are also of particular importance in determining soil structure. Soil structure 

is an important component that can influence crop yield as it impacts on root growth and 

distribution, as well as soil microbial activity and nutrient cycling (Ball et al. 2005). Structure 

may deteriorate if the same crop (with the same rooting pattern) is grown repeatedly, 

following the same management practices and using the same type of machinery each time. 

On the other hand, crops with differing rooting depths, lengths or biomass that are grown in 

rotation may improve soil structure compared to the same crop being grown repeatedly 

(Bennet et al. 2012). Liesch et al. (2011) found that rye-forage maize double-cropping 

systems had higher visual soil structure scores (+ 57%) and saturated hydraulic conductivity 

(Ks) (+ 2.5%) compared to maize monoculture. 

Next to a clear improvement in soil quality, crop rotation also affects yields through its effect 

on plant nutrient availability (Wezel et al. 2014). For example, integration of leguminous 

crops or grass leys into the rotation provides an important source of easily absorbable 

nitrogen for the subsequent crops. Studying four long-term cropping experiments in 

Pennsylvania (USA), Grover et al. (2009) reported that maize rotated with soybean, and 

maize rotated with alfalfa, yielded respectively 5.2% and 12.4% more compared to maize 

monoculture. Nevens and Reheul (2001; 2002) found that both forage maize in a ley-arable 

rotation and forage maize in a rotation with fodder crops (i.e. fodder beet and field bean), 

outyielded maize monoculture on permanent arable plots. In both studies, the positive 

rotation effect disappeared almost entirely at a N rate of 180 kg N ha-1. Similar results were 
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reported by Borrelli et al. (2014) in slurry fertilized forage maize in a ley-arable rotation, 

indicating that the rotation effect was mainly a N-contribution effect. However, positive 

yield effects of crop rotation have also been found in experiments where high doses of 

mineral N fertilizers were applied (Uhlen et al. 1994). As soil systems are highly complex, 

with many interacting factors, it is difficult to identify those beneficial non-N effects of a 

rotation. Bennett et al. (2012) concluded that that rotation allows crops to increase root 

surface or activity which resulted in a greater water depletion of the soil and a better nutrient 

uptake.  

1.2.2 Farm compost application 

Compost amendment is a management option likely to enhance soil quality and crop yields 

as indicated by a considerable body of research. A literature analysis conducted by Diacono 

and Montemurro (2010) demonstrated that long-lasting applications of compost enhanced 

soil available potassium, extractable phosphorus and resulted in increased N availability. In 

a study on the long-term effects of vegetable, fruit and garden waste (VFG) compost 

applications in an arable crop rotation in Flanders, Tits et al. (2014) calculated that 

approximately 6 to 22% of the nitrogen in the VFG compost became available for the crops 

during the next growing season after application. In addition, the use of compost in 

agriculture and horticulture could contribute significantly to the improvement of the soil 

organic carbon content. Several studies with different compost types indicated that extra 

carbon supplies from compost application induced an increase of the carbon content in the 

soil, ranging from 9 to 80% (Arthur et al. 2011a; Fagnano et al. 2011; Leroy 2008; Tits et 

al. 2014; Willekens et al. 2014). 

Repeated applications of compost can also increase soil physical fertility, mainly by 

improving aggregate stability (Tejada et al. 2009). Both the greater amounts of humic acids 

provided to the soil, which are directly involved in clay-organic complex formation, and 

enhanced microbial activity and production of microbial composition products, which helps 

with binding of aggregates, have been recognized as accountable for increased aggregate 

stability. In a literature review dealing with the potential benefits resulting from compost 

application, compost showed to increase aggregate stability between 29 and 63% (Martinez-

Blanco et al. 2013).  

Besides a clear improvement in chemical and physical soil quality, also soil biological 

properties are significantly improved by compost treatments (Diacono and Montemurro 
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2010; Martinez-Blanco et al. 2013). A review by Martinez-Blanco et al. (2013) showed that 

the repeated application of compost resulted in a higher microbial activity (43-344% 

increase) and biomass (3.2-242% increase). Next to microorganisms, also earthworm 

populations have been positively affected by compost application. Leroy (2008b) observed 

a significant increase in both earthworm number (100-200 individuals m-2 increase) and 

biomass (15-30 g m-2 increase) after repeated application of different types of compost. 

Since generally the composts are slowly decomposed in the soil, the continuous release of 

nutrients can eventually result in higher crop yields (Leroy et al. 2007). Diacono and 

Montemurro (2010) summarized the effect of different types of compost on crop yields and 

reported a yield increase ranging from 0.2 to 17 % t-1 of total applied C. On the contrary, 

Edmeades (2003), after reviewing several long-term soil fertility trials, concluded that, 

despite the positive effects of compost on soil biological and physical properties, no 

advantage to crop yields with respect to the application of the same amounts of nutrients as 

mineral fertilizers was found. Similar results were reported by Tits et al. (2014) who 

observed comparable yields in all plots fertilized according to the recommended nitrogen 

fertilization, whether this had been provided (partially) through VFG-compost or not. 

As composts can vary widely in composition and decomposability and hence in their ability 

to promote both soil quality and crop production, not all composts are of equal value. In this 

thesis we will focus on farm compost. Farm compost is made of ingredients which can be 

found on the farm: wood chips and bark, manure, straw, grass clippings, crop residues, etc. 

Organic farmers often use farm compost, and interest in this particular type of compost is 

growing among non-organic farmers. 

1.3 Soil quality assessment 

Because improper management can lead to deleterious changes in soil function, a need for 

tools and methods to assess and monitor soil quality was recognized (Wienhold et al. 2004). 

However, soil quality is difficult to be characterized. When referring to air or water, the term 

“quality” usually involves the analysis of specific contaminants which are known to have 

well-defined threshold values (Sojka and Upchurch 1999). Soil quality standards are still 

more complicated to identify (Doran et al. 1996). It is thus not surprising that while EU 

legislation regarding air and water quality is well established, a proposal for a Soil 

Framework Directive only arrived in 2006 (EC 2006) and is still under adjustment. Further, 

soil quality cannot be measured directly, but must be inferred by measuring appropriate soil 
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properties, named soil quality indicators (Brejda et al. 2000; Doran and Parkin 1994). 

Changes in these indicators can be used to determine whether soil quality is improving, 

stable or declining with changes in management (Karlen 2004). According to Andrews et al. 

(2004) the main requirements for a soil property to be selected as a soil quality indicator 

include: a positive correlation with ecosystem services, being easily measurable, sensitive to 

management, and whenever possible, to be a component of a pre-existing database. In a 

review by Bran Nogueira Cardoso et al. (2013) on suitable indicators to assess the effects of 

land use and management on soil quality, the general and most used chemical, physical and 

biological indicators were discussed. 

1.3.1 Soil physical and chemical indicators 

Soil chemical properties have been traditionally used for assessment of potentially available 

nutrients for crops, and are based on worldwide, established analytical methodologies (Bran 

Nogueira Cardoso et al. 2013). Among them, soil pH, cation exchange capacity (CEC), 

organic matter and nutrient levels are the main chemical attributes used in soil quality 

assessment, especially when considering the soil capacity for supporting high yield crops 

(Kelly et al. 2009).  

The physical component of the soil comprises attributes concerning the water regime and 

thus also the movement of nutrients in the soil as well as the oxygen status. These attributes 

also regulate the ability of roots and organisms to penetrate and occupy the soil (Pagliai and 

De Nobili 1993). Physical indicators of soil quality generally include simple, fast and low-

cost methodologies. Moreover, such indicators like bulk density, porosity and aggregate 

stability are also correlated with hydrological processes like erosion, aeration, runoff, 

infiltration rate and water holding capacity (Schoenholtz et al. 2000). 

1.3.2 Soil biological indicators 

Only recently biological soil properties are also being recognized as indicators of soil quality 

(van Eekeren et al. 2010). The lack of standardized methodology and the difficulty in 

predicting and quantifying biological behavior and obtaining reproducible measurements 

were probably the major bottlenecks for using biological indicators (Jordan et al. 1995). 

However, the reduced use of external inputs in modern agriculture implies a greater reliance 

on the self-regulating processes of the soil (Brussaard et al. 2007). Soil biota play an 

important role in these processes and in the associated provision of various ecosystem 
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services, such as supply of nutrients to plants, maintenance of soil structure, water regulation 

and crop yield (Kibblewhite et al. 2008b). Therefore, biotic soil parameters could play a role 

in future soil assessment.  

The biological component includes both invertebrates and micro-organisms. Soil microbial 

biomass, one of the main biological attributes used in soil quality studies, is the living part 

of the soil organic matter, mainly formed by fungi and bacteria, which govern nutrient supply 

via degradation of organic matter and the subsequent nutrient mineralization and 

immobilization (Sicardi et al. 2004). Moreover, bacteria and fungi affect soil aggregation. 

Polysaccharides produced by bacteria bind aggregates together while fungal hyphae entrap 

soil particles to form aggregates (Preston et al. 2001). Next to the soil microbial biomass, 

nematodes can also be regarded as important bioindicators of soil condition (Neher 2001). 

After all, nematodes represent a central position in the soil food web and correlate with 

ecological processes such as nitrogen cycling and plant growth. Many studies indicate that 

the abundance and composition of free-living nematodes (especially bacterivorous and 

fungivorous nematodes) can provide additional information about the microbial community and 

processes (e.g. (Ferris et al. 2004). As stated above, the microbial community carries out the 

majority of decomposition processes in soil. Nevertheless, the microbial processes are more 

effective when the organic matter is more accessible, i.e. more fragmented and distributed 

along the soil profile (Paul 2007). Hence, through their feeding and burrowing activities, 

invertebrates and more specifically earthworms supply transformed organic material to the 

microorganisms and promote a distribution of organic material vertically or horizontally 

along the soil layers (Kostina et al. 2011). Furthermore, earthworms enhance root growth, 

water flow and infiltration and gas exchange in soil by building a system of macro (bio) 

pores and by increasing the stability of soil aggregates (Bossuyt et al. 2006; Lavelle et al. 

2006). The Europe-wide project ENVASSO proposed a potential list of indicators for the 

deployment and monitoring of soil quality across member states and recommended the 

monitoring and assessment of earthworm species richness as the priority indicator of soil 

biodiversity (Kibblewhite et al. 2008a). 

Physical and chemical indicators are of paramount importance in soil quality assessment in 

soil by farmers and always in an agronomical perspective. However, while chemical and 

physical soil properties tend to alter in time, biological soil properties are sensitive to the 

slight modifications that the soil can undergo in response to a change in soil management 

(Bastida et al. 2008; Yao et al. 2013).  
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1.3.3 Soil organic carbon 

Soil organic carbon (SOC) is arguably the best single indicator of soil quality because of its 

impact on the other physical, chemical and biological indicators of soil quality (Shukla et al. 

2006). SOC is a source of and a sink for plant nutrients in soils and is important in 

maintaining soil structure, aiding infiltration of air and water, promoting water retention, and 

reducing erosion. Furthermore it leads to a greater and more varied soil biodiversity, thus 

increasing biological control of plant diseases and pests (Thoden et al. 2011). These 

improvements should ultimately lead to higher crop yields (Bennett et al. 2010). However, 

in Flanders, several large-scale studies have indicated declining SOC contents in intensively 

managed cropland soils during the last few decades (Sleutel et al. 2003; Sleutel et al. 2006; 

Sleutel et al. 2007). Negative shifts during the 1990s in organic matter inputs from animal 

manure applications, crop residue and cereal straw incorporation (depending on the specific 

region in Flanders) in combination with pre–1990 land-use changes (i.e. conversion of 

grassland to cropland) were identified as the main causes for the observed general SOC stock 

decreases. Although surplus post-1990 inputs of effective OC from green manuring, crop 

residue incorporation, temporary pastures, organic farming and compost application did not 

suffice for maintaining or increasing SOC stocks in Flemish cropland, the post–1990 

expanse of these management options makes them however suitable for SOC sequestration 

in the future (Sleutel et al. 2007).  

1.3.4 Soil quality index 

Monitoring individual changes in predominant physical, chemical or biological soil 

properties is one way of assessing soil quality. However, integrated soil quality assessment 

based on a combination of soil properties could better reflect the status of soil quality than 

individual parameters (Bhardwaj et al. 2011; Masto et al. 2008; Sharma et al. 2008). After 

all, the interactions of soil chemical, physical and biological properties often determine how 

effectively the soil performs ecosystem functions such as nutrient retention and release, 

partitioning of rainfall into runoff and infiltration, moisture retention and release, resistance 

to environmental degradation and buffering environmental pollutants (Shukla et al. 2006). 

Moreover, agricultural management affects all major components –physical, chemical and 

biological- of a soil system. Therefore, multiparametric indices, which provide and integrate 

more information on the quality of a soil, have been developed for agro-ecosystems. An 

index of soil quality permits the objective measurement of soil quality and could be defined 



12 

 

as the minimum set of parameters that, when interrelated, provides numerical data on the 

capacity of a soil to carry out one or more functions (Bastida et al. 2008). Further, the 

combination of several indicators into a single index could help to interpret data from 

different soil measurements and show whether management systems are having the desired 

result for productivity and environmental protection (Sharma et al. 2005).  

Soil quality indexing involves three main steps: (1) choosing appropriate indicators for a 

minimum dataset (MDS); (2) transforming indicator scores; and (3) combining the indicator 

scores into the index (Andrews et al. 2002). 

1.3.4.1 Minimum dataset 

The concept of a MDS of soil quality indicators that reflect sustainable management goals 

is widely accepted (Andrews et al. 2002). It was stated by Karlen et al. (2006) that the group 

of soil quality indicators that best describe changes in response to management practices, 

should constitute the MDS. The selection of MDS components has relied primarily on expert 

opinion (e.g. (Arshad and Martin 2002; Doran and Parkin 1994; Karlen et al. 1996; Larson 

and Pierce 1991). However, it became clear that the difficult question of what variables to 

include in an index of soil quality may be simplified by statistical methods (Andrews et al. 

2002). Principle component analysis (PCA), multiple correlation, factor analysis, cluster 

analysis and star plots are just a few examples of selection methods that were used in 

literature (e.g. (Andrews and Carroll 2001; Brejda et al. 2000; Imaz et al. 2010). Andrews et 

al. (2002) were the first to compare multiparametric methods designed to establish the 

quality of agricultural soils, focusing on indicator selection methods: from expert opinion 

(Larson and Pierce 1991) to different mathematical-statistical systems such as PCA. Both 

principal component analysis and expert opinion resulted in minimum datasets that were 

equally representative of variability in end-point measures of farm and environmental 

management goals (Andrews et al. 2002). However, the PCA method requires a large 

existing data set and it may not work as well for all data if the number of indicators or 

observations is low. On the other hand, the expert opinion method requires expert knowledge 

of the system and may be subject to disciplinary biases. Andrews et al. (2002) concluded 

that a recommendation of one method over the other must be carefully considered and will 

vary by site and use. Also Masto et al. (2008), who developed a soil quality index for 

evaluating fertilizer, farm yard manure and crop management practices on a semiarid soil in 

India, compared different indexing methods. Unscreened transformations, regression 

equation, or PCA were used to select the MDS, with PCA emerging as the best method. 
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1.3.4.2 Transforming indicator scores 

After the selection of the MDS, each indicator is then scored. This step is required so that 

biological, chemical and physical indicator measurements with totally different 

measurement units can be combined. Indicator scoring can be accomplished in a variety of 

ways (e.g. linear or nonlinear, optimum, more is better, more is worse) depending upon the 

function (Andrews and Carroll 2001; Diack and Stott 2000). Linear scoring can be used and 

may be desirable for indicators that change gradually along a continuum (Karlen et al. 2003). 

Liebig et al. (2001) stressed simplicity of design and use by developing a linear scoring 

technique that relies on the observed data to determine the highest possible score for each 

indicator and requires little prior knowledge of the system. Non-linear scoring requires 

threshold and optimum values as well as transition areas where small changes in indicator 

values represent large changes in soil function and thus the indicators’ score (Herrick et al. 

2002). Both Masto et al. (2008) and Andrews et al. (2002) found non-linear scoring more 

accurately reflected soil function when compared to a linear method. While the non-linear 

technique is more work intensive and requires better knowledge of the system, this method 

may be more transferable to other data sets and systems (Andrews et al. 2002, Karlen et al. 

2003).  

1.3.4.3 Combining indicator scores into an index 

In the third and last step of soil quality indexing, the individual indicator scores are summed 

to obtain a final score. Indicator integration could be simple additive (Andrews and Carroll 

2001) or weighted additive (Karlen et al. 1998). The latter can be based on expert opinion 

(Karlen et al. 1998) or on PCA results (Andrews et al. 2002). Comparative research 

conducted by Andrews et al. (2002) observed little or no difference between the different 

indicator integration methods. 

 

The soil quality indexing method of Andrews et al. (2002), which combines PCA, non-linear 

scoring and a weighted additive indicator integration, is widely accepted and may be 

considered as the mathematical base which many authors have followed since to establish 

indices in agricultural ecosystem. Later Andrews et al. (2004) also established a computer 

based mathematical model (SMAF, Soil Management Assessment Framework) to assess the 

impact of soil management practices on soil function using soil biological, physical and 

chemical data. The SMAF soil quality index has been used in a large-scale environmental 

assessments and conservation planning, and to evaluate field scale effects of agricultural 
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management practices on soil quality (Erkossa et al. 2007; Imaz et al. 2010; Jokela et al. 

2011; Karlen et al. 2006; Karlen et al. 2011; Karlen et al. 2013; Merrill et al. 2013; Stott et 

al. 2010; Veum et al. 2014; Wienhold et al. 2009). 

1.4 Soil quality in Belgium 

In Belgium, chemical soil properties are being monitored by the Soil Service of Belgium in 

both arable and grassland soils. From 1989 on, thousands of soil samples have been analyzed 

annually for pH, SOC, P, K and Mg. Results are reported every four years. The latest report, 

which gathered the results of the period 2008-2011, indicated that 39, 50, 18, 38 and 33% of 

the arable soils showed values for pH, SOC, P, K and Mg, respectively, within the target 

values set by the Soil Service of Belgium. Compared to the previous reporting period (i.e. 

2004-2007), the amount of arable soils that showed optimal pH values remained unchanged, 

while for the first time since 1989, a clear increase was noticed for the SOC content.  

Research on soil quality and soil quality indicators in Flanders was conducted before by 

Mulier et al. (2005) who investigated the usefulness of several indicators for monitoring 

changes in soil quality at farm level. More recently, Leroy (2008) and Moeskops (2010) 

studied the impact of exogenous matter on soil quality in a long-term field experiment at the 

experimental farm of Ghent University. Leroy (2008) stressed the use of chemical, physical 

and biological soil properties when assessing soil quality, without losing track of the 

interrelationships between soil properties. Moeskops (2010) continued the work of Leroy 

(2008) and included enzyme activities as potential soil quality indicators. Besides, by means 

of stepwise canonical discriminant analysis a soil quality index (SQI) was developed. Total 

N content and enzyme activities were identified as the most important indicators of the SQI 

which indicated a close link with organic matter sequestration and N mineralization. The 

author suggested further validation of the SQI in additional sites and indicated that further 

research should focus on linking the SQI with important soil functions such as crop 

production. Soil quality indexes were also used by Arthur et al. (2011) who studied the 

impact of three compost types on soil chemical and physical quality on a long-term field 

experiment which was located at the Provincial Vegetable Research Station in Kruishoutem. 

The authors applied existing soil physical quality indicators such as the ‘S-index’, soil air 

capacity and matrix porosity but their results showed that the indices performed poorly when 

applied to sandy soils. 
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1.5 Relationship between soil quality and crop production 

As the soil quality concept continued to evolve, there were several issues that needed to be 

resolved such as the need to demonstrate causal relationships between soil quality indicators 

and ecosystem functions, including biodiversity conservation, biomass production, and 

conservation of soil and water resources. True calibration of soil quality requires more than 

merely comparing values across management systems (Herrick 2000). Soil quality 

measurements are generally presented as ‘stand-alone’ tools. However, in order to be 

effective, they need to be related to specific soil functions (Herrick 2000, Moeskops 2010). 

The particular soil function of concern varies depending on the interest of the observer 

(Shukla et al. 2006). For land managers it can mean the soil’s capacity to sustain or enhance 

productivity while maintaining soil resources for the future. For consumers it can mean 

production of healthy food products. For environmentalists it can mean capacity to maintain 

or to enhance biodiversity and water quality (Seybold et al. 1997). In this thesis, we will 

focus on agricultural production and consequently a high quality rating equates to 

maintenance of high productivity without significant soil or environmental degradation 

(Govaerts et al. 2006). The use of crop production as the functional goal is justified by the 

fact that the productive function of the soil is still seen as being the most important function 

to the farmer when determining soil quality. Six key soil processes for the production of 

biomass were listed by Mulier et al. (2005): 

 enabling root growth; 

 good oxygen supply; 

 sufficient supply of water; 

 adequate nutrient supply; 

 immobilization and detoxification of pollutants that may harm plant growth; 

 disease suppressiveness. 

In this thesis, chemical, physical and biological soil properties will be determined which are 

mainly (but not only) related to root growth, oxygen supply and adequate nutrient supply. 
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1.6 Thesis outline and research questions 

This doctoral thesis can be divided in three main research topics: 

1. The effect of farm compost application on crop yield and soil quality 

2. The relationship between soil quality and crop production by means of a soil quality 

index (SQI) 

3. The validation of the SQI in a maize-based cropping system 

 

Hypotheses (H) and research questions (RQ) are explained below. 

The research started from the hypothesis (H1) “The repeated application of farm compost 

in a crop rotation of potato, fodder beet, forage maize and Brussels sprouts results in a 

significant yield increase”. To check H1, yield data were collected from a long-term field 

experiment (i.e. farm compost experiment) over a period of seven years (2004-2010) with 

the aim to answer the following research questions (Chapter 2): 

 

RQ1.1: Does repeated farm compost application result in a significant yield increase for all 

four crops and if yes, how large is this effect? 

 

Some authors attribute the positive yield effect of compost mainly to a continuous release of 

nutrients (e.g. (Edmeades 2003) while others believe that compost amendment has benefits 

for crop production over and above the nutrients (especially nitrogen (N)) it contains (e.g. 

(Nevens and Reheul 2003). Therefore, a second RQ was added: 

 

RQ1.2: Is a potential positive effect on crop yield, merely a nitrogen effect? 

 

Chapter 3 investigates the ‘non-nitrogen’ effect of compost and verifies hypothesis H2 “The 

repeated application of farm compost results in improved soil quality”. Soil samples 

were taken at three consecutive times (i.e. fall 2009, spring and fall 2010) in field plots (of 

the farm compost experiment) with and without farm compost amendment and cropped with 

four different crops (i.e. potato, fodder beet, forage maize and Brussels sprouts). All samples 

were drawn at one N fertilizer level, being 200 kg N ha-1 y-1. This level was chosen based on 

two considerations: (i) 200 kg.ha-1 was regarded as being closest to current practice for the 

four crops at that time and (ii) we expected that sampling at the highest fertilizer level would 

offer the best possibility for detecting the potential ‘non-nitrogen’ effect of compost 

application. Four research questions were put forward:  
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RQ2.1: Does the repeated farm compost application result in an increase of the soil organic 

carbon content? 

RQ2.2: What is the effect of repeated farm compost application on chemical soil quality? 

RQ2.3: What is the effect of repeated farm compost application on physical soil quality? 

RQ2.4: What is the effect of repeated farm compost application on biological soil quality? 

 

H3 is tested in Chapter 4 “There is a positive relationship between soil quality and crop 

yields after repeated application of farm compost in a crop rotation of potato, fodder 

beet, forage maize and Brussels sprouts.  

To verify H3, the yield data of Chapter 2 were linked with the soil data of Chapter 3 by 

means of a soil quality index (SQI). In this thesis, the approach proposed by Andrews et al. 

(2002), which is widely accepted, is used and involves the steps indicated in Figure 1-1. The 

method is fully explained in Chapter 4. 

 

Figure 1-1: Conceptual framework for soil quality assessment in this thesis (based on Andrews et al. 

2002) 
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While developing the SQI, the following research questions were formulated: 

 

RQ3.1: Does soil organic carbon figure as a key indicator of soil quality in the MDS? 

RQ3.2: Which chemical, physical and biological soil properties are being identified as key 

indicators and are retained in the MDS? 

RQ3.3: Does the repeated farm compost application result in a higher SQI? 

 

Two extra research questions were expressed while linking the SQI with crop yields: 

 

RQ3.4: Is there a positive correlation between the SQI and crop production of all four crops? 

RQ3.5: Which indicators have the strongest positive influence on crop yields? 

 

Chapter 5 validates the SQI while testing H4 “It is possible to generalize the use of the 

SQI to different cropping systems”. To verify H4, yield and soil data were collected during 

the fifth growing season (i.e. 2010) of a long-term field experiment (i.e. crop rotation 

experiment). The experiment studies a maize-based cropping system in which a monoculture 

of forage maize is confronted with maize grown in a diverse crop rotation. The index of 

Chapter 4 was calculated for the different crop rotations in Chapter 5 after which it was 

investigated whether the index was sensitive enough to demonstrate significant differences 

between the different crop rotations. The following research question was posed: 

 

RQ4.1: Could the SQI of Chapter 4 successfully distinguish between the different maize-

based crop rotations?  

 

As a next step of the SQI-model validation, the yield and soil data of the different maize 

based crop rotations (Chapter 5) were entered in the regression model (Yield forage maize = b + 

a SQI) that was developed for maize in the farm compost experiment (Chapter 4) and a cross 

validation was performed. A final research question was added: 

 

RQ4.2: How well can the model of Chapter 4 (which described the relation between the SQI 

and maize yield after repeated application of farm compost) be applied to data of Chapter 5? 

 

Finally, Chapter 6 gives a general conclusion and recommendations for further research. 

Results from Chapter 2 to 5 are summarized and discussed by answering the research 

questions and validating the hypotheses listed in Table 1-1.   
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Table 1-1: Thesis outline in relation to the defined hypotheses (H) and research questions (RQ) 

  Chapter 
   

Incentive: Reduced fertilizer and pesticide use in conventional agriculture emphasizes the 

role of soil quality to optimize crop yields 

 

   

Objectives: 1. To study the effect of repeated farm compost application in a crop rotation 

of potato, fodder beet, forage maize and Brussels sprouts on crop yield and 

soil quality 

2. To define the relationship between soil quality and crop production by 

means of a soil quality index (SQI) 

3. To validate the developed SQI in maize-based crop rotations 

2, 3 

 

 

4 

 

5 
   

H1: The repeated application of farm compost in a crop rotation of potato, 

fodder beet, forage maize and Brussels sprouts results in a significant 

yield increase 

2 

 RQ1.1: Does repeated farm compost application result in a significant yield 

increase for all four crops in the long run?  

 

 RQ1.2: Can the positive crop yield effects in the farm compost amended 

plots be explained merely as nitrogen effects? 

 

   

H2: The repeated application of farm compost results in improved soil quality 3 

 RQ2.1:  Does the repeated farm compost application result in an increase of 

the soil organic carbon content? 

 

 RQ2.2: What is the effect of repeated farm compost application on chemical 

soil quality? 

 

 RQ2.3: What is the effect of repeated farm compost application on physical 

soil quality? 

 

 RQ2.4: What is the effect of repeated farm compost application on biological 

soil quality? 

 

   

H3: A positive relationship between soil quality and crop yields can be found 

after repeated application of farm compost in a crop rotation of potato, 

fodder beet, forage maize and Brussels sprouts 

4 

 RQ3.1: Is soil organic carbon being identified as a key indicator of soil 

quality and retained in the MDS? 

 

 RQ3.2: Which chemical, physical and biological soil properties are being 

identified as key indicators and are retained in the MDS? 

 

 RQ3.3:  Does the repeated farm compost application result in a higher soil 

quality index (SQI)? 

 

 RQ3.4: Is there a positive correlation between the SQI and the crop yields of 

all four crops? 

 

 RQ3.5: Which indicator(s) positively influence crop yields the most?  
    

H4: It is possible to generalize the use of the SQI to different cropping systems 5 

 RQ4.1 Could the SQI of Chapter 4 successfully distinguish between the 

different maize-based crop rotations? 

 

 RQ4.2 How well can the model of Chapter 4 (which described the relation 

between the SQI and maize yield after repeated application of farm 

compost) be applied to data of Chapter 5? 
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 CHAPTER 2 

Farm compost application: effects on crop performance 

 

After: D'Hose, T., Cougnon, M., De Vliegher, A., Willekens, K., Van Bockstaele, E. & 

Reheul, D. (2012a). Farm Compost Application: Effects on Crop Performance. 

Compost Science & Utilization 20, 49-56. 

 

2.1 Introduction 

Intensification of agriculture has increased the productivity and efficiency of agricultural 

systems over the past decades. This has led to significant increases in food production. 

However, agricultural intensification can also have negative consequences such as increased 

erosion, nutrient losses, lower soil fertility and reduced biodiversity (Matson et al. 1997). 

Indeed, more frequent tillage and low inputs of organic materials balanced with the use of 

mineral fertilizers have contributed to a general reduction in soil organic carbon (SOC) 

content of cultivated land worldwide (Baritz et al. 2004; Sleutel 2005; Wells et al. 2000). 

This reduction results in an inevitable decline in the quality of agricultural soils as a high 

SOC status in the topsoil is crucial for sustainable long term land use. SOC has multiple 

beneficial effects on soil structure (e.g. water holding capacity, aeration and permeability), 

soil fertility, crop production and overall soil sustainability (Freixo et al. 2002; Lal and 

Kimble 1997; Madrid et al. 2007; Reeves 1997a; von Lutzow et al. 2002; Weil and Magdoff 

2004). 

Applying compost can contribute to agricultural sustainability. Adequate use of compost 

with proper management has been shown to have many advantages. These advantages 

include adding an array of nutrients to soils (Tejada et al. 2001), increasing SOC, improving 

water holding capacity and other physical properties of soil such as bulk density, penetration 

resistance and soil aggregation (Wells et al. 2000; Zebarth et al. 1999), increasing beneficial 

soil organisms, reducing plant pathogens (Abawi and Widmer 2000) and beneficial effects 

on the growth of a variety of plants (Atiyeh et al. 2002; Butler et al. 2009; Montemurro et 

al. 2006; Sarwar et al. 2008). Most of the research on compost done so far has focused on 

the use of municipal solid waste compost (MSWC) and vegetable, fruit and garden waste 

compost (VFG). Both compost types supply nutrients to plants (Tits et al. 2014; Togun and 
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Akanbi 2003), affects the levels of nutritional elements in soil (Giusquiani et al. 1998; Tits 

et al. 2014), contribute significantly to the improvement of the soil organic carbon content 

in the long term (Tits et al. 2014) and generally improves the soils’ physical properties 

(SerraWittling et al. 1996; Sikora and Yakovchenko 1996). 

Farm compost (FC) is another type of compost made from ingredients available on the farm. 

It contains wood chips and bark, manure, straw, crop residues and surplus grass (Leroy 

2008). At present, the use of (farm) compost in conventional Flemish agriculture is limited. 

A large-scale survey performed in the framework of the European Catch-C project with 

farmers across important agricultural regions in Flanders showed that only a minority of the 

farmers used compost (Bijttebier and Ruysschaert 2014). None of the vegetable farmers in 

the region of Roeselare used compost while 7% of the arable farmers in the loam belt 

indicated to apply compost. Still, interest in FC is growing among farmers as 11% of the 

arable farmers had a positive intention to use compost in the near future. However, 

information is lacking on FC’s agronomic value and environmental impact. This research 

aims to quantify farm compost’s effect on soil and crop quality in a crop rotation of potato, 

fodder beet, forage maize and Brussels sprouts. Data were collected over a period of seven 

years. 

2.2 Materials and methods 

2.2.1 Study site and experimental layout  

A long-term field experiment (i.e. farm compost experiment) was initiated in 2004 at Ghent 

University’s experimental farm in Melle situated at 50°59’N, 03°49’E at an elevation of 11m 

above sea level. Climate is fully humid temperate with warm summers (Kottek et al. 2006) 

with approximately 836 mm of annual precipitation and a mean annual temperature of 9°C. 

Weather data (average monthly temperatures, total radiation and total precipitation) of the 

experimental site were registered for the period 2004 – 2010. Growing conditions were fairly 

close to normal (average values for the period 1981-2010). The soil is an Alfisol with a 

loamy sand texture (USDA). The clay (< 2 µm), silt (2-20 µm), fine sand (20-200 µm) and 

coarse sand (200-2000 µm) content is 86, 116, 758 and 40 g kg-1, respectively. 

The experimental design was a strip-split plot design (Gomez and Gomez 1984) with three 

replicates. During the experimental period, crop was the horizontal factor, fertilizer nitrogen 

(N) the vertical factor and farm compost (FC) the subplot factor. N and compost treatments 
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remained fixed in location whereas the crop changed within the plots as the rotation cycled 

through. Individual plot size was 6.5m*9m (Figure 2-1). Four crops were grown in the 

following succession: fodder beet (FB; Beta vulgaris L. ssp. vulgaris var. crassa; cv. 

‘Bolero’; cv. ‘Rialto’ from 2008 on), forage maize (FM; Zea mays L. ssp. Mays; cv ‘Frenetic’ 

in 2004, cv ‘LG 32.15’ from 2005), Brussels sprouts (BS; Brassica oleracea L. var. 

gemmifera; cv. ‘Cyrus F1’) and potato (Po; Solanum tuberosum L.; cv. ‘Escort’ in 2004-2007; 

cv. ‘Innovator’ from 2008 on). Soil was usually tilled in mid-April. The field was ploughed 

(tillage depth: 25-30 cm) and rotary-harrowed (tillage depth: 10-15 cm) once the soil was 

dry. Fertilizers and farm compost were spread by hand on the plots and incorporated in the 

soil by rotary-harrowing till a depth of 10-15 cm. Plots received 0, 100 or 200 kg N ha-1 y-1, 

applied as calcium ammonium nitrate 27% N and 0 or 50 m³ FC ha-1 y-1 further indicated as 

FC0 and FC1 plots, respectively.  

We attempted for equal P and K fertilization for each plot. As it is known that compost 

releases nutrients slowly, unlike mineral fertilizers, we used the amount of plant-available P 

and K in the compost instead of total P and K as a basis for equal P and K fertilization. FC0 

plots received 332 kg K ha-1 y-1 from muriate of potash (33.2% K). On the FC1 plots, the 

amount of plant-available K that was applied through the compost was completed with 

muriate of potash up to 332 kg K ha-1 y-1. Compost was the only phosphate source for the 

FC1 plots. FC0 plots received triple superphosphate (19.6% P) in an amount equivalent to 

the plant-available P amount applied with the farm compost on FC1 plots. Plant-available K 

and P were defined as the amount of K and P extracted (1:5 vol/vol) in ammonium acetate 

at pH 4.65. As we expected a shortage of P in the soil after several years, from 2010 on, FC0 

plots received 35 kg P ha-1 y-1 while on the FC1 plots, the amount of plant-available P in the 

compost was completed with triple superphosphate up to 35 kg P ha-1 y-1. In the meantime, 

we also lowered the K fertilization up to 249 kg K ha-1 y-1 on all plots (Table 2-1). 
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Figure 2-1: Experimental design of the farm compost experiment. Crop allocation in 2004 
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Table 2-1: Amount of mineral P and K fertilizer applied on the plots with (FC1) and without (FC0) farm 

compost in the years 2004-2010 

  2004 2005 2006 2007 2008 2009 2010 

P (kg ha-1)        

FC0 12 13 18 17 27 10 35 

FC1 0 0 0 0 0 0 16 

K (kg ha-1)        

FC0 332 332 332 332 332 332 249 

FC1 213 236 258 239 198 230 59 

2.2.2 Compost production and analysis 

Farm compost was prepared at the Institute of Agricultural and Fisheries Research (ILVO) 

in a windrow composting system (Willekens et al. 2014). In the first years of the experiment 

the composting was performed on bare soil while from 2008 on the composting was 

performed on a concrete floor. The feedstock materials for the compost differed from year 

to year and the selection was based on the availability of on-farm waste materials (e.g. straw, 

grass hay, crop residues, spoiled ensilaged maize) and on the approximation of the 

proportion of 60% brown (mostly ground tree bark and/or wood chips) and 40% green 

material as ideal starting point (Steel et al. 2012). Animal manures (e.g. farmyard manure) 

were rarely used as a feedstock while a clay fraction was only added in the first years of the 

experiment. The feedstock materials were mechanically mixed with a windrow turner and 

composted in a windrow system. Temperature and CO2 levels in the compost were 

monitored and when necessary, the compost was mixed with a tractor-pulled Sandberger 

ST300 windrow compost turner and covered (with Top tex compost fleece) or rewetted. This 

assured aerobic conditions and optimum moisture content levels during the composting 

process which resulted in well ripened compost. Dry matter content strongly varied due to 

outdoor storage.  

FC was analyzed prior to each application. Sample preparation of composts for chemical 

tests, determination of dry matter content, moisture content and laboratory compacted bulk 

density was executed according to EN 13040. pH-H2O (EN 13037) in the compost samples 

was measured in a 1:5 soil to water suspension. Determination of organic matter content and 

ash in the composts was done according EN 13039. Extraction of water soluble nutrients and 

elements was executed according to EN 13652, and measured with a Dionex DX-600 IC ion 

chromatography (Dionex, Sunnyvale, CA). Ca, K, Mg, P, Mn, Zn, Cu and Fe were extracted 

in ammonium acetate and measured by CCD simultaneous ICP-OES (VISTA-PRO, Varian, 
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Palo Alto, CA). Total N concentration in the compost samples was determined according to 

the modified Kjeldahl method (EN 13654-1). Compost samples were dried for 4 days at 70 

°C, mechanically ground in a cross beater mill (SK100, Retsch, Haan, Germany) equipped 

with heavy-metal-free grinding tools. Total element concentrations are measured by CCD 

simultaneous ICP-OES (VISTA-PRO, Varian, Palo Alto, CA), following ashing and 

digestion with HNO3 (p.a. 65 %).  

The compost analysis revealed substantial differences in composition from year to year 

which was reflected in the applied amounts of nutrients and organic matter (Table 2-2).  

 

Table 2-2: Applied farm compost (50 m³ ha-1) in the years 2004-2010: composition (expressed on dry 

matter (DM) basis) and applied amounts of nutrients and organic matter 

  2004 2005 2006 2007 2008 2009 2010 

Dry matter (%) 64.9 47.3 45.9 43.6 48.7 33.0 35.1 

Organic matter (%) 25.0 16.0 37.9 26.0 57.7 68.0 50.2 

pH-H2O 7.4 8.8 7.9 na 8.0 8.4 8.1 

Nutrients (g kg DM-1)        

   Total N 6.4 6.7 9.9 8.7 13.6 13.3 14.4 

   Total P 1.9 1.5 5.7 2.0 4.1 4.2 3.1 

   Plant-available P† 0.9 1.3 1.9 1.9 2.7 1.6 2.4 

   Plant-available K† 9.0 10.0 7.9 10.5 13.4 16.4 24.7 

C:N 21.8 13.3 21.3 16.6 23.7 28.3 19.4 

Bulk density (g L-1) na na na na na 379 438 

Total input (kg ha-1) ††        

   N 85 65 93 77 135 83 111 

   P 25 14 53 18 41 26 24 

   Organic matter 3314 1546 3553 2315 5739 4252 3859 

† Plant-available P and K was defined as the amount of K and P extracted (1:5 vol/vol) in ammonium acetate at pH 4.65 

†† For the period 2004-2008, the average bulk density of the years 2009 and 2010 was used to calculate the total nutrient 

and organic matter input; na: not available 

2.2.3 Agronomy and data analysis 

Forage maize and fodder beet were sown, potatoes planted, between the 20th of April and 

the beginning of May. Brussels sprouts were planted by the end of May. Weeds were 
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controlled by use of appropriate herbicides. Fungicides in Brussels sprouts and potato, and 

insecticides in Brussels sprouts, were applied according to good agricultural practice.  

The forage maize was sown at 103000 seeds ha-1 with a row spacing distance of 0.75 m. The 

forage maize was harvested when the dry matter (DM) content of the whole plant was 

approximately 30%. Subplots in the middle of the individual plots (4 rows of 2 m) were 

harvested manually. The ears were separated from the vegetative plant parts, and both were 

weighed. Vegetative plant parts were chopped and a sample was dried for 12 h at 75° C. The 

whole ears were dried for 8 h at 75°C and for 4 h at 105°C.  

The potatoes were planted at 68 cm between the rows and 40 cm within the rows. Two weeks 

before harvest (in the first half of September), a herbicide was applied for desiccation. Forty-

five individual plants from the middle of the plots (9 rows of 5 plants each) were harvested 

and weighed. The harvested potatoes were calibrated using a 40 mm sieve and the proportion 

of potatoes smaller than 40 mm was calculated (proportion < 40 mm). From the fraction > 

40 mm, 10 tubers were randomly selected, washed, cut in pieces of approximately 1 cm³ and 

dried for 8 h at 75°C and for 4 h at 105°C to obtain the DM content. A second sample of 5 

kg was selected and washed to calculate the soil tare and to measure the underwater weight 

(UWW). The latter sample was also used to determine the infection by common scab 

(Streptomyces scabies). In 2005 and 2006 some potatoes were affected by black scurf 

(Rhizoctonia solani). The proportion of infected potatoes was calculated (proportion scurf). 

After harvesting the potatoes, a cover crop (Italian ryegrass, Lolium multiflorum Lam.) was 

sown at a density of 40 kg ha-1. The cover crop was destroyed mechanically in the following 

spring.  

Fodder beet was sown at 50 cm between the rows and 5 cm within the rows. Later, the 

number of plants was brought to approximately 85000 beets ha-1. At the end of October, 10 

rows of 2 m were harvested manually from the middle of the plots. The beets were separated 

from the foliage, and both were weighed. Ten beets and their foliage were randomly selected. 

Those 10 beets were washed to determine the soil tare, and a lengthwise section was cut 

from both the beets and their foliage, then both were dried. Beets were dried for 8 h at 75°C 

and for 4 h at 105°C; foliage was dried for 8h at 75°C. 

Brussels sprout plants (2-leaf stage) were planted at 68 cm between the rows and 40 cm 

within the rows. At the end of November, 25 plants from the middle of the plots were 

harvested and weighed. The sprouts of 10 randomly selected plants were separated from the 

stems and leaves and were weighed separately. These sprouts were sorted in four classes, 

i.e. > 40 mm, 35-40 mm, 29-35 mm and < 29 mm according to market categories. Each 
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fraction was weighed separately. Finally, a sample of sprouts was cut in four and dried for 8 

h at 75°C. The stems and leaves of the selected plants were chopped mechanically and a 

representative sample (about 2 kg) was dried 8h at 75°C to determine DM content. 

 

Sowing, planting and harvesting were performed using small agricultural equipment. After 

each harvest, all of the aboveground crop residue (potato foliage, beet leaves and the stems 

and leaves of the Brussels sprout plants) was removed from the experimental field. 

 

The nitrogen fertilizer replacement value (NFRV) (Bullock and Bullock 1994; Nevens 2003) 

of the compost was calculated for each crop in each year. The minimum adequate model was 

used to describe the DM yield response to applied mineral N and the NFRV was determined 

by solving for x in the no compost yield response curve, at y equalling to the crop yield on 

N-unfertilized compost amended plots. This NFRV determines the amount of mineral 

fertilizer N that should be applied on a plot without compost to reach an equal DM yield as 

on a compost plot. Besides the NFRV of the compost, we examined the possibility of a non-

N contribution effect of the compost. To estimate this effect, we noted the yield bonus for 

the crops growing on a compost enriched soil under non-N limiting circumstances (i.e. at 

high mineral N fertilizer rates). This non-N contribution effect may be due to healthier plant 

roots, better soil structure, a sounder soil food web, etc. 

Statistical analyses were performed using R. When the effect of compost on the yield or a 

quality parameter of a specific crop was analysed in a specific year, the experiment was 

analysed as a split-plot design with N as main plot factor and FC as subplot factor.  

Before performing ANOVA, the assumptions for ANOVA (equal variances and normal 

distribution) were checked. An ARCSINE transformation (y’= 2* arcsin[sqrt(y)]) was 

applied on data expressing a proportion before performing ANOVA.  

A quadratic or linear model was used to describe the DM yield response to applied mineral 

N when calculating the NFRVs. Regressions were also performed using R.  

2.3 Results 

2.3.1 Effect of farm compost on DM yields 

Table 2-3 shows DM yield of the potato tubers, forage maize, sprouts of Brussels sprouts 

and beet of fodder beet for the period 2004-2010. There was no effect of compost application 

on the DM yield in 2004, 2005 and 2006, but the effect of FC was significant for all crops 
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in 2007. The significantly positive effect of FC on crop yields was repeated in the following 

years (i.e 2008, 2009 and 2010) but not for every crop. As expected, the effect of N was 

significant in every year for all crops. 

  



 

 

Table 2-3: Tuber DM yield of potato (Po), total DM yield of forage maize (FM), beet DM yield of fodder beet (FB) and sprout DM yield of Brussels sprouts (BS) for 

the period 2004-2010. All yields are expressed as kg ha-1 

 

ns, *, **, *** indicates non-significant (ns) or significant at the 5% (*), 1% (**) or 0.1 % (*** ) levels, respectively. (L) = linear effect, (Q) = quadratic effect. No significant  

interaction between the two factors nitrogen (N) and farm compost (FC) was detected in the period 2004-2010.   

Crop N

(kg ha
-1

)

FC0 FC1 FC0 FC1 FC0 FC1 FC0 FC1 FC0 FC1 FC0 FC1 FC0 FC1

0 8548 10129 8436 7563 8863 7915 11664 12658 8352 9140 11439 11632 7226 8623

100 12287 12974 10860 10353 9888 10353 12688 13533 11545 11667 13603 13440 8730 10655

200 14353 15031 12618 12934 11649 11949 13871 15419 13247 13397 14206 15580 11823 12413

mean 11729 12711 10638 10283 10133 10072 12741 13870 11048 11402 13083 13551 9260 10563

N

FC

0 21006 18947 18979 20323 14851 14770 17097 19350 12038 13610 14315 16840 11756 15101

100 25146 24638 21287 22435 20169 20823 21276 22457 19853 21151 19534 20422 19263 21341

200 26049 27520 24279 24620 21501 21502 21617 23751 22762 23915 20735 21701 22227 21864

mean 24067 23702 21515 22459 18841 19032 19997 21853 18218 19559 18195 19654 17748 19435

N

FC

0 17367 19967 13363 14160 14167 15148 11390 13284 14150 14278 11677 10701 9973 14077

100 21951 23196 19187 18334 18178 19395 17737 19138 17701 19777 16436 18813 20123 19776

200 22372 23140 18009 20016 17739 18431 19858 20372 19993 21832 19915 20201 17764 23452

mean 20564 22101 16853 17503 16695 17658 16328 17598 17282 18629 16010 16572 15953 19102

N

FC

0 2869 3252 2645 2275 1998 1891 1474 1785 2141 2426 1415 2058 1581 2160

100 4532 4700 4878 4700 3406 3133 3333 3942 4104 4088 3425 3748 2921 3541

200 5554 5126 6076 6541 5306 5168 5202 5259 4684 5089 4085 4454 3300 3662

mean 4318 4359 4533 4506 3570 3397 3336 3662 3643 3868 2975 3420 2601 3121

N

FC

ns

** (Q) *** (Q) * (L)

ns ** *

** (L)

* * *

** (L) *** (L) * (L)

2010

** (L) * (L) ** (L)

** ns ***

ns ns ns *

2008 2009

** (L) ** (L)

* nsns ns ns *

BS

Statistical 

significance

** (L) * (L) *** (L) *** (L)

ns ns ns *

FB

Statistical 

significance

** (L) *** (Q) ** (Q) *** (Q)

ns ns ns *

FM

Statistical 

significance

** (L) * (L) * (L) * (L)

2004 2005 2006 2007

Po

Statistical 

significance

*** (L) ** (L) ** (L) * (L)



 

 

Table 2-4 illustrates the yield increase or decrease on compost plots expressed as a 

percentage of the no compost plots. A mean yield decrease is noticed in 2004 for forage 

maize and for Brussels sprouts and potato in 2005 and 2006. From 2007 on, mean values for 

every crop (not for every nitrogen fertilizer level though) became positive.  

 

Table 2-4: The effect of farm compost application on tuber DM yield of potato (Po), total DM yield of 

forage maize (FM), beet DM yield of fodder beet (FB) and sprout DM yield of Brussels sprouts (BS) 

expressed as percent of the yield of the FC0 treatments 

Crop N 

(kg ha-1) 

2004 2005 2006 2007 2008 2009 2010 

Po 

0 18.5 -10.4 -10.7 8.5 9.4 1.7 19.3 

100 5.6 -4.7 4.7 6.7 1.1 -1.2 22.1 

200 4.7 2.5 2.6 11.2 1.1 9.7 5.0 

mean 8.4 -3.3 -0.6 8.9 3.2 3.6 14.1 

FM 

0 -9.8 7.1 -0.5 13.2 13.1 17.6 28.5 

100 -2.0 5.4 3.2 5.6 6.5 4.5 10.8 

200 5.6 1.4 0.0 9.9 5.1 4.7 -1.6 

mean -1.5 4.4 1.0 9.3 7.4 8.0 9.5 

FB 

0 15.0 6.0 6.9 16.6 0.9 -8.4 41.2 

100 5.7 -4.4 6.7 7.9 11.7 14.5 -1.7 

200 3.4 11.1 3.9 2.6 9.2 1.4 32.0 

mean 7.5 3.9 5.8 7.8 7.8 3.5 19.7 

BS 

0 13.4 -14.0 -5.4 21.1 13.3 45.4 36.6 

100 3.7 -3.6 -8.0 18.3 -0.4 9.4 21.2 

200 -7.7 7.7 -2.6 1.1 8.6 9.0 11.0 

mean 0.9 -0.6 -4.8 9.8 6.2 15.0 20.0 

2.3.2 Effect of farm compost on DM content of the crops  

Compost had a significantly positive effect on DM content of potato in 2004 and 2007. For 

2004 and 2007, the DM content was 19.6% (FC0) vs. 20.9% (FC1) and 19.8% (FC0) vs. 

20.7% (FC1), respectively. For the other crops (i.e. fodder beet, forage maize and Brussels 

sprouts), no significant compost effect on the DM content has been observed. Further, the 

application of FC significantly improved UWW of potato in 2004, 2007 and 2010. UWW in 

2004, 2007 and 2010 was 357 g 5 kg-1 (FC0) vs. 381 g 5 kg-1 (FC1), 349 g 5 kg-1 (FC0) vs. 
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362 g 5 kg-1 (FC1) and 359 g 5 kg-1 (FC0) vs. 372 g 5 kg-1 (FC1) respectively. N had a 

significant lowering effect on DM content in 2005, 2009 and 2010 and on UWW of potato 

in 2005, 2008, 2009 and 2010. 

2.3.3 Nitrogen Fertilizer Replacement Value (NFRV) of farm compost 

The calculated NFRVs of the farm compost for the four crops, derived from the DM yield 

response curves are given in Table 2-5. For most crop x year combinations, the minimum 

adequate model was the linear model except for fodder beet in 2005, 2006 and 2007 and for 

Brussels sprouts in 2008 and 2009 where the quadratic model was used. The values show 

high variability between the four crops and between the different seasons. In some cases 

NFRVs are even negative, indicating that the compost application reduced yield in 

comparison with unamended plots. In 2007 and 2010, NFRV’s are positive for the four crops 

with potato showing the highest value in both years. 

 

Table 2-5: Nitrogen fertilizer replacement values (kg ha-1) and standard deviations of farm compost for 

different crops during the period 2004-2010 

  Po FB FM BS 

2004 44.9 ± 30.5 (L) 76.2 ± 111.8 (L) -103.1 ± 11.7 (L) 20.6 ± 47.8 (L) 

2005 -47.1 ± 87.0 (L) -1.2 ± 36.2 (Q) 55.0 ± 60.1 (L) -31.6 ± 10.1 (L) 

2006 -59.2 ± 10.8 (L) 13.4 ± 63.3 (Q) -56.3 ± 49.4 (L) -1.6 ± 21.6 (L) 

2007 131.2 ± 43.0 (L) 28.1 ± 3.8 (Q) 71.4 ± 73.5 (L) 16.7 ± 16.6 (L) 

2008 22.1 ± 25.2 (L) -2.8 ± 14.8 (L) 14.1 ± 18.8 (L) 11.4 ± 13.0 (Q) 

2009 -4.8 ± 30.1 (L) -28.5 ± 35.9 (L) 57.8 ± 21.7 (L) 25.9 ± 11.0 (Q) 

2010 72.3 ± 29.4 (L) 51.8 ± 55.2(L) 49.4 ± 41.3 (L) 48.7 ± 49.6 (L) 

(L) = linear model, (Q) = quadratic model 

2.3.4 Effect of farm compost on potato diseases 

FC had no significant effect on either proportion of potatoes affected by common scab or the 

proportion of potatoes affected by black scurf. 

2.3.5 Effect of farm compost on potato size 

The calibration of the potato tuber yield is presented in Table 2-6. The effect of N on the size 

of potatoes was clearly positive, and was significant in 2004, 2006 and 2007. The effect of 
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compost was significant and resulted in a higher proportion of < 40 mm potatoes in 2004 

and 2006. The inverse effect was observed in 2007: a significantly lower proportion of < 40 

mm potatoes was observed on the compost plots. In 2005, 2008, 2009 and 2010 no 

significant effect of N or FC on potato tuber size has been observed. From 2008 on, another 

potato variety was grown (i.e. Innovator) which generally resulted in a smaller proportion of 

< 40 mm potatoes. 

 

Table 2-6: Proportion of potato tuber yield falling through a 40 mm sieve during the period 2004-2010 

Year FC N (kg ha-1)  Statistical significance 

  0 100 200 Mean N FC N x FC 

2004 
FC0 14.5 9.8 8.0 10.8 

* * ns 
FC1 17.6 12.5 9.5 13.2 

2005 
FC0 12.0 11.2 13.3 12.2 

ns ns ns 
FC1 15.5 14.4 13.1 14.3 

2006 
FC0 12.1 8.8 8.1 9.7 

* * ns 
FC1 20.4 8.8 9.0 12.7 

2007 
FC0 7.8 7.0 6.9 7.2 

* * ns 
FC1 5.5 5.8 4.9 5.4 

2008 
FC0 9.3 10.5 13.2 11.0 

ns ns ns 
FC1 10.6 9.5 8.2 9.4 

2009 
FC0 3.3 4.4 3.4 3.7 

ns ns ns 
FC1 2.6 3.1 2.9 2.9 

2010 
FC0 7 10.2 7.7 8.3 

ns ns ns 
FC1 6.0 5.7 6.5 6.1 

ns, * indicates non-significant (ns) or significant at the 5% (*) level, respectively 

2.4 Discussion 

The characteristics and quality of the compost differed according to the components used 

and their proportions. The increase in organic matter content through the years can be 

explained by the fact that in the first years of the experiment a clay fraction was added at the 

start of the composting process. Furthermore, the composting was performed on bare soil 

what caused mixing of soil through the compost during the turning of the heap. From 2008 

on, the composting was performed on a concrete floor and the clay fraction was omitted. 
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This resulted in a compost with a higher organic matter and nutrient (i.e. N, P and K) content. 

On average over the seven year period (i.e. 2004-2010) the repeated application of farm 

compost resulted in a total N, P and organic matter application of 93, 29 and 3511 kg ha-1 y-

1, respectively (Table 2-2). 

Generally, compost is considered as a valuable fertiliser, especially with respect to nitrogen 

(Tits et al. 2014). However, not all nutrients in compost are directly available for the crops. 

Rather, compost should be considered as a slow-release source of nitrogen (Odlare et al. 

2011). For VFG compost, the average percentages of nitrogen that are available for the crops 

during the next growing season after application are generally estimated at 10-15% (Vlaco 

2015). Furthermore, Lillywhite et al. (2009) indicated that some compost types could reduce 

nitrogen uptake by the plants compared to a control treatment without compost application 

due to immobilisation of existing mineral nitrogen. In our field trial a negative NFRV for 

forage maize in the first year after compost application (i.e. 2004) was observed (Table 2-5) 

which resulted in a clear yield decrease (-10%) at the 0 N fertilizer level (Table 2-4). It is 

common knowledge that the application of organic material with a high C:N ratio reduces 

plant available N owing to an enhanced assimilation of microbial N following the high 

import of organic matter with compost (Crecchio et al. 2004). As the C:N ratio of the applied 

farm compost in our experiment was rather high (on average 20.6), negative yield effects 

owing to high N immobilization could be expected. However for potato, fodder beet and 

Brussels sprouts, the opposite effect was observed in 2004. Despite the slow-release effect 

of compost applications, our results indicate that already in the first growing season after 

compost application farm compost can replace a substantial part of the mineral nitrogen 

fertilization for potato, fodder beet and Brussels sprouts with positive NFRVs of 45, 76 and 

21 kg N ha-1, respectively. The positive NFRVs also resulted in yield increases at the 0N 

fertilizer level for those three crops (Table 2-4). Despite the clear yield responses at the 0N 

fertilizer level, overall, the compost effect on the DM yield was not significant in 2004. This 

is in accordance with findings of Nevens and Reheul (2003), who observed no significant 

yield increases in the first year after VFG compost application in a monoculture maize.  

 

Significant positive yield effects from compost were still lacking in 2005 and 2006. On the 

contrary, Table 2-4 shows that the application of compost led to a mean yield decrease for 

Brussels sprouts and potato. This is also reflected in negative NFRVs in 2005 and 2006 

(Table 2-5). In other words, upon application of farm compost, additional mineral N 

fertilization was required to reach the same crop yields as in conditions where no such 
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compost was amended. These findings contradict Nevens and Reheul (2003), who found a 

significant increase in crop yield of forage maize in the second year after VFG-compost 

application. That response suggests an increase in plant-available N mineralization owing to 

the compost applied in the previous year. This is clearly not the case in our experiment, most 

probably because of the rather high C:N ratio of the farm compost in comparison with the 

C:N ratio (on average 10.2) of the VFG-compost (which is a more nutrient rich compost) in 

the experiment of Nevens and Reheul (2003). After all, Janssen (1996) showed that the net 

mineralization of substances linearly decreased with increasing C:N ratio of the organic 

material. However, in our study no correlation between the C:N ratio of the farm compost 

and the size of the NFRVs was observed, probably due to the large variability of the NFRVs. 

 

From 2007 on, the effect of compost amendment on crop yield became significant, 

illustrating that farm compost amendments can increase crop yields over time. As the 

weather data (precipitation, irradiation and temperature) for 2007-2010 were comparable 

with the previous years, the climatic conditions were very unlikely to have differently 

influenced the yield compared to first three years of the experiment. The continuous 

application of compost is expected to result in considerable amounts of residual organic N 

that contribute to the accumulation of organic N in the soil (Sörensen and Amato 2002) and 

consequently to its fertilizer N value on the longer term (Whalen et al. 2001). This was 

confirmed by positive NFRVs for all crops in 2007. The value for potato was particularly 

high (131.2 kg N ha-1), which may explain the positive effect of farm compost on potato size 

in 2007, since it is well known that the amount of N positively influences potato size 

(Arsenault et al. 2001). While in 2007 yields of all crops were significantly increased in the 

compost amended plots, this was not the case in the subsequent years. In 2009, potato and 

fodder beet production were not significantly improved after compost application which 

could be linked to negative NFRVs (Table 2-5). The nitrogen fertilizing effect of compost 

application on crop yield was extensively documented before in several studies (Fagnano et 

al. 2011; Lillywhite et al. 2009; Nevens and Reheul 2003; Tits et al. 2014) and is confirmed 

in the present study. Over the 7 year period (i.e. 2004-2010), the annual average NFRV for 

potato, fodder beet, forage maize and Brussels sprouts amounted 22.8, 19.6, 12.6 and 12.9 

kg N ha-1 y-1. At the 200N-level, which was regarded as being closest to current practice for 

the four crops at that time and consequently of interest to the farmer, this supply of crop-

available nitrogen by means of repeated farm compost application resulted in an annual 

avrage DM yield benefit for potato, forage maize, fodder beet and Brussels Sprouts of 5.3, 



38 

 

3.6, 9.1 and 3.9 % (Table 2-4). Further, the continually positive effect at 200N rate (Table 

2-4; especially in the period 2007-2010) might indicate that the positive yield effect of the 

farm compost was not only a N-contribution effect. This contradicts findings of de Kok 

(1996) and de Haan and Lubbers (1984), who concluded that compost’s positive crop yield 

effects could be explained merely as nitrogen effects. However, our findings suggest that a 

yearly compost application not only supplies extra N, it also offers better growing 

opportunities to the crop, probably by changing the physical (water uptake, aeration,…), 

chemical (organic matter content, pH,...) and biological properties (enhanced soil food web) 

of the soil. The effect of repeated farm compost application on chemical, physical and 

biological soil quality is discussed in Chapter 3. 

 

The significant positive effect of compost application on the DM percentage (2004 and 2007) 

and the UWW (2004, 2007 and 2010) of potato was quite surprising. Since also NFRVs for 

potato were positive in 2004, 2007 and 2010 (Table 2-5), one might presume that the higher 

DM percentage and UWW might be an N-effect. However, Leroy (2008b) suggested a 

higher DM content when nutrient availability is limited while it is known that in general 

nitrogen also decreases UWW (Veerman 2003). 

In our experiment, farm compost did not show a significant effect on the presence of 

common scab and black scurf on potato. The potato variety ‘Escort’ has a low to medium 

resistance to common scab (Europotato 2015), so the non-effect of the compost cannot be 

attributed only to the resistance of the variety. Disease suppressive conditions have been 

obtained in soils after addition of certain composts. This has been true in production systems 

in greenhouses (Hoitink and Boehm 1999) and under field conditions (Keener et al. 2000). 

Lumsden et al. (1986) suggested that both increased soil microbial activity and the high 

concentration of some organic components (i.e. acetic, propionic, isobutyric, butyric and 

isovaleric acids) caused the suppression of soil-borne pathogens. Conn and Lazarovits 

(1999) reported a significant reduction in potato scab and black scurf after the application of 

different types of manure. However, there has been no definitive work linking biological 

control in soil to applications of organic amendments. Furthermore, the quality and 

composition of compost cannot be standardized. The effect of organic amendments on 

disease control is thus highly variable. Erhart et al. (1999) tested 19 different types of 

compost (MSWC, bark compost, and several others) for suppression of Pythium ultimum. 

Only one type of compost was strongly suppressive, while the others were mildly 

suppressive or even conducive.  
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2.5 Conclusions 

Benefits of an annual high-rate farm compost application on crop yield became significant 

for all crops after the fourth annual application (i.e. 2007). This was not the case in the 

subsequent years. In 2008 and 2010, yields of three out of the four crops were significantly 

increased after farm compost application while in 2009 this was the case for two out of the 

four crops. The positive effect of continual compost amendment is attributed both to a slow-

release of N and to non-nitrogen effects. Influences of farm compost on disease suppression 

and DM content of the crops are not yet conclusive. 
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 CHAPTER 3 

Farm compost application: effects on soil quality 

 

After: D'Hose, T., Cougnon, M., De Vliegher, A., Van Bockstaele, E. & Reheul, D. (2012b). 

Influence of farm compost on soil quality and crop yields. Archives of Agronomy and 

Soil Science 58, S71-S75. 

 

3.1 Introduction 

Recent legislative restrictions and the trend toward more sustainable agricultural farming 

systems are reducing the input of mineral fertilizers and pesticides. This implies a greater 

reliance on the self-regulating processes of the soil such as supply of nutrients, water 

regulation and disease suppression. With the new emphasis on sustainable agriculture comes 

a reawakening of interest in soil health and the awareness of the importance of soil quality 

to the productivity of the soil (Magdoff and van Es 2009). Good soil quality not only 

produces good crop yield, it also maintains environmental quality and consequently plant, 

animal and human health (Sharma et al. 2005). Soil is greatly affected by many agricultural 

management practices, and sustainable land management is needed to build such high-

quality soils. Possible tools for the maintenance and the improvement of soil fertility are the 

adoption of conservation tillage systems, the implementation of crop rotations and cover 

crops, the use of organic fertilizers such as animal manures and compost, etc. (Davies and 

Lennartsson 2005; Johnson et al. 2005; Watson et al. 2002; Willekens et al. 2014). The 

present research focuses on the application of farm compost. Farm compost is made of 

ingredients which are available on the farm like wood chips and bark, manure, straw, crop 

residues, etc. (Leroy, 2008) and the use of it is already popular in organic farming. 

Soil quality assessment has been suggested as a tool for evaluating sustainability of soil and 

crop management practices (Hussain et al. 1999). Despite the lack of reference values, 

making soil quality assessments purpose-oriented and site specific, a quantitative assessment 

could provide much needed information on the sustainability of certain management 

practices (Karlen et al. 1994b). It is relevant to note that there is no single measurement that 

can quantify soil quality, but there are certain soil properties that, when considered together, 

can be good indicators. Therefore quantifying soil quality requires a multi-parameter 
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approach in which a minimum number of indicators are measured (Arshad and Martin 2002). 

As proper agricultural use of soil resources requires consideration for biological, physical 

and chemical components of soil fertility, evaluation of soil quality must integrate physical, 

chemical and biological indicators (Diacono and Montemurro 2010).  

There is a large amount of literature relating to the influence of composted organic material 

on various soil properties. It was shown that applications of compost bring about an increase 

in the soil’s water holding ability, improve the stability of soil aggregates, enhance the 

organic matter content and fertility in soil and serve as a food source for a variety of soil 

organisms. (e.g. Arthur et al. 2011b; Celik et al. 2004; Diacono and Montemurro 2010; Leroy 

et al. 2008; Mantovi et al. 2001; Moeskops 2010; Nevens 2003; Ros et al. 2006a). However, 

only a few of these studies have incorporated physical, chemical and biological soil 

properties. Further, most of the research on compost done so far has focused on the use of 

municipal solid waste compost (MSWC) and vegetable, fruit and garden waste compost 

(VFG) while information is lacking on FC’s impact on soil quality. Therefore, the aim of the 

present research was to gain better understanding of the effect of application of farm compost 

on physical, chemical and biological soil quality. To do so, data were collected from the 

farm compost experiment (Chapter 2).  

3.2 Material and methods 

3.2.1 Experimental design 

The farm compost experiment started in 2004 on a loamy sand soil at Gent University’s 

experimental farm in Melle (50°59’N, 03°49’E, 11m above sea level). Climate is fully humid 

temperate with warm summers (Kottek et al. 2006) with approximately 836 mm of annual 

precipitation and a mean annual temperature of 9°C (average values for the period 1981-

2010). The clay (< 2 µm), silt (2-20 µm), fine sand (20-200 µm) and coarse sand (200-2000 

µm) content is 86, 116, 758 and 40 g kg-1, respectively. The experimental design was a strip-

split plot design (Gomez and Gomez 1984) with three replicates (Figure 2-1). During the 

experimental period, crops were the horizontal factor, fertilizer nitrogen (N) the vertical 

factor and farm compost (FC) the subplot factor. Four crops were grown in the following 

succession: fodder beet (FB), forage maize (FM), Brussels sprouts (BS) and potato (Po). 

Plots received 0, 100 or 200 kg N y-1 ha-1, applied as ammoniumnitrate 27% N. Plots received 

0 or 50 m³ FC y-1 ha-1, indicated as FC0 and FC1 plots, respectively. The experiment is 
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explained further into detail in Chapter 2. FC was analyzed prior to each application. This 

revealed substantial differences in composition from year to year (Table 2-2). 

3.2.2 Soil sampling 

The field plots were sampled three times for all parameters (except for aggregate stability) 

during the experimental period, once in fall 2009 and two times in 2010 (spring and fall). 

Aggregate stability was measured in the fall of 2010 only. Because of practical limitations, 

all samples were taken at one nitrogen fertilizer level, being 200N. This level was chosen 

based on two considerations: (i) 200 kg ha-1 was regarded as being closest to current practice 

for the four crops at that time and (ii) we expected that sampling at the highest fertilizer level 

would offer the best possibility for detecting the potential ‘non-nitrogen’ effect of compost 

application. To determine soil organic carbon (SOC), hot-water extractable carbon (HWC), 

total nitrogen (total N), ammonium lactate extractable P and K (P-AL and K-AL), pH-KCl, 

ergosterol content and microbial biomass C, soil samples were taken on October 7, 2009, on 

June 16, 2010 and on October 12, 2010. Composite soil samples of 15 cores were taken 

randomly to a depth of 15 cm in each plot, using a 2.0 cm diameter auger. These samples 

were bulked, thoroughly mixed and divided into three sub-samples. One sub-sample was 

stored in the freezer (-18°C) until it could be freeze-dried. Once lyophilized, the samples 

were ground in a mortar and passed through a 250 µm sieve and stored in the dark at room 

temperature till extraction for ergosterol analysis (3.2.3.3) . The second sub-sample was 

immediately used for microbial biomass C determination (3.2.3.3). The third sub-sample 

was oven dried (70°C) and prior to analysis of chemical soil properties (3.2.3.1), the sample 

was ground in a mortar and passed through a 250 µm sieve. 

Soil bulk density and penetration resistance were measured on November 25, 2009, on June 

17, 2010 and on January 4, 2011. The third sampling was scheduled for the fall of 2010 but 

due to very wet conditions in October and November immediately followed by snow and 

freezing temperatures in December, the sampling had to be postponed to the beginning of 

2011. Meanwhile, the soil remained undisturbed though.  

To assess aggregate stability, soil samples were taken on September 14, 2010. Clods were 

taken randomly from the top 5 cm of the soil and stored in a container to make sure that the 

soil aggregates remained undisturbed on their way to the lab. Prior to analysis(3.2.3.2), the 

samples were air-dried. 
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Earthworms were sampled on October 26 and 27, 2009, on June 21, 2010 and on September 

20 and 21, 2010. Two samples were taken per replicate plot. 

To assess the nematode population, composite soil samples of 15 cores were taken randomly 

to a depth of 20 cm in each plot, using a 2 cm diameter auger. Samples were taken on 

November 23, 2009, on June 14, 2010 and on December 9, 2010. The composite samples 

were thoroughly mixed and from each sample, 100 ml was taken for nematode analysis 

(3.2.3.3). 

3.2.3 Soil analysis 

3.2.3.1 Soil chemical properties 

The pH-KCl was measured potentiometrically in a 1:5 soil:KCl (1M) extract according to 

ISO 10390. SOC was measured by dry combustion at 1050°C according to ISO 10694 using 

a Skalar Primacs SLC TOC analyser. HWC was determined following a method of Haynes 

and Francis (1993). Soil samples (equivalent 5 g oven dry weight) were weighed into 50 ml 

polypropylene centrifuge tubes and 25 ml of distilled water was added. The tubes were 

capped and left for 16 h in a hot-water bath at 70°C. At the end of the extraction period these 

tubes were then centrifuged and the supernatant was filtered. Total organic carbon (TOC) in 

the extracts was determined on a Skalar Primacs SLC TOC analyser. Total N was measured 

by dry combustion at 950°C using a N-analyser (Thermo Flash 4000). 

Ammonium lactate extractable P and K (P-AL and K-AL) were assessed (only in fall 2009) 

by extraction of the soil with ammonium lactate (extraction ratio 1:20) in dark polyethylene 

bottles, shaken for 4 hours and the suspension was filtered in dark polyethylene bottles that 

were stored cool (4°C) until analysis (Egnér et al. 1960). P-AL and K-AL were analyzed at 

respectively 769.897 nm and 213.618 nm using Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES, Varian Vista-Pro) with an axial torch. 

3.2.3.2 Soil physical properties 

For the determination of bulk density, a core sampler was used to obtain undisturbed cores 

(100 cm³). Per replicate plot, two samples were taken, each on 2 different depths: 0-15 cm 

and 15-30 cm. Soil was dried for 48h at 105°C after which dry soil bulk density was 

determined. 
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To measure penetration resistance, we used a hand-held penetrologger (Eijkelkamp) and 

measured to a depth of 30 cm. The conical point was 1 cm² and the point angle was 60° 

(Bradford 1986). At each plot we obtained 10 measurements. 

Aggregate stability was determined by using the procedure of De Leenheer and De Boodt 

(1959), adjusted by Hofman (1973). The method is described in detail by Leroy (2008), it 

combines wet-sieving with fixed aggregate fractions. The instability index of the method of 

De Leenheer and De Boodt (1959) was calculated: 

 

Instability Index = MWDdry – MWDwet 

 

with MWD (mean weight diameter) =∑ 𝑋𝑖𝑊𝑖𝑛
𝑖=1   

 

and from this the stability index (SI) is obtained as: 

 

Stability Index = (Instability Index)-1 

 

where Xi is the mean diameter of each size fraction (mm) and Wi is the proportion of the 

total sample mass in the corresponding size fraction. Per plot, the aggregate stability was 

measured in two replicates. The stability index (SI) was used to classify the aggregate 

stability of the different treatments. 

3.2.3.3 Soil biological properties 

Earthworms were sampled using a mustard powder solution and subsequent handsorting in 

accordance with Leroy (2008). A metal frame (20 cm x 20 cm) was placed on the soil and 

all surface plant litter within the frame removed. The mustard solution was then poured 

evenly across the frame. After 15 min while collecting the emerging earthworms, the soil in 

the same quadrant was excavated to a depth of 20 cm and handsorted to recover remaining 

earthworms All earthworms were taken to the lab and washed. The total weight (with gut 

content) of the earthworms per sample was recorded and they were stored in a 4% formalin 

solution until species identification of the adults. 

The extraction of nematodes was conducted with an automatic zonal centrifuge (Hendrickx 

1995). For each sample all nematodes present were counted using a dissecting microscope 

and fixed with 4% formaldehyde. From each sample 100 randomly-chosen specimens were 

identified to genus level according to the taxonomic keys provided in Bongers (1988), using 
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a compound microscope with Nomarski DIC observation at a magnification of 400x and 

1000x. All 100 nematodes were assigned to one of five trophic groups: bacterivores, 

fungivores, omnivores, predators or plant-parasitic nematodes (Yeates et al. 1993). Further, 

the total number and the percentage of each trophic group in the community were calculated. 

Each nematode taxon was also assigned to a functional guild using a combination of feeding-

group and life-history traits expressed as cp (colonizer-persister) scores ranging from 1 (r-

strategist, colonizers) to 5 (K-strategist, persisters) (Ferris and Bongers 2009). Based on this 

1-5 cp scale, the maturity index (MI) and other comparable indices (∑MI, ∑MI 2-5) were 

calculated as defined by Bongers (1990) and Ferris and Bongers (2009). The MI excludes 

the plant-parasitic nematodes and is considered as a measure of environmental disturbance 

by which low MI values indicate disturbed and/or enriched environments and high MI values 

a stable environment. The ∑MI is the index for all the nematodes in the system, including 

plant feeders while ∑MI 2-5 is identical to respectively ∑MI but it excludes the cp-1 

enrichment opportunists. The nematode fauna were also allocated to a functional guild which 

combines the nematode feeding habits with the life history characteristics embodied in the 

cp-classification. These guilds allow the calculation of several indices providing information 

about the enrichment and structure of the soil food web and the decomposition pathway in 

the soil food web: the enrichment index (EI), structure index (SIn) and channel index (CI) 

(Ferris et al. 2001). The EI contains fast-growing bacterivorous and fungivorous nematodes 

with a cp-value of 1 or 2 while the SIn measures the slow growing and reproducing predator 

and omnivorous nematodes with cp-values of 3, 4 and 5. The CI represents the ratio of fungal 

to bacterial feeding nematodes and provides a means to partition the flow of resources 

through fungal and bacterial decomposition channels, a value of 100 being completely fungal 

and a value of 0 being completely bacterial (Berkelmans et al. 2003). 

Soil microbial biomass C (Cmic) was determined by fumigation-extraction according to 

Voroney et al. (1993). The samples were fumigated for 24h followed by an extraction with 

0.5M K2SO4 (soil-to-extractant ratio of 1:2). In fall 2009, the dissolved organic carbon in the 

extracts was determined on a Skalar Primacs SLC TOC analyser. The dissolved organic 

carbon in the samples of spring and fall 2010 was analyzed using ICP-OES (Varian Vista-

Pro) with an axial torch at 769.897 nm. To determine the microbial biomass C a conversion 

factor kEC of 0.45 was used (Leroy 2008). Ergosterol, an indicator of fungal biomass, in the 

freeze-dried soil samples was measured with a Thermo Finnigan Surveyor HPLC with UV-

VIS detector and a Waters Nova-Pak C18 4 µm column, after extraction with methanol based 

on physical disruption (Gong et al. 2001). 
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3.2.4 Statistical analysis 

All data were subjected to a two-way ANOVA (the experiment was analysed as a split-plot 

design with crop as main plot factor and FC as subplot factor) using SPSS 16.0 software. 

Significant differences between means were determined by Scheffé’s test. Before 

performing ANOVA, the assumptions for ANOVA (equal variances and normal 

distribution) were checked. When the assumptions were not met, an ARCSINE 

transformation (y’= 2* arcsin[sqrt(y)]) or a square root transformation (y’ = sqrt(y)) was 

applied on data expressing a proportion or on counts, respectively, before performing 

ANOVA. Finally, Pearson’s correlation coefficients were calculated between the physical 

chemical and biological soil properties.  

3.3 Results 

3.3.1 Soil chemical properties 

Table 3-1 summarizes the soil chemical properties of the 0-15 cm layer for the three 

sampling periods (i.e. fall 2009, spring and fall 2010). The SOC content was significantly 

higher in the plots that received compost and this for all three samplings. We observed no 

significant influence of the different crops. In fall 2010, after seven years of compost 

application, this resulted in an increase of the SOC content of 17% (averaged over the four 

crops). This equals an amount of about 4000 kg C per hectare on the 0-15 cm layer. To 

achieve this, we had to apply 13600 kg C per hectare by compost meaning that approximately 

30% of the applied C contributes to the stable organic carbon fraction in the soil. The 

differences in the SOC content were reflected in the total N content which was increased by 

12% (averaged over the four crops in fall 2010). This equals an amount of about 300 kg N 

per hectare on the 0-15 cm layer. To achieve this, we had to apply 650 kg N per hectare by 

compost meaning that approximately 45% of the applied N is retained in the organic N 

fraction in the soil. The different treatments had comparable C:N ratios in the fall of 2009. 

However, in spring 2010 a significant crop effect was observed amongst the C:N ratios while 

in the fall of 2010, the compost amended plots showed a significantly higher C:N ratio. No 

clear trends were observed regarding the HWC content. No significant differences could be 

detected for the HWC:SOC ratio either. Nevertheless, plots amended with compost resulted 

in a lower HWC:SOC ratio in all three sampling periods. The different treatments showed 

comparable P-AL contents. The soil amended with farm compost led to significantly higher 
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K-AL content. The pH of the farm compost plots was significantly higher (±0.42 units after 

seven years) than the plots without farm compost in all three sampling periods.  

 

Table 3-1: Chemical soil properties in field plots with and without farm compost amendment and 

cropped with four different crops (means ± standard deviation)  

    
SOC 

% 

total N  

% 

C:N 

- 

HWC 

mg kg-1 

HWC:SOC 

- 

P-AL 

mg kg-1 

K-AL 

mg kg-1 

pH-KCl 

- 
 

        

Fall 2009         

 Po 1.19 ± 0.13  0.127 ± 0.008 9.31 ± 0.74  783 ± 144 0.067 ± 0.016  102 ± 20  112 ± 20 5.40 ± 0.46  

 FB 1.22 ± 0.11 0.123 ± 0.012 9.66 ± 0.89 844 ± 104 0.070 ± 0.013 93 ± 16  111 ± 10  5.27 ± 0.47 

 FM 1.17 ± 0.14 0.127 ± 0.014 9.27 ± 0.58 900 ± 107 0.078 ± 0.012 107 ± 30 103 ± 16 5.49 ± 0.47  

 BS 1.17 ± 0.12 0.127 ± 0.005 9.37 ± 0.89 881 ± 42 0.075 ± 0.008 101 ± 20  107 ± 15  5.35 ± 0.47 

Crop effect ns ns ns ns ns ns ns ns 

 
FC0 1.12 ± 0.09  0.121 ± 0.005  9.28 ± 0.88  857 ± 114 0.077 ± 0.014  95 ± 21  103 ± 17 5.09 ± 0.37  

FC1 1.25 ± 0.10  0.132 ± 0.008  9.53 ± 0.60  847 ± 108  0.068 ± 0.010  107 ± 20 113 ± 11  5.66 ± 0.31  

FC effect  *** *** ns ns ns ns * *** 

         

Spring 2010        

 Po 1.17 ± 0.09  0.125 ± 0.012  9.31 ± 0.35a 844 ± 48 0.070 ± 0.006  - - 5.43 ± 0.44 

 FB 1.15 ± 0.09 0.128 ± 0.012 9.06 ± 0.22a 957 ± 69 0.083 ± 0.005 - - 5.40 ± 0.37  

 FM 1.15 ± 0.12 0.123 ± 0.012 9.18 ± 0.47a 792 ± 153 0.068 ± 0.013 - - 5.51 ± 0.41  

 BS 1.17 ± 0.05 0.118 ± 0.010 9.99 ± 0.72a 9567± 120 0.083 ± 0.010 - - 5.54 ± 0.44  

Crop effect ns ns * ns ns - - ns 

 FC0 1.10 ± 0.07  0.117 ± 0.008  9.42 ± 0.68  850 ± 119 0.077 ± 0.011  - - 5.22 ± 0.33  

 FC1 1.21 ± 0.06  0.130 ± 0.011  9.35 ± 0.47  924 ± 121  0.076 ± 0.010  - - 5.72 ± 0.27  

FC effect  *** *** ns ns ns - - *** 

         

Fall 2010         

 Po 1.15 ± 0.09  0.112 ± 0.008  9.74 ± 0.34 713 ± 155 0.060 ± 0.013 - - 5.60 ± 0.51  

 FB 1.18 ± 0.16 0.121 ± 0.013 9.55 ± 0.64 837 ± 158 0.072 ± 0.008 - - 5.72 ± 0.41 

 FM 1.16 ± 0.12 0.121 ± 0.015 9.54 ± 0.24 614 ± 157 0.053 ± 0.016 - - 5.56 ± 0.32 

 BS 1.15 ± 0.15 0.113 ± 0.014 9.61 ± 0.40 627 ± 100 0.058 ± 0.015 - - 5.68 ± 0.43  

Crop effect ns ns ns ns ns - - ns 

 FC0 1.07 ± 0.08  0.113 ± 0.007  9.39 ± 0.41  683 ± 158 0.064 ± 0.014  - - 5.43 ± 0.40  

 FC1 1.25 ± 0.09  0.127 ± 0.010  9.80 ± 0.27  713 ± 173 0.057 ± 0.014  - - 5.85 ± 0.27  

FC effect  *** *** * ns ns - - *** 

FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: 

forage maize; BS: Brussels sprouts; SOC: soil organic carbon; total N: total nitrogen; HWC: hot-water 

extractable carbon; P-AL, K-AL: ammonium lactate extractable phosphorus and potassium; ns, *, **, *** 

indicates non-significant (ns) or significant at the 0.05 (*), 0.01 (**) or 0.001 (*** ) probability levels, 

respectively. If the crop effect was significant, different letters in each column within each sampling period 

represent statistically significant differences between the crops at p < 0.05 using Sheffe's test. 
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3.3.2 Soil physical properties 

There was a tendency for a lower soil bulk density in compost amended plots in all three 

sampling periods (Table 3-2). In the fall of 2009 and 2010, soil bulk density in the 0-15 cm 

soil layer was significantly lower in the compost amended plots. In the spring of 2010, 

similar results were obtained in the 16-30 cm soil layer. A crop effect was noticed in the 

spring of 2010 in the 16-30 cm soil layer with a significantly higher bulk density in the 

Brussels sprouts plots. Penetration resistance was not affected by the application of compost 

(Table 3-2). Crop type did exert a significant influence as penetration resistance was 

significantly higher in the 16-30 cm soil layer of the forage maize plots in fall 2009 and in 

both soil layers (i.e. 0-15 and 16-30 cm) in spring 2010. The very low values for penetration 

resistance in the fall of 2010 can be explained by the fact that the months preceding the 

sampling were characterized by heavy precipitation leading to a high soil moisture content 

at time of sampling. Aggregate stability (using the stability index) increased significantly on 

compost amended plots (Table 3-2). There was no significant difference between the crops.  

  



52 

 

Table 3-2: Soil bulk density, penetration resistance, aggregate stability index at 0-15 cm and 16-30 cm 

depth intervals in field plots with and without farm compost amendment and cropped to four different 

crops (means ± standard deviation)  

    Bulk density (g cm-3) Penetration resistance (MPa) Stability index 

  0-15 cm 16-30 cm 0-15 cm 16-30 cm  

       

Fall 2009      

 Po 1.43 ± 0.03 1.34 ± 0.13 1.28 ± 0.41 2.85 ± 1.00ab  

 FB 1.40 ± 0.06 1.32 ± 0.07 1.30 ± 0.41 2.44 ± 1.00a  

 FM 1.44 ± 0.04 1.36 ± 0.05 1.72 ± 0.53 3.23 ± 0.65b  

 BS 1.45 ± 0.05 1.36 ± 0.09 1.35 ± 0.50 2.55 ± 0.87a  

Crop effect ns ns ns *  

 FC0 1.44 ± 0.05 1.36 ± 0.06 1.43 ± 0.45 2.75 ± 0.95  

 FC1 1.41 ± 0.05 1.34 ± 0.11 1.40 ± 0.54 2.78 ± 0.93  

FC effect  * ns ns ns  

      

Spring 2010      

 Po 1.34 ± 0.03 1.41 ± 0.07a 1.25 ± 0.48a 3.11 ± 1.19a  

 FB 1.45 ± 0.06 1.45 ± 0.09a 1.58 ± 0.70a 3.85 ± 1.66b  

 FM 1.40 ± 0.04 1.43 ± 0.08a 2.13 ± 0.80b 4.13 ± 1.22b  

 BS 1.42 ± 0.05 1.58 ± 0.14b 1.51 ± 0.67a 3.16 ± 0.97a  

Crop effect ns * * *  

 FC0 1.40 ± 0.05 1.49 ± 0.11 1.62 ± 0.71 3.52 ± 1.30  

 FC1 1.40 ± 0.05 1.44 ± 0.12 1.62 ± 0.77 3.61 ± 1.40  

FC effect  ns * ns ns  

  
 

 
  

Fall 2010      

 Po 1.51 ± 0.05 1.49 ± 0.05 0.49 ± 0.18 0.79 ± 0.25 0.25 ± 0.01 

 FB 1.48 ± 0.06 1.47 ± 0.08 0.34 ± 0.12 0.68 ± 0.21 0.27 ± 0.02 

 FM 1.47 ± 0.04 1.49 ± 0.07 0.39 ± 0.12 0.72 ± 0.28 0.25 ± 0.01 

 BS 1.47 ± 0.05 1.46 ± 0.07 0.33 ± 0.10 0.67 ± 0.23 0.26 ± 0.01 

Crop effect ns ns ns ns ns 

 FC0 1.49 ± 0.05 1.48 ± 0.05 0.37 ± 0.14 0.72 ± 0.26 0.25 ± 0.01 

 FC1 1.47 ± 0.05 1.47 ± 0.08 0.40 ± 0.15 0.70 ± 0.24 0.26 ± 0.01 

FC effect  * ns ns ns ** 

FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: 

forage maize; BS: Brussels sprouts; ns, *, **, *** indicates non-significant (ns) or significant at the 0.05 (*), 

0.01 (**) or 0.001 (*** ) probability levels, respectively. If the crop effect was significant, different letters in 

each column within each sampling period represent statistically significant differences between the crops at p 

< 0.05 using Sheffe's test. 
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Soil aggregate size fractions 8.00–4.75 mm, 2.80–2.00 mm and 1.00–0.50 mm were 

significantly higher in the compost amended plots (Figure 3-1). There was no significant 

difference between the treatments for the 0.50–0.30 mm, the 2.00–1.00 mm and the 4.75-

2.80 mm fraction. The < 0.30 mm fraction was significantly lower when compost was 

applied indicating that a higher fraction of the soil aggregates present were stable and thus 

did not disintegrate into smaller sized aggregate fractions. No effect of crop type was 

observed except for the 8.00–4.75 mm fraction where fodder beet showed significantly 

higher values (2.6%) in comparison with the other crops (1.3%, 1.1% and 1.4% for potato, 

forage maize and Brussels sprouts, respectively) pointing out the presence of more bigger, 

stable aggregates when fodder beet was grown. 

 

Figure 3-1: Distribution of the different aggregate size fractions in field plots with and without farm 

compost amendment in fall 2010. FC0: no compost, FC1: 50 m³ ha-1 y-1 farm compost. Different letters 

on each bar represent statistically significant differences 

3.3.3 Soil biological properties 

Earthworm number was clearly higher in compost amended plots; differences with 

unamended plots were significant in the fall of 2009 and 2010 (Figure 3-2). Compost did not 

influence earthworm biomass significantly, although biomass tended to be higher in plots 

amended with farm compost. The crop effect differed among sampling dates: no significant 

differences in fall 2009; significant higher earthworm number and biomass in Brussels 

sprouts in spring 2010; a significantly higher earthworm number and biomass in potato in 
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fall 2010 and a significantly lower abundance in forage maize. The low earthworm number 

and biomass in forage maize plots was striking in all three sampling periods. 

Overall, the earthworm numbers and biomass were lower in spring than in fall. In spring we 

observed an average of 65 individuals m-2 corresponding with 27 g m-2 while in fall on 

average 210 individuals m-2 and 36 g m-2 were counted. Samples taken in spring contained 

76 to 90% juveniles versus 57 and 73% for samples taken in fall. The earthworm species 

found were were Lumbricus terrestris and Aporrectodea longa as anecic species, Lumbricus 

castaneus and Lumbricus rubellus as epigeic species and Aporrectodea caliginosa, 

Allolobophora chlorotica, Allolobophora icterica and Allolobophora rosea as endogeic 

species (data not shown). The relative distribution of these earthworm species among the 

sampling dates and the treatments did not show clear differences or trends, with L. rubellus, 

A. caliginosa and A. chlorotica being the most abundant species.  
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Figure 3-2: Earthworm number and biomass in field plots with and without farm compost amendment 

and cropped to four different crops. FM: forage maize, Po: potato, FB: fodder beet, BS: Brussels sprouts, 

FC0: no farm compost, FC1: 50 m³ ha-1 y-1 farm compost. Error bars represent standard deviations. 

Sampling periods: A: fall 2009; B: spring 2010; C: fall 2010. Within each factor (i.e. crop and compost), 

different letters indicate statistically significant differences in biomass (a) or numbers (a’) at p < 0.05 

using Sheffe's test 

The amount of microbial biomass C was significantly higher in plots amended with farm 

compost in fall 2009 and spring 2010. The same trend was observed in fall 2010 but the 

difference was not significant (Table 3-3). No significant crop effect on the microbial 

biomass C has been observed. Overall the microbial biomass C sampled constituted between 
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0.8% and 2.6% of the total SOC content in the 0-15 cm soil layer (data not shown). With 

values around 0.5 mg kg-1 dry soil, ergosterol content was very low (Table 3-3); differences 

were not significant between the different treatments. 

 

Table 3-3: Microbial biomass C, ergosterol content and standard deviations in field plots with and 

without farm compost amendment and cropped to four different crops in fall 2009 and spring and fall 

2010 

    
Ergosterol content  

(mg kg -1 dry soil) 

Microbial biomass C 

(mg kg -1 dry soil) 

   
  

 
  

  Fall 2009 Spring 2010 Fall 2010 Fall 2009 Spring 2010 Fall 2010 
  

 
  

 
  

 Po 0.383 ± 0.067  0.423 ± 0.127  0.490 ± 0.330 386 ± 172a 144 ± 48 93 ± 74 

 FB 0.372 ± 0.079  0.372 ± 0.077  0.587 ± 0.130  216 ± 56a 129 ± 33 95 ± 83 

 FM 0.393 ± 0.101  0.352 ± 0.057  0.653 ± 0.204  197 ± 120a 136 ± 32 61 ± 46 

 BS 0.402 ± 0.140  0.413 ± 0.183  0.683 ± 0.185  198 ± 129a 164 ± 19 104 ± 69 

Crop effect ns ns ns * ns ns 

 
FC0 0.389 ± 0.085  0.382 ± 0.139 0.636 ± 0.160 176 ± 91 129 ± 37 75 ± 66 

FC1 0.385 ± 0.108  0.398 ± 0.095 0.570 ± 0.275 322 ± 150 171 ± 52 101 ± 68 

FC effect  ns ns ns * ** ns 

FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: 

forage maize; BS: Brussels sprouts; ns, *, ** indicates non-significant (ns) or significant at the 0.05 (*) or 0.01 

(**) probability levels, respectively. If the crop effect was significant, different letters in each column within 

each sampling period represent statistically significant differences between the crops at p < 0.05 using Sheffe's 

test. 

Forty genera of nematodes were identified in the soil samples; most of them occurred in all 

three sampling occasions. In fall 2009 and spring 2010, total nematode numbers were not 

significantly affected by crop nor farm compost (Table 3-4, Table 3-5, Table 3-6). In fall 

2010, nematode numbers were significantly lower where farm compost was applied while 

highest nematode numbers were detected in the fodder beet plots. Plant-parasitic nematodes 

were predominant in all soil samples and constituted between 45 and 72% of the total 

nematode abundance (Table 3-7). The genera Pratylenchus and Paratylenchus were by far 

the most abundant. At all sampling moments the lowest absolute number of plant-parasitic 

nematodes was found in compost amended plots (significant in spring and fall of 2010); 

especially the Pratylenchus and the Paratylenchus genera were suppressed by the 

application of compost. The same trend was observed for the relative abundance with a 

significant lower abundance of plant-parasitic nematodes in the compost plots in fall 2009 

and spring 2010. Next to plant-parasitic nematodes, bacterivorous nematodes were the most 
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abundant. In fall 2009, both relative and total abundance of bacterivorous nematodes was 

significantly higher in farm compost amended plots. A significant effect was also noticed in 

spring 2010 but only for the relative abundance of the bacterivores. Relative abundance of 

fungivorous nematodes ranged from about 2% till 7.5% of the total nematode abundance but 

farm compost nor crops revealed significant effects (Table 3-7). In fall 2010 the absolute 

number of fungivorous nematodes was significantly lower when compost was amended. The 

abundance of omnivorous and predator nematodes in the soil samples was low. At all time, 

no clear trends or differences owing to farm compost nor crop could be observed. Many soil 

samples contained no omnivorous or predators at all.  

Effects of compost and crops on MI’s were small and not consistent over time (Table 3-7). 
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Table 3-4: Mean nematode abundances in 100 ml soil of each identified taxon in field plots with and 

without farm compost amendment and cropped to four different crops in the fall of 2009 

    Crop   FC  Statistical sig. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Bacterivorous            

Chiloplacus 2 25 38 0 20  14 28    

Rhabditidae 1 287 315 109 335  261 262    

Acrobeloides 2 295 516 412 645  398 536    

Plectus 2 22 47 30 7  11 42    

Cephalobus 2 44 130 32 52  43 86    

Eucephalobus 2 83 184 288 222  134 255    

Heterocephalobus 2 0 0 0 0  0 0    

Cervidellus 2 0 0 0 0  0 0    

Prismatolaimus 3 0 15 0 7  7 3    

Dauerlarven1 0 200 115 68 98  113 127    

Diplogaster 1 3 0 15 0  1 8    

Diploscapter 1 6 0 7 0  6 0    

Panagrolaimus 1 10 49 9 7  8 29    

Diplogasteritus 1 24 8 11 0  10 11    

Acrobeles 2 10 4 28 0  0 21    

(Meta)teratocephalus 3 0 0 23 0  2 10    

            

Total bacterivorous  811 1305 964 1294  896 1291  ns * 

            

Fungivorous            

Aphelenchus 2 119 77 104 119  101 109    

Aphelenchoides 2 8 80 57 101  58 66    

Ditylenchus 2 0 4 0 8  2 4    

            

Total fungivorous  127 161 162 228  160 179  ns ns 

            

Omnivorous            

Eudorylaimus 4 11 4 5 20  12 8    

Mesodorylaimus 5 13 0 0 8  1 9    

            

Total omnivorous  24 4 5 29  13 18  ns ns 

            

Carnivorous            

Miconchus 4 9 15 20 28  21 14    

Anatonchus 4 0 5 0 0  0 3    

Mylonchulus 4 3 11 8 0  4 7    

Clarkus 4 0 0 0 7  4 0    

            

Total carnivorous  12 30 28 35  29 23  ns ns 
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Table 3-4: continued 

            

  Crop  FC  Statistical sig.. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Plant-parasitic            

Paratylenchus 2 252 667 583 463  533 450    

Pratylenchus 3 661 136 290 720  609 295    

Malenchus 2 0 0 0 14  7 0    

Coslenchus 2 126 188 123 335  219 166    

Tylenchorhynchus 3 49 70 48 123  64 81    

Tylenchus 2 0 4 13 47  12 20    

Psilenchus 2 0 5 13 7  3 9    

Basiria 2 73 44 44 114  85 54    

Rotylenchus 3 3 35 24 44  14 39    

Aglenchus 2 103 113 71 152  118 102    

Bitylenchus 3 6 13 3 14  13 5    

Helicotylenchus 3 0 0 0 13  3 3    

Meloidogyne 3 23 39 45 5  17 38    

Amplimerlinius 3 165 181 177 309  214 202    

Heterodera 3 0 0 0 0  0 0    

Globodera 3 117 0 0 0  59 0    

            

Total plant-parasitic  1579 1496 1435 2359  1971 1464  ns ns 

            

Total   2753 3110 2661 4043   3183 3101   ns ns 
1 Dauerlarven were not taken into account when calculating total amount of bacterivorous nematodes. FC: farm 

compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: forage maize; 

BS: Brussels sprouts; Statistical sig.: statistical significance; ns, * indicates non-significant (ns) or significant 

at the 0.05 (*) probability level, respectively. If the crop effect was significant, different letters in each row 

represent statistically significant differences between the crops at p < 0.05 using Sheffe's test. 
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Table 3-5: Mean nematode abundances in 100 ml soil of each identified taxon in field plots with and 

without farm compost amendment and cropped to four different crops in the spring of 2010 

    Crop   FC  Statistical sig. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Bacterivorous            

Chiloplacus 2 45 4 0 0  1 23    

Rhabditidae 1 132 80 37 192  133 88    

Acrobeloides 2 128 183 79 130  128 132    

Plectus 2 0 9 1 2  1 5    

Cephalobus 2 26 33 16 18  20 27    

Eucephalobus 2 74 43 45 66  53 61    

Heterocephalobus 2 0 0 0 0  0 0    

Cervidellus 2 2 0 0 0  0 1    

Prismatolaimus 3 0 0 0 0  0 0    

Dauerlarven1 0 30 31 22 50  34 34    

Diplogaster 1 0 4 0 15  7 3    

Diploscapter 1 0 0 0 0  0 0    

Panagrolaimus 1 10 0 0 1  0 6    

Diplogasteritus 1 13 14 6 47  29 10    

Acrobeles 2 2 0 0 1  1 0    

(Meta)teratocephalus 3 0 1 0 2  2 0    

            

Total bacterivorous  430 372 184 475  375 355  ns ns 

            

Fungivorous            

Aphelenchus 2 49 55 40 26  45 40    

Aphelenchoides 2 16 21 35 52  32 29    

Ditylenchus 2 0 0 0 2  1 0    

            

Total fungivorous  65 76 75 80  78 70  ns ns 

            

Omnivorous            

Eudorylaimus 4 1 3 7 0  4 1    

Mesodorylaimus 5 0 0 2 2  1 1    

            

Total omnivorous  1 3 9 2  5 2  ns ns 

            

Carnivorous            

Miconchus 4 2 0 1 0  0 2    

Anatonchus 4 0 0 0 0  0 0    

Mylonchulus 4 0 2 2 0  0 2    

Clarkus 4 0 0 0 2  0 1    

            

Total carnivorous  2 2 3 2  0 4  ns ns 

            

            

            

            



61 

 

Table 3-5: continued 

            

  Crop  FC  Statistical sig. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Plant-parasitic            

Paratylenchus 2 90 239 203 164  205 143    

Pratylenchus 3 316 353 454 367  471 275    

Malenchus 2 0 0 2 1  1 1    

Coslenchus 2 10 40 38 38  39 24    

Tylenchorhynchus 3 21 12 12 32  20 18    

Tylenchus 2 0 0 0 1  0 1    

Psilenchus 2 0 0 1 2  0 1    

Basiria 2 5 10 9 17  18 15    

Rotylenchus 3 2 6 6 8  3 7    

Aglenchus 2 14 22 10 22  17 14    

Bitylenchus 3 4 0 1 7  6 0    

Helicotylenchus 3 0 0 0 0  0 0    

Meloidogyne 3 10 8 3 4  8 4    

Amplimerlinius 3 34 35 38 42  38 30    

Heterodera 3 0 0 0 0  0 0    

Globodera 3 41 0 0 0  20 0    

            

Total plant-parasitic  553 724 777 707  846 534  ns * 

            

Total   1081 1208 1069 1316   1337 999   ns ns 
1 Dauerlarven were not taken into account when calculating total amount of bacterivorous nematodes. FC: farm 

compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: forage maize; 

BS: Brussels sprouts; Statistical sig.: statistical significance; ns, * indicates non-significant (ns) or significant 

at the 0.05 (*) probability level, respectively. If the crop effect was significant, different letters in each row 

represent statistically significant differences between the crops at p < 0.05 using Sheffe's test. 
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Table 3-6: Mean nematode abundances in 100 ml soil of each identified taxon in field plots with and 

without farm compost amendment and cropped to four different crops in the fall of 2010 

    Crop   FC  Statistical sig. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Bacterivorous            

Chiloplacus 2 7 48 0 0  3 24    

Rhabditidae 1 204 251 104 125  166 176    

Acrobeloides 2 250 278 190 313  296 222    

Plectus 2 40 80 35 57  61 45    

Cephalobus 2 99 202 125 129  159 119    

Eucephalobus 2 135 133 62 102  111 105    

Heterocephalobus 2 0 0 0 0  0 0    

Cervidellus 2 0 7 0 0  0 3    

Prismatolaimus 3 0 0 0 0  0 0    

Dauerlarven1 0 119 97 85 131  124 92    

Diplogaster 1 0 0 0 8  4 0    

Diploscapter 1 0 0 0 0  0 0    

Panagrolaimus 1 0 0 0 0  0 0    

Diplogasteritus 1 5 33 21 77  59 9    

Acrobeles 2 7 0 15 0  3 8    

(Meta)teratocephalus 3 0 0 0 10  0 5    

            

Total bacterivorous  747ab 1032b 553a 820ab  862 714  * ns 

            

Fungivorous            

Aphelenchus 2 51 124 51 119  100 73    

Aphelenchoides 2 14 46 8 68  61 6    

Ditylenchus 2 0 0 0 0  0 0    

            

Total fungivorous  65 170 58 187  161 79  ns * 

            

Omnivorous            

Eudorylaimus 4 45 58 34 93  59 51    

Mesodorylaimus 5 0 56 14 27  32 16    

            

Total omnivorous  45 114 48 119  92 79  ns ns 

            

Carnivorous            

Miconchus 4 19 70 51 86  62 51    

Anatonchus 4 5 0 0 0  0 3    

Mylonchulus 4 9 80 25 55  50 34    

Clarkus 4 5 23 0 15  12 10    

            

Total carnivorous  38 173 75 156  124 97  ns ns 
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Table 3-6: continued 

            

  Crop  FC  Statistical sig. 

Nematode cp Po FB FM BS   FC0 FC1   Crop FC 
            

Plant-parasitic            

Paratylenchus 2 510 1121 1096 1286  1092 934    

Pratylenchus 3 762 1196 1143 1237  1152 937    

Malenchus 2 47 24 20 35  25 27    

Coslenchus 2 93 89 105 134  120 90    

Tylenchorhynchus 3 136 105 77 25  92 78    

Tylenchus 2 17 36 0 29  19 22    

Psilenchus 2 19 36 0 18  31 6    

Basiria 2 10 31 12 27  16 24    

Rotylenchus 3 66 22 60 45  34 52    

Aglenchus 2 49 21 22 43  32 36    

Bitylenchus 3 82 49 24 13  53 43    

Helicotylenchus 3 0 0 0 0  0 0    

Meloidogyne 3 0 0 5 11  0 8    

Amplimerlinius 3 376 425 433 349  407 450    

Heterodera 3 0 752 0 0  376 0    

Globodera 3 0 0 0 0  0 0    

            

Total plant-parasitic  2167a 3907b 2997ab 3253ab  3454 2708  * * 

            

Total   3181a 5493b 3817ab 4665ab   4817 3769   ** * 
1 Dauerlarven were not taken into account when calculating total amount of bacterivorous nematodes. FC: farm 

compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: forage maize; 

BS: Brussels sprouts; Statistical sig.: statistical significance; ns, *, ** indicates non-significant (ns) or 

significant at the 0.05 (*) or the 0.01 (**) probability level, respectively. If the crop effect was significant, 

different letters in each row represent statistically significant differences between the crops at p < 0.05 using 

Sheffe's test. 
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Table 3-7: Nematode community indices in field plots with and without farm compost amendment and 

cropped to four different crops in the fall of 2009 and the spring and fall of 2010 

  Crop   FC   Statistical sig. 

Nematode index Po FB FM BS   FC0 FC1   Crop  FC Crop x FC 

Fall 2009            

MI 1.5 1.7 1.8 1.8  1.7 1.7  ns ns ns 

∑MI 2.3 2.1 2.2 2.3  2.2 2.2  ns ns ns 

∑MI 2-5 2.2 1.7 1.8 2.1  2.0 2.0  * ns * 

EI 84.5 88.2 83.6 84.4  84.7 85.6  ns ns ns 

SIn 18.5 14.8 14.7 17.0  19.6 12.9  ns * ns 

CI 13.6 11.0 25.2 16.4  16.1 17.0  ns ns ns 

% Plant-parasitic 50.5 46.8 55.3 58.5  60.3 45.3  ns ** ns 

% Fungivorous 5.3 4.8 7.5 5.3  5.7 5.8  ns ns ns 

% Bacterivorous 34.3a 43.2a 32.7a 32.2a  28.8 42.3  * ** ns 

% Dauerlarvae 8.0 4.0 3.2 2.5  3.6 5.3  ns * ns 

% Carnivorous 0.7 1.0 1.0 0.8  1.1 0.7  ns ns ns 

% Omnivorous 1.2 0.2 0.3 0.7  0.6 0.6  ns ns ns 

Spring 2010                    

MI 1.6 1.7 1.7 1.5  1.6 1.7  ns ns ns 

∑MI 2.3 2.3 2.5 2.2  2.3 2.3  ns * ** 

∑MI 2-5 2.2 2.0 2.1 2.2  2.1 2.1  ns ns ns 

EI 97.9 93.2 87.9 96.8  94.1 93.8  ns ns ns 

SIn 5.9 10.8 14.0 6.3  8.9 9.6  ns ns ns 

CI 11.3a 19.3ab 28.4b 8.6a  17.1 16.7  * ns ns 

% Plant-parasitic 50.8a 58.8ab 71.5b 54.5a  64.8 53.1  * ** ns 

% Fungivorous 6.2 6.7 6.7 6.7  5.7 7.4  ns ns ns 

% Bacterivorous 39.7b 31.3b 18.3a 34.7b  26.6 35.4  ** ** ns 

% Dauerlarvae 3.0 2.7 2.3 4.0  2.6 3.4  ns ns ns 

% Carnivorous 0.2 0.3 0.3 0.2  0.0 0.5  ns ns ns 

% Omnivorous 0.2 0.2 0.8 0.0  0.3 0.3   ns ns ns 
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Table 3-7: continued 
            

 Crop  FC  Statistical sig. 

Nematode index Po FB FM BS   FC0 FC1   Crop  FC Crop x FC 

Fall 2010            

MI 1.8 1.9 1.9 2.1  1.9 1.9  ns ns ns 

∑MI 2.5 2.4 2.5 2.5  2.4 2.5  ns * ns 

∑MI 2-5 2.2 1.9 2.0 2.0  2.0 2.1  ns ns ns 

EI 63.8 72.8 60.9 47.0  66.0 56.2  ns ns ns 

SIn 38.9 36.5 42.0 57.2  38.8 48.6  ns ns ns 

CI 8.8 13.9 11.3 15.9  16.2 8.7  ns * ns 

% Plant-parasitic 68.2 70.2 78.0 70.8  71.6 72.0  ns ns ns 

% Fungivorous 2.2 3.3 1.5 3.7  3.3 2.1  ns ns ns 

% Bacterivorous 23.0b 19.5ab 14.7a 19.0a  18.3 20.0  * ns ns 

% Dauerlarvae 3.8 2.0 2.3 2.7  2.8 2.6  ns ns ns 

% Carnivorous 1.3 3.0 2.2 3.2  2.3 2.5  ns ns ns 

% Omnivorous 1.5 2.0 1.3 2.3   1.7 1.9   ns ns ns 

FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: 

forage maize; BS: Brussels sprouts; Statistical sig.: statistical significance; ns, *, ** indicates non-significant 

(ns) or significant at the 0.05 (*) or the 0.01 (**) probability level, respectively. If the crop effect was 

significant, different letters in each row represent statistically significant differences between the crops at p < 

0.05 using Sheffe's test. 

3.3.4 Correlations 

Correlation analysis revealed significant correlations among the different soil properties 

(Table 3-8). Especially for SOC several significant correlations were observed. SOC 

correlated positively with total N, C:N ratio, K-AL, pH-KCl, the aggregate stability index, 

the relative abundance of bacterivorous nematodes and microbial biomass C and negatively 

with HWC:SOC ratio, soil bulk density and the amount and relative abundance of plant-

parasitic nematodes.  
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Table 3-8: Pearson correlation coefficients among the physical, chemical and biological soil properties in field plots with and without farm compost amendment and 

cropped to four different crops 

 

SOC: soil organic carbon; total N: total Nitrogen; HWC: hot-water extractable carbon; P-AL, K-AL: ammonium lactate extractable phosphorus and potassium; BD: bulk 

density (only the values of the 0-15 cm soil layer were taken into account); Pen: penetration resistance (only the values of the 0-15 cm soil layer were taken into account); SI: 

aggregate stability index; Erg: ergosterol; # earthw: number of earthworms m-2; ebm: earthworm biomass; # bacnem, # fungnem, # ppnem: bacterivorous nematode, plant-

parasitic nematode, fungivorous nematode abundance in 100 ml soil; % bacnem, % fungnem, % ppnem: relative bacterivorous nematode, plant-parasitic nematode, 

fungivorous nematode abundance in 100 ml soil; Cmic: microbial biomass C. *, **, *** indicates a significant correlation at the 0.05 (*), 0.01 (**) or 0.001 (*** ) probability 

levels, respectively.  

.

SOC HWC HWC:SOC total N C:N P-AL K-AL pH-KCl BD SI Pen # earthw ebm # ppnem # bacnem # fungnem % ppnem % bacnem % fungnem Erg Cmic

SOC 1

HWC 0.13 1

HWC:SOC -0.33** 0.86*** 1

total N 0.77*** 0.18 -0.18 1

C:N 0.46*** -0.05 -0.24* -0.21 1

P-AL -0.07 0.09 0.14 -0.15 0.10 1

K-AL 0.33** 0.01 -0.14 0.23 0.16 0.31** 1

pH-KCl 0.69*** -0.06 -0.39** 0.59*** 0.24* 0.08 0.22 1

BD -0.23* -0.17 -0.08 -0.34** 0.11 -0.16 -0.04 -0.05 1

SI 0.58*** 0.10 -0.18 0.56*** 0.10 0.06 0.20 0.57*** -0.20 1

Pen -0.01 0.43*** 0.42*** 0.15 -0.21 0.04 -0.07 -0.22 -0.45*** -0.11 1

# earthw 0.08 -0.21 -0.26* -0.05 0.20 0.05 0.04 0.15 0.42** 0.08 -0.51*** 1

ebm 0.19 -0.11 -0.21 -0.03 0.24* 0.08 0.10 0.27* 0.37** 0.21 -0.52*** 0.75*** 1

# ppnem -0.29* -0.33** -0.15 -0.28* -0.06 0.05 -0.04 -0.02 0.46*** -0.18 -0.65*** 0.31** 0.31** 1

# bacnem 0.08 0.01 0.01 0.25 -0.09 0.05 0.05 0.03 0.10 -0.08 -0.16 0.21 0.18 0.47*** 1

# fungnem -0.05 -0.07 -0.02 -0.06 0.01 0.02 -0.07 -0.14 0.08 -0.12 -0.01 -0.07* 0.01 0.28* 0.51*** 1

% ppnem -0.43*** -0.33** -0.10 -0.39** -0.14 0.08 -0.12 -0.12 0.43*** -0.26* -0.36** 0.15 0.09 0.55*** -0.32** -0.20 1

% bacnem 0.37** 0.38** 0.18 0.33** 0.13 -0.03 0.15 0.06 -0.45*** 0.21 0.36*** -0.13 -0.12 -0.53*** 0.37** 0.04 -0.94*** 1

% fungnem 0.10 0.20 0.13 0.15 -0.04 -0.10 -0,06 -0.13 -0.28* -0.01 0.51** -0.36** -0.27 -0.45*** -0.15 0.50*** -0.49*** 0.27* 1

Erg -0.05 -0.42*** -0.39** -0.1 0.16 -0.17 0.02 0.02 0.27* -0.10 -0.52*** 0.17 0.30* 0.40** 0.13 0.23 0.17 -0.24 -0.09 1

Cmic 0.36** 0.03 -0.11 0.36** 0.05 0.12 0.22 0.16 -0.32** 0.33** 0.33** -0.11 -0.02 -0.29* 0.27* 0.17 -0.57*** 0.52*** 0.24* -0.24* 1
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3.4 Discussion 

3.4.1 Soil chemical properties 

After seven years of compost application the SOC content had increased significantly (+ 

17%) in respect to the unamended plots. These results agree with a considerable number of 

studies, concerning long term fertility trials, which pointed out that the application of 

compost increased the soil organic carbon content (Cherif et al. 2009; Diacono and 

Montemurro 2010; Mantovi et al. 2005; Tits et al. 2014; Vanden Nest et al. 2014; Weber et 

al. 2007; Willekens et al. 2014). Moreover, with a value of 1.25%, the SOC content of the 

compost amended plots lies between the target values for a sandy loam/loamy soil (i.e. 1.2-

1.6%) which are set by the Soil Service of Belgium (Maes et al. 2012). 

C recovery from compost over a depth of 15 cm amounted 30% which is in line with results 

from Willekens et al. (2014) who reported 34% recovered C from recurrent farm compost 

addition (15 ton ha-1 y-1) in a multiyear experiment and considering 0-30 cm C changes. 

However, it has to be mentioned that in our experiment a significant increase in aboveground 

biomass production was observed (contrary to the field trial of Willekens et al. 2014) after 

compost application (Chapter 2). Consequently, higher root biomass can reasonably be 

expected in the compost amended plots, and therefore, differences in SOC values were 

probably not originating from compost C input alone.  

Hot-water extractable carbon has been suggested as a sensitive indicator of SOC changes 

(Ghani et al. 2003) since HWC is believed to represent the readily mineralizable C fraction. 

This was confirmed by Antil et al. (2011) who observed a close correlation between HWC 

and short term C mineralization after the application of different types of compost to soil 

during an incubation experiment. Furthermore, HWC was considered closely related to 

various soil microbial activities and aggregate stability and was, therefore, suggested as a 

valuable soil quality indicator for pastoral (Ghani et al. 2003) and horticultural (Deurer et al. 

2008) soil plant ecosystems. In our research, HWC values around 800 mg C kg-1 were 

observed, suggesting a very high level of organic matter (> 400 mg C kg-1) (Schulz 1997). 

Compost application did not significantly affect HWC content in our soil. This is quite 

remarkable since HWC is believed to respond quickly to changes in C supply. A possible 

explanation is the rather high C:N ratio of the farm compost (C:N on average 20) and 

consequently less easily extractable or mineralizable C in comparison with the composts 

used in Antil et al. (2011) and Deurer et al. (2008) (C:N: on average 8). Furthermore, HWC 
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has been suggested as being closely related to soil microbial biomass (Sparling et al. 1998). 

Ghani et al. (2003) investigated the impacts of long to medium-term pastoral management 

practices (e.g. fertilization) on a range of soil biological and biochemical properties and 

reported a significant, positive correlation between HWC and soil microbial biomass C (R² 

= 0.84). No such trend has been observed in our results (R² = 0.03; Table 3-8), questioning 

whether HWC could substitute microbial biomass C as a measure of labile soil C in our 

conditions. The HWC:SOC ratio seems more useful as it could be used in an analogous way 

to the Cmic:SOC ratio which has been proposed for soil quality monitoring (Doran and 

Parkin 1994). The repeated application of compost induced a lower HWC:SOC ratio 

indicating the presence of more stable organic carbon. The HWC:SOC ratio was on average 

7% which is in accordance with Ghani et al. (2003) who measured a HWC pool which 

usually constituted 3-6% of the total organic C in soils.  

After 7 years of compost application, a significantly higher soil total N content was observed 

on plots amended with farm compost. Furthermore, the total N increase was complemented 

by a significant increase in SOC (discussed above) and was highly positively correlated with 

the SOC content (R² = 0.77; Table 3-8), indicating that the total N was tied up in organic 

matter. These results are in accordance with several other studies observing an enhanced soil 

N stock as a result of regular addition of compost (Hartl and Erhart 2005; Leroy 2008; 

Nevens and Reheul 2003; Sodhi et al. 2009). Tits et al. (2014) calculated a release of only 

6-22% of the total N content of VFG-compost in the first year after application indicating 

that compost can add a large amount of stable organic N leading to the buildup of N in the 

soil. This significant soil storage of N with compost application might prevent an excessive 

increase in potential N losses, followed by a higher nitrate leaching over winter (Nevens and 

Reheul 2003). 

In accordance with several reports in literature repeated compost application resulted in a 

higher pH-KCl compared to the unamended plots (Butler and Muir 2006; Jouquet et al. 2011; 

Vanden Nest et al. 2014; Willekens et al. 2014). Noble et al. (1996) recorded that for 

additions of about 20 t compost ha-1, increases in soil pH have generally been in the range 

of 0.2–0.6 pH units. This corresponds with our experiment where the repeated application 

of 50 m³ ha-1 y-1 farm compost (equals 22.5 t.ha-1 y-1 compost when using an average bulk 

density of 400 g cm-3) led to an increase of 0.42 pH units after seven years (Table 3-1). A 

number of different mechanisms have been proposed to explain the higher soil pH when 

organic amendments are applied to soils (Haynes and Mokolobate 2001). First, the compost 

used had a higher pH (average pH-H2O > 8) than soil to which it was applied, so the addition 
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is likely to raise soil pH slightly. Nevertheless, as a significantly higher pH was registered, 

other mechanisms must have been involved. Willekens et al. (2014) reported similar effects 

on soil pH of two different compost doses (i.e. 15 and 45 ton ha-1 y-1) which led them to the 

conclusion that the dose itself and the high pH of the compost apparently played a minor 

role in pH buffering. The major mechanism responsible for the higher pH was suggested by 

Mokolobate and Haynes (2002) who put forward the proton consumption capacity of humic 

material present in the compost. These humic-like compounds are formed during 

decomposition processes and are relatively stable against further decomposition as they 

achieved biological and chemical stability and maturity (Garcia-Gil et al. 2004). According 

to Ceppi et al. (1999), one of the most important properties of these humic-like compounds, 

and especially their humic acid (HA) fraction, is the large buffer capacity in a wide pH range, 

which arises essentially from the dissociation of acidic functional groups (carboxylic and 

phenolic) in which they are particularly rich. This was confirmed by Garcia-Gil et al. (2004) 

who observed an increase of buffer capacity in the pH range below 7 after nine years of 

repeated compost applications at a rate of 20 t ha-1. The pH buffering capacity of compost 

was also suggested by Willekens et al. (2014) who observed an overall pH decrease in 

unamended plots due to mineral fertilization and overall crop and soil management while 

the pH remained stable in the farm compost amended plots. 

Although the unamended plots received an equivalent amount of mineral P and K as was 

applied with the compost in our experiment, P-AL and K-AL content increased (significantly 

for K) in the compost amended plots. However, P and K in compost are considered mostly 

in organic, stable forms (Zhang et al. 2006). Consequently, compost applications result in 

high total nutrient supplies, but the supply of crop-available nutrients during the first 

growing season after application is limited while the rest is only released in time (Tits et al. 

2014). Similar increases in plant available K were also noticed by Hartl et al. (2003) and 

Willekens et al. (2014) after six years of biowaste and 3 years of farm compost application, 

respectively, at rates of 15-45 t ha-1 y-1. Hartl et al. (2003) attributed this increase to the large 

proportion of woody materials, which is a rich source of potassium.  

3.4.2 Soil physical properties 

Aggregate stability is a keystone factor of soil physical fertility and can be enhanced by 

means of an appropriate management of organic amendments (Diacono and Montemurro 

2010). Long term application of farm compost resulted in a significant effect on the 



70 

 

aggregate stability index (SI) which is known as an indication of soil aggregation. Similar 

findings have been reported by Celik et al. (2010) in a multiyear field experiment where the 

repeated application of compost (25 ton ha-1 y-1) led to significantly more stable aggregates. 

Arthur et al. (2010) found a significant increase in the SI after ten years of garden waste 

application (30 m³ ha-1 y-1) to a loamy sand soil. It is common knowledge that the addition 

of organic materials to soil have proved to increase soil aggregate stability through an 

increase in SOC content (Celik et al. 2010; Leroy et al. 2008). SOC is assumed to stabilize 

aggregates and to protect them against disruptive soil processes like slaking and mechanical 

dispersal by two major actions (Le Bissonnais 1996). On the one hand, SOC increases the 

cohesion of aggregates through the binding of mineral particles by organic polymers, or 

through the physical enmeshment of particles by fine roots or fungi. On the other hand, SOC 

may enhance the hydrophobicity of the aggregates thereby decreasing their breakdown, e.g. 

by slaking (Diacono and Montemurro 2010). Therefore, the increase of the SI can be related 

to the increased SOC content of the compost amended plots (Table 3-1). Furthermore, a 

significant, positive correlation was noticed between the stability index and SOC content (R² 

= 0.58; Table 3-8). According to Abiven et al. (2009), several biological binding agents have 

been recognized as responsible for aggregation and aggregate stability. Polysaccharides 

synthesized by microorganisms tend to absorb the mineral particles and increase their inter-

cohesion. Sodhi et al. (2009) attributed the higher amount of water-stable aggregates after 

ten years of rice straw compost application to an enhanced microbial activity and production 

of those microbial composition products. Bardgett (2005) also linked the increase of the 

aggregate stability on plots amended with organic matter to the abundance of earthworms, 

which are believed to play a crucial role in aggregate formation and soil structure. In our 

experiment, both microbial biomass C and earthworm abundance were significantly 

increased after the addition of compost (Table 3-3, Figure 3-1). Further, the stability index 

was found significantly positively correlated with the soil microbial biomass C (R² = 0.33; 

Table 3-8), though this relationship was possibly indirect via a mutual positive correlation 

with SOC. Although no crop effect on aggregate stability was registered, the significantly 

higher fraction of large aggregates (i.e. 8.00–4.75 mm) in the fodder beet plots was 

remarkable. We assume that the vertical and horizontal pressure exercised by the fodder beet 

root during the growth season increased the clay-organic complex formation leading to a 

higher aggregate stability. However, no comparable studies about the influence of fodder 

beet on aggregate stability were found, so future sampling would be required to verify this 

hypothesis. 



71 

 

Besides an improvement of aggregate stability, the addition of organic matter to soil has 

been shown to ameliorate bulk density and to decrease the degree of compaction (Celik et 

al. 2004). The reduction in bulk density in the 0-15 cm soil layer of the compost treatment 

in our experiment is therefore not surprising. Moreover, this result is in accordance with the 

findings of a Belgian study that observed a decrease in the bulk density after the application 

of three types of compost to a loamy sand soil (Arthur et al. 2011b). The lower bulk density 

in the compost amended plots has been attributed to the diluting effect of the organic 

components applied which are mixed with the dense mineral fractions of soils. This strong 

dependence of bulk density on SOC was stressed by a significant correlation between the 

two soil properties in our experiment (R² = -0.23; Table 3-8).  

As bulk density is an important indication of soil compaction (Abu-Hamdeh 2003), a similar 

effect of compost amendment on penetration resistance was expected. After all, several 

researchers reported a significant reduction in penetration resistance after long term 

application of different types of compost to clay and loamy soils (e.g. Celik et al. 2010). 

However, in our loamy sandy soil, hardly any differences between the compost treatments 

were observed. Our results did reveal a crop effect as penetration resistance was significantly 

higher in forage maize compared to the other crops in spring 2010. Although aggregate 

stability and bulk density under forage maize did not differ much from the values obtained 

under the other crops, we hypothesize that the sparse root system of the maize plants, the 

lack of crop residues and hence lower earthworm abundance worsened soil porosity and 

aggregation and consequently led to a higher penetration resistance. Negative correlations 

between penetration resistance and biotic soil parameters have been reported by Van 

Eekeren (2010) in grassland soils thereby suggesting that earthworms in general and 

endogeic earthworms in particular, decrease the penetration resistance at 0-10 cm. A 

negative correlation between both earthworm number and biomass and the penetration 

resistance of the 0-15 cm soil layer was observed from our data as well (R² = -0.51 and R² = 

-0.52 for earthworm number and biomass, respectively; Table 3-8) 

3.4.3 Soil biological properties 

Although microbial biomass usually makes up less than 5% of soil organic matter, it plays a 

key role in organic matter decomposition and nutrient cycling in soil (Murphy et al. 2007). 

Analogous with HWC, soil microbial biomass can respond rapidly to changes in C supply 

and has therefore been suggested as an early indicator of the effects of soil management and 
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cropping systems on soil organic matter (Gregorich et al. 1994a). Farm compost resulted in 

a significantly higher microbial biomass C in our experiment (on average + 50%), in line 

with results reported by Leroy (2008) and Willekens et al. (2014). The general increase in 

microbial biomass C can be attributed to the incorporation of exogenous organic matter, 

which functions as a carbon source and stimulates the microbial activity of the soil. 

Therefore, the higher microbial C can be linked with the higher SOC content of the compost 

amended plots as was confirmed by a significant correlation between the two parameters (R² 

= 0.36; Table 3-8). Furthermore, as compost is slowly decomposed in the soil, the continuous 

release of nutrients can sustain the microbial biomass populations for longer periods of time, 

compared with mineral fertilizers (Murphy et al. 2007). Microbial biomass C content in fall 

2010 was rather low, probably due to higher soil moisture (20%, gravimetric) content in 

comparison with the other two samplings (15%, gravimetric) and hence a decline in oxygen 

supply. 

The microbial biomass C only provides information about the total microbial biomass, it 

does not give any information concerning the composition of the microbial community 

(Leroy 2008). Since fungi and bacteria are by far the most important contributors to soil 

microbial biomass, soil ecological concepts prefer to separate the microbial community into 

fungi and bacteria (Holtkamp et al. 2008). Literature provides different approaches for 

quantifying the fungal and bacterial contribution to the soil microbial community, including 

the extraction of specific cell membrane components like ergosterol (Joergensen and 

Wichern 2008). Ergosterol is the predominant sterol in fungal cell membranes and due to its 

specificity, ergosterol has been increasingly used as a biomarker for fungi in soil over the 

past two decades. A Danish study conducted by Elmholt et al. (2008) reported significantly 

higher levels of ergosterol after repeated applications of composted farmyard manure (1.26 

mg kg-1 soil) compared to a soil where only mineral fertilizers were applied (0.82 mg kg-1 

soil). Also Marstorp et al. (2000) observed increased ergosterol concentrations following the 

persistent application of other organic amendments like manure and sewage sludge to soils 

in a Swedish long term field experiment (ergosterol concentrations of 1.22, 1.81 and 2.05 

mg kg-1 soil were observed in the plots with mineral fertilizer, manure and sewage sludge, 

respectively). However, in our study soil ergosterol concentrations were rather low (0.38 – 

0.65 mg kg-1 soil) and hardly changed following farm compost amendment which might 

indicate that no proliferation of fungi occurred in the compost amended plots. 

Addition of organic matter is believed to be one of the major management variables affecting 

earthworm populations. By providing food sources and increasing the overall levels of soil 
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organic carbon, organic amendments usually increase earthworm populations (Bohlen et al. 

1995). In line with results of Leroy (2008) and Lapied et al. (2009), our experiment provides 

convincing evidence that compost amendment can enhance earthworm populations 

significantly. The repeated application of farm compost resulted in a mean earthworm 

number and biomass increase of 60 earthworms m-2 and 12 g m-2 (an average earthworm 

number and biomass of 132 earthworms m-2 and 23 g m-2 respectively, was found in the 

unamended plots), respectively. The higher earthworm abundance under Brussels sprouts 

noticed in fall 2009 and spring 2010 can be attributed to the high proportion of residues 

(fallen leaves) left to the soil during the growing season. Furthermore, the leaves of the 

Brussels sprouts are easy decomposable and rich in nitrogen (Anonymous 2005), what 

increases their food quality. This assumption was endorsed by Böstrom (1987) who reported 

a significantly higher adult growth and cocoon production rate of the species A. caliginosa 

when lucerne residues (2.3% nitrogen) were added to the soil compared with barley straw 

(0.35% nitrogen). In conclusion, we assume that the leaves served as an extra food supply 

which allowed a faster buildup of the earthworm population under Brussels sprouts than 

under the other crops. Remarkable is the high earthworm abundance, especially in the fall of 

2010, under potatoes. These results contradict with findings of Curry et al. (2002) who 

reported a substantial reduction in earthworm abundance in the year immediately following 

potatoes. As potato was preceded by Brussels sprouts in our crop rotation, we hypothesize 

that the large earthworm population established under the Brussels sprouts survived for a 

greater part the cultivations prior the planting of the potatoes. After all, Cuendet (1983) stated 

that ploughing per se does not appear to cause serious mortality while Curry et al. (2002) 

believed that in most cases the effects of cultivation appear to be transitory, and populations 

could recover within 6-12 months, provided the disturbance is not repeated. At species level, 

mainly endogeic and epigeic species were found. This results confirm the finding of Edwards 

(1983) who postulated that smaller endogeic species such as A caliginosa and A. chlorotica 

are less affected by the cultivations typical for arable cropping since they can benefit from 

plowed-in crop residues and they show a high cocoon production rate. On the other hand, 

larger, anecic earthworm species such as L.terrestris and A. longa, which require a supply 

of surface litter, have relatively permanent burrows and show a low cocoon production rate, 

are the species most adversely affected by repeated soil disturbance.  

The application of compost affected the nematode populations not only in composition but 

also in abundance. Sampling date exerted a major influence as was shown by the high 

nematode abundance in fall compared to spring. Peaks in nematode populations in fall can 
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be related to two factors: (i) the input of crop residues following harvest of crops and (ii) 

more favorable soil temperatures in fall than in spring (Neher 1999). Furthermore, the very 

low nematode abundance in spring 2010 could be due to the very dry months of April and 

May (compared to the norm). It is common knowledge that nematodes require a water film 

around soil particles in which they move, feed and reproduce, so the drought period will 

probably have affected the nematode population adversely (Bongers 1994). In general, farm 

compost amendment was accompanied by a higher relative and absolute (only in fall 2009) 

abundance of bacterivorous nematodes. Comparable results have been reported in a review 

by Thoden et al. (2011) on the influences of organic amendments on plant-parasitic and free-

living nematodes. Organic amendments are excellent food sources for bacteria, subsequently 

fuelling populations of bacterivorous nematodes (Ferris and Matute 2003). This assumption 

was supported by a significant positive correlation between the absolute and relative amount 

of bacterivorous nematodes and the microbial biomass C in our experiment (Table 3-8). In 

contrast to findings of Thoden et al. (2011) who observed a drastic increase in the enrichment 

opportunists (cp-1) after the addition of organic materials to soil, an increase in general 

opportunist (cp-2) was observed in our experiment in the fall of 2009 (Table 3-4). We assume 

that the higher amount of cp-2 nematodes probably followed the resulting bloom of the 

enrichment opportunist (cp-1) after the application of compost in spring 2009. Further, 

Thoden et al. (2011) suggested higher proportions of fungal-feeding nematodes when 

amendments high in C:N ratios that are more difficult to break down are applied to soil. 

Although the farm compost in our experiment was characterized by a relatively high C:N 

ratio (on average 20; Table 2-1), no such significant increase in the relative or absolute 

abundance of fungivorous nematodes has been observed. These findings are in line with the 

ergosterol results which were discussed above. As for the bacterivorous nematodes, it can 

be questioned whether the observed changes in the nematode population are due to the 

nematodes living and reproducing in the compost added to the soil, rather than that the soil 

inhabiting nematodes were affected by the compost application. The nematodes present in 

the compost were sampled several times by Steel et al. (2010). At the most mature stage of 

the compost (before the application onto the field), 933 nematodes per 100 g dry weight 

compost were counted of which 86% were fungal feeding nematodes (mainly 

Aphelenchoides sp.). However, as mentioned before, our compost amended plots did not 

show a significant increase in fungal feeders indicating that the nematodes present in the 

compost were not the main factor influencing the soil nematode population. Due to the strong 

proliferation of enrichment opportunists, plots receiving organic amendments generally 
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attain both higher values for the EI, as well as lower values for the SIn (Ferris et al. 2001) 

and the MI (Bongers 1990). Similarly, organic amended plots generally show lower values 

for the Channel Index (CI), indicating a bacterial dominated decomposition pathway 

(Thoden et al. 2011). However, in our research very few differences in the various indices 

were noticed with only a significantly lower SIn in the compost amended plots in the fall of 

2009. Although the use of organic amendments is thought to improve soil health, in the sense 

that the soil system becomes less sensitive to disturbances and stress (Reeves 1997a), the SI, 

MI and ƩMI2-5 were hardly changed in our field trial. Thoden et al. (2011) stated that values 

of ecological indices may be affected by factors such as the overall duration of experiments. 

Generally, a long-lasting increase in diversity and species richness, which is thought to 

promote soil health, needs continuous applications of organic matter as well as time. This 

assumption was endorsed by Birkhofer et al. (2008) who ultimately reported higher species 

richness and diversity after continuous addition of organic material over several years in an 

organic farming system. In addition, the incorporation of organic material (by tilling) poses 

a damage threat to all nematodes, but especially larger nematodes of which many are 

omnivorous or carnivorous species. As in our experiment soil samples were drawn after the 

sixth and seventh application of farm compost, we speculate that especially the repeated 

tillage operations caused the observed low values of the ecological indices. 

Repeated farm compost application resulted in a significant reduction of both the absolute 

and relative abundance of plant-parasitic nematodes (in particular the root lesion nematode 

Pratylenchus). In the review of Thoden et al. (2011) only two out of six studies reported a 

similar decrease after compost amendments (Everts et al. 2006; Leroy et al. 2007). Several 

mechanisms which support the nematicidal effect of organic amendments were put forward 

by Thoden et al. (2011). The release of nematotoxic compounds such as organic acids, 

nitrogenous compounds (e.g. ammonia) or various plant secondary metabolites during the 

decomposition of organic amendments were identified as a first possible mechanism for 

plant-parasitic nematode suppression (Akhtar and Malik 2000). However, in our experiment 

the ammonium content of the applied farm compost was negligible. Next to these direct 

nematoxic effects, other indirect effects can be linked to the use of organic amendments. 

Amendment-induced modifications of chemical (e.g. nutrients, pH) or physical soil 

properties (e.g. bulk density, porosity) can negatively alter various performance parameters 

of plant-parasitic nematodes such as hatching, host finding or nematode mobility (Thoden 

et al. 2011). Amendment-induced improvements of soil quality might further stimulate plant 

growth and vitality, rendering them more resistant to nematode attack (Thoden et al. 2011). 
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Finally, populations of fungal (e.g. Trichoderma spp.) and bacterial antagonists of 

nematodes (e.g. Pseudomonas spp.), as well as typical nematode predators (e.g. 

nematophagous mites), may be stimulated by the addition of organic matter to the soil 

(Akhtar and Malik 2000; Wang et al. 2008). Oka et al. (2010) concluded that disease control 

in amended soils is probably not the result of one specific factor, but a combination of several 

factors like changes in soil’s physical properties, enhancement of antagonistic organisms, 

generation of nematicidal compounds during degradation of organic amendments in soil, etc.  

3.5 Conclusions 

The farm compost experiment allows us to conclude that the frequent application of farm 

compost positively influenced chemical, physical and biological soil quality. Farm compost, 

enhanced both soil C and N content, K-AL and P-AL and improved the pH-KCl, leading to 

an increased supply of plant nutrients. Further, the prominence of long term organic 

applications was useful in improving soil physical fertility by lowering soil bulk density and 

increasing aggregate stability. This improvement in soil structure may eventually lead to 

improved root growth of the crops and consequently better ability to explore the soil profile 

for water and nutrients. Compost amendment positively influenced soil biota. Earthworm 

abundance, microbial biomass and the proportion of bacterivorous nematodes were 

improved while plant parasitic nematodes were suppressed, leading to an overall improved 

biological soil quality. 
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 CHAPTER 4  

The positive relationship between soil quality and crop 

production: a case study on the effect of farm compost 

application 

 

After: D'Hose,T., Cougnon, M., De Vliegher, A., Vandecasteele, B., Viaene, N., Cornelis, 

W., Van Bockstaele, E. & Reheul, D. (2014) The positive relationship between soil 

quality and crop production: A case study on the effect of farm compost application. 

Applied Soil Ecology 75, 189-198. 

 

4.1 Introduction 

Intensive agricultural management has brought economic and social development but it has 

also contributed to land degradation in terms of soil organic matter decline, soil erosion, 

biodiversity loss and ground and water contamination (Kirschenmann 2010). During the last 

two decades, there is growing awareness that besides the production of food and fibers, the 

maintenance of environmental quality is also one of the functions of soils (Glanz 1995; Liu 

et al. 2006).  

In an attempt to reverse the trend of declining soil quality, researchers try to identify suitable 

soil management practices (Sharma et al. 2008). Tools for assessing soil quality are required 

in order to ensure sustainable agriculture, and for evaluating the effects of management 

practices on soil processes. Monitoring individual changes in predominant physical, 

chemical or biological soil properties is one way of assessing soil quality. Ideally, evaluation 

of soil quality should involve all three indicators (Bhardwaj et al. 2011) since agricultural 

management affects all major components (physical, chemical and biological) of a soil 

system. Moreover, the combination of several indicators into a single index could help to 

interpret data from different soil measurements and show whether management systems are 

having the desired result for productivity and environmental protection (Sharma et al. 2005).  

Soil quality measurements are ‘stand-alone’ tools unless they are either linked to important 

soil functions, used to characterize (agro)ecosystems or used to predict sustainability or 

productivity (Herrick 2000). Within the framework of agricultural production, high soil 
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quality should maintain high productivity without significant soil or environmental 

degradation (Govaerts et al. 2006; Griffiths et al. 2010). Although the development and use 

of a multiparameter index have been tested and found useful by several studies (Bhardwaj 

et al. 2011; Diack and Stott 2000; Doran and Parkin 1994; Mandal et al. 2008; Sharma et al. 

2008), most of the research efforts focused only on the assessment of soil quality. Few of 

them have related soil quality with crop yields (de Lima et al. 2008; Hanse et al. 2011; Parfitt 

et al. 2005; van Eekeren et al. 2010). 

In our study, the relationship between crop production and soil quality was assessed in the 

farm compost experiment studying the effect of farm compost amendment. Compost 

amendment is a management option likely to enhance soil quality and crop yields as 

indicated by a considerable body of research (Arthur et al. 2011; D'Hose et al. 2012; Diacono 

and Montemurro 2010; Leroy et al. 2008) and as confirmed by Chapter 2 and 3.To justify 

the hypothesis that a causal relationship exists between soil quality and crop yields, key soil 

quality indicators were identified after which a soil quality index (SQI) was calculated by 

integrating these indicators. Crop yields were used as a functional goal to verify the causal 

relationship between SQI and crop production.  

4.2 Materials and Methods 

4.2.1 Study site, soil sampling and analysis and crop yields 

The farm compost experiment was initiated in 2004 at Ghent University’s experimental farm 

in Melle and is explained in more detail in Chapter 2. Soil samples were drawn after the 

sixth (fall 2009) and during the seventh (spring and fall 2010) cropping season of the study. 

Because of practical limitations, all samples were taken at one N fertilizer level, being 200 

kg N ha-1 y-1 The soils were analyzed for soil organic carbon (SOC), hot-water extractable 

carbon (HWC), total N, ammonium lactate extractable P and K (P-AL and K-AL), bulk 

density (BD), penetration resistance (Pen), aggregate stability, microbial biomass C (Cmic), 

earthworms, nematodes and ergosterol (indicator for fungal biomass). Sampling date(s) and 

depth and the analytical methods used for measuring the soil properties mentioned above are 

given in Table 4-1 and were further explained in Chapter 3. 

Crop yields were determined annually from 2004 on. Yields of the potato tubers, forage 

maize, sprouts of Brussels sprouts and beet of fodder beet are reported on a dry weight base 

(Table 2-3). To verify the causal relationship between yields and soil quality and to identify 
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the key indicator(s), crop yields were defined as the primary soil function. As soil quality 

was assessed in 2009 and 2010, only crop yields of 2009 and 2010 were used in the analysis 

on the relationship between crop yield and soil quality. 
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Table 4-1: Sampling date(s) and depth and the analytical methods used for measuring the chemical, physical and biological soil properties in this study 

 

SOC: Soil organic carbon, HWC: hot-water extractable carbon, Cmic: microbial biomass C 

† ammonium lactate extractable P and K were measured once (07/10/2009) 

†† Crop harvest data 2009 and 2010: potato (7/09/2009 and 20/09/2010); fodder beet (28/10/2009 and 26/10/2010); forage maize (16/09/2009 and 29/09/2010); Brussels sprouts (26/11/2009 and 

22/11/2010)  

Parameter Date(s)†† Depth Method Reference

SOC 7/10/2009 Dry combustion at 1050°C ISO 10694

HWC 16/06/2010
Extraction of the soil with distilled water (extraction ratio 1:5) followed by 16h in hot-

water bath (70°C), centrifugation and filtration
Haynes and Francis (1993)

Total N 12/10/2010 Dry combustion at 950°C ISO 13878

Amm. lactate extr. P†

Amm. lactate extr. K†

pH-KCl Potentiometrically in 1:5 soil: KCl (1M) extract ISO 10390

25/11/2009

17/06/2010

Penetration resistance 4/01/2011 Hand-held penetrologger with a conical point of 1 cm² and a point angle of 60° Bradford (1986)

Aggregate stability 14/09/2010 0-5 cm Wet sieving with fixed aggregate fractions
De Leenheer and De Boodt (1959) adjusted 

by Hofman (1973)

7/10/2009

16/06/2010

Ergosterol 12/10/2010 Extraction with methanol based on physical disruption Gong et al. (2001)

23/11/2009

14/06/2010

9/12/2010

26-27/10/2009

21/06/2010

20-21/09/2010

Leroy (2008a)

Cmic
0-15 cm

Fumigation-extraction with 0.5M K2SO4 Voroney et al. (1993)

Nematodes

0-20 cm

Extracted with automatic zonal centrifuge and counted. Per sample, 100 randomly-

chosen species were identified to genus level.
Hendrickx (1995), Bongers (1988)

Earthworms
Combined method of extraction by a mustard powder solution and subsequent hand 

sorting. Earthworms were counted, weighed (fresh) and identified (adults).

0-15 cm

Extraction of the soil with ammonium lactate (extraction ratio 1:20) Egnér et al. (1960)

Bulk density
0-15 cm

Undisturbed soil cores (100 cm³) ISO 11272
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4.2.2 Soil quality index 

An important step in the development of a SQI is the selection of the minimum dataset (MDS). 

Since many of the soil attributes that contribute to soil quality are highly correlated, a stronger 

assessment of soil quality may be achieved by evaluating several soil attributes simultaneously 

using multivariate statistical analyses (Seybold et al. 1997). Therefore the data were reduced to 

a minimum dataset through uni- and multivariate statistical methods. The data obtained on the 

soil quality properties were analysed as a split-plot design with crop as main plot factor and FC 

as subplot factor. The soil data which were gathered in fall 2009 and spring 2010 were linked 

to the crop that was present in 2009 on that particular plot while the soil data of fall 2010 were 

assigned to the crop which was grown in 2010. The data of the three sampling periods were 

analyzed separately. Next, we performed a standardized principal component analysis (PCA) 

of all soil properties that showed statistically significant differences between farm compost 

and/or crop treatments (Andrews et al. 2002). Soil properties were selected for PCA if they 

showed significant differences in at least two out of three sampling periods. Soil properties that 

were measured only once were selected if a significant crop and/or farm compost effect was 

observed As we considered the amount and proportion of plant-parasitic nematodes rather as a 

functional goal than a biological indicator of soil quality, plant-parasitic nematodes were 

excluded from the PCA. In the present study, the principal components (PCs) with eigenvalues 

≥ 1 and which at least explained 5% of the variation in the data were considered (Brejda et al. 

2000; Shukla et al. 2006; Wander and Bollero 1999). Within each PC, we only retained the 

highly weighed soil properties having absolute values within 10% of the highest loading. When 

more than one soil property was retained under a single PC, multivariate correlation coefficients 

were employed to determine if the soil properties could be considered redundant and, therefore, 

eliminated from the MDS (Andrews and Carroll 2001). If the highly weighed soil properties 

were well correlated (r > 0.70), the soil property with the highest  loading (absolute value) was 

retained in the MDS (Andrews et al. 2002). After determining the soil properties for the MDS, 

every observation of each MDS indicator was transformed for inclusion in the SQI using a 

linear scoring method. This step is required in order to combine biological, physical and 

chemical indicator measurements with totally different measurement units (Andrews et al. 

2002). Soil data were converted to a 0-1 scale using scoring functions set by Diack and Stott 

(2000). Indicators were ranked in ascending or descending order depending on whether a higher 

value was considered ‘good’ or ‘bad’ in terms of soil function. For ‘more is better’ indicators, 
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the following equation was used, y = (x-s) / (t-s), whereas, for ‘less is better’, y = 1 – [(x-s) / (t-

s)], where x and y are values of soil property converted into a 0 to 1 scale, s and t are real 

numbers chosen such that s<x<t. To choose s and t values for each parameter, we have decided 

that s and t equal the lowest and highest soil property value, respectively, across all treatments 

and all sampling periods. For the conversion of soil data into a 0 to 1 scale, the ‘more is better’ 

scoring function was applied for SOC, total N, C:N, HWC, P-AL, K-AL, SI, ergosterol, 

earthworm density (both number and biomass), the amount and proportion of bacterivorous and 

fungivorous nematodes and Cmic. For HWC:SOC, BD and Pen, the ‘less is better’ scoring 

function was used.  

After the transformation, the MDS variables for each observation were weighed using the PCA 

results. Each PC explained a certain proportion (%) of the variation in the total data set. This 

percentage, divided by the total percentage of the variation explained by all PCs with 

Eigenvalue > 1.0, provided the weighing factor for the soil properties chosen under a given PC. 

The SQI was calculated as:  

𝐒𝐐𝐈 =  ∑ 𝑺i𝑾i
𝒏
𝒊=𝟏  (Equation 1) 

where Wi is the PC weighing factor and Si is the indicator score for variable i. Higher index 

scores indicate better soil quality. As a check of the causal relationship between SQI and crop 

yields, linear regression analysis was performed. To identify the key indicators (i.e. soil 

properties that described most of the variation in yield), multiple linear regressions were 

performed using the indicators retained in the MDS as independent variables and crop yields as 

the dependent variable. In order to establish the quantitative relationship between soil quality 

and crop yields, SQIfunc was calculated in a similar way as SQI (Equation 1) but only the key 

indicators were included. Afterwards, linear regressions were performed between the crop 

yields as dependent variables and SQIfunc as independent variable. 

4.2.3 Statistical analysis 

Yield data analysis (one-way ANOVA with FC as factor), the selection of the MDS (the 

experiment was analysed as a split-plot design with crop as main plot factor and FC as subplot 

factor) and PCA for SQI development, correlation analysis and multiple linear regressions to 

identify key indicators were performed using SPSS Statistics 19.  

Before performing ANOVA, the assumptions for ANOVA (equal variances and normal 

distribution) were checked. An ARCSINE transformation (y’= 2* arcsin[sqrt(y)]) or a square 

root transformation (y’ = sqrt(y)) was applied on data expressing a proportion or on counts, 
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respectively, before performing ANOVA. Significant differences between means were 

determined by Scheffé’s test. 

Multiple linear regression was done for each of the four crops separately. Combining the data 

of the 3 sampling periods (fall 2009, spring and fall of 2010), the two compost treatments (FC0 

and FC1) and the three replications within the field trial design, resulted in 18 data points 

(3x2x3) which were entered into the multiple linear regressions.  

4.3 Results 

4.3.1 Crop production 

Averaged over the two year period (2009-2010), potato yields were significantly higher (p < 

0.05) on the farm compost amended plots compared to the unamended plots. No significant 

differences between crop yields on amended and unamended plots could be detected for the 

other crops (Figure 4-1). 

 

Figure 4-1: Tuber DM yield of potato (Po), total DM yield of forage maize (FM), beet DM yield of fodder 

beet (FB) and sprout DM yield of Brussels sprouts (BS) in field plots with and without farm compost 

amendment, averaged over the years 2009–2010. For a given crop, treatments marked with the same letter 

do not differ significantly (p < 0.05). Error bars denote ± 1 standard deviation 

4.3.2 Effect of farm compost amendment on soil properties 

The data on the soil quality properties, chemical (SOC, total N, C:N, HWC, HWC:SOC, P-AL, 

K-AL, pH-KCl), physical (BD, Pen, SI) and biological (earthworm number and biomass, 
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ergosterol, Cmic, nematodes) are presented in Table 4-2. In at least two out of three sampling 

occasions, the repeated farm compost amendment resulted in a significant increase of SOC, 

total N, pH-KCl, earthworm number, relative bacterivorous nematode abundance (% bacnem) 

and Cmic and in a significant decrease of the amount and relative abundance of plant-parasitic 

nematodes (# ppnem and % ppnem). From the properties that were sampled once, SI and K-AL 

were significantly higher in the farm compost amended plots. Furthermore, there was a 

tendency for lower HWC:SOC ratio and soil bulk density in the plots amended with farm 

compost in all three sampling periods. The factor ‘crop’ had a significant effect on earthworm 

number and biomass and the relative bacterivorous nematode abundance. In fall 2009 and 

spring 2010, the highest earthworm numbers and biomass were measured in the Brussels 

sprouts plots, while in fall 2010 the highest earthworm abundance was recorded under potato. 

Further, the repeatedly low earthworm abundance under forage maize was remarkable. There 

was no consistent effect of a particular crop on the relative bacterivorous nematode abundance. 

Among the other soil chemical, physical and biological soil properties, the significantly higher 

penetration resistance (0-15 cm) under forage maize in spring 2010 was remarkable. Effects of 

farm compost and crop on C:N ratio, HWC, Pen, ergosterol, total nematode, bacterivorous and 

fungivorous nematode abundance and the relative abundance of fungivorous nematodes were 

small and not consistent over time. The very low values for penetration resistance (0-15 cm) in 

fall 2010 were explained by the fact that due to very high precipitation in fall, penetration 

resistance was determined in a saturated soil, which led to unrealistic results for a loamy sandy 

soil. No clear trends or differences owing to farm compost or crop on the abundance of 

omnivorous and predator nematodes in the soil samples and the MI’s could be observed either 

(Table 3-7).  
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Table 4-2: Chemical, physical and biological soil properties and standard deviations in field plots with and without farm compost amendment and cropped with four different 

crops. Sampling periods: fall 2009 and spring and fall 2010 

 Sampling period   SOC total N  C:N HWC                                      HWC:SOC P-AL K-AL pH-KCl BD Pen SI 

Fall 2009             

 Po 1.19 ± 0.13  0.127 ± 0.008 9.31 ± 0.74  783 ± 144 0.067 ± 0.016  102 ± 20  112 ± 20 5.40 ± 0.46  1.43 ± 0.03 1.28 ± 0.41 - 

 FB 1.22 ± 0.11 0.123 ± 0.012 9.66 ± 0.89 844 ± 104 0.070 ± 0.013 93 ± 16  111 ± 10  5.27 ± 0.47 1.40 ± 0.06 1.30 ± 0.41 - 

 FM 1.17 ± 0.14 0.127 ± 0.014 9.27 ± 0.58 900 ± 107 0.078 ± 0.012 107 ± 30 103 ± 16 5.49 ± 0.47  1.44 ± 0.04 1.72 ± 0.53 - 

 BS 1.17 ± 0.12 0.127 ± 0.005 9.37 ± 0.89 881 ± 42 0.075 ± 0.008 101 ± 20  107 ± 15  5.35 ± 0.47 1.45 ± 0.05 1.35 ± 0.50 - 

Crop effect ns ns ns ns ns ns ns ns ns ns - 

 
FC0 1.12 ± 0.09  0.121 ± 0.005  9.28 ± 0.88  857 ± 114 0.077 ± 0.014  95 ± 21  103 ± 17 5.09 ± 0.37  1.44 ± 0.05 1.43 ± 0.45 - 

FC1 1.25 ± 0.10  0.132 ± 0.008  9.53 ± 0.60  847 ± 108  0.068 ± 0.010  107 ± 20 113 ± 11  5.66 ± 0.31  1.41 ± 0.05 1.40 ± 0.54 - 

FC effect  *** *** ns ns ns ns * *** * ns - 

Spring 2010             

 Po 1.17 ± 0.09  0.125 ± 0.012  9.31 ± 0.35a 844 ± 48 0.070 ± 0.006  - - 5.43 ± 0.44 1.34 ± 0.03 1.25 ± 0.48a - 

 FB 1.15 ± 0.09 0.128 ± 0.012 9.06 ± 0.22a 957 ± 69 0.083 ± 0.005 - - 5.40 ± 0.37  1.45 ± 0.06 1.58 ± 0.70a - 

 FM 1.15 ± 0.12 0.123 ± 0.012 9.18 ± 0.47a 792 ± 153 0.068 ± 0.013 - - 5.51 ± 0.41  1.40 ± 0.04 2.13 ± 0.80b - 

 BS 1.17 ± 0.05 0.118 ± 0.010 9.99 ± 0.72a 9567± 120 0.083 ± 0.010 - - 5.54 ± 0.44  1.42 ± 0.05 1.51 ± 0.67a - 

Crop effect ns ns * ns ns - - ns ns * - 

 FC0 1.10 ± 0.07  0.117 ± 0.008  9.42 ± 0.68  850 ± 119 0.077 ± 0.011  - - 5.22 ± 0.33  1.40 ± 0.05 1.62 ± 0.71 - 

 FC1 1.21 ± 0.06  0.130 ± 0.011  9.35 ± 0.47  924 ± 121  0.076 ± 0.010  - - 5.72 ± 0.27  1.40 ± 0.05 1.62 ± 0.77 - 

FC effect  *** *** ns ns ns - - *** ns ns - 

Fall 2010             

 Po 1.15 ± 0.09  0.112 ± 0.008  9.74 ± 0.34 713 ± 155 0.060 ± 0.013 - - 5.60 ± 0.51  1.51 ± 0.05 0.49 ± 0.18 0.25 ± 0.01 

 FB 1.18 ± 0.16 0.121 ± 0.013 9.55 ± 0.64 837 ± 158 0.072 ± 0.008 - - 5.72 ± 0.41 1.48 ± 0.06 0.34 ± 0.12 0.27 ± 0.02 

 FM 1.16 ± 0.12 0.121 ± 0.015 9.54 ± 0.24 614 ± 157 0.053 ± 0.016 - - 5.56 ± 0.32 1.47 ± 0.04 0.39 ± 0.12 0.25 ± 0.01 

 BS 1.15 ± 0.15 0.113 ± 0.014 9.61 ± 0.40 627 ± 100 0.058 ± 0.015 - - 5.68 ± 0.43  1.47 ± 0.05 0.33 ± 0.10 0.26 ± 0.01 

Crop effect ns ns ns ns ns - - ns ns ns ns 

 FC0 1.07 ± 0.08  0.113 ± 0.007  9.39 ± 0.41  683 ± 158 0.064 ± 0.014  - - 5.43 ± 0.40  1.49 ± 0.05 0.37 ± 0.14 0.29 ± 0.03 

 FC1 1.25 ± 0.09  0.127 ± 0.010  9.80 ± 0.27  713 ± 173 0.057 ± 0.014  - - 5.85 ± 0.27  1.47 ± 0.05 0.40 ± 0.15 0.33 ± 0.04 

FC effect  *** *** * ns ns - - *** * ns ** 
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Table 4-2: continued 

Sampling period Erg # earthw  ebm # nem # bacnem # fungnem # ppnem % bacnem % fungnem % ppnem Cmic 

Fall 2009             

 Po 0.383 ± 0.067  160 ± 65 33 ± 30 2753 ± 1827 811  ± 253 127  ± 68 1579  ± 1570 34.3  ± 11.6a 5.3  ± 2.8 50.5  ± 14.0 386 ± 172a 

 FB 0.372 ± 0.079  165 ± 54 25 ± 11 3110 ± 702 1305 ± 412 161 ± 114 1496 ± 724 43.2 ± 13.8a 4.8 ± 3.2 46.8 ± 14.6 216 ± 56a 

 FM 0.393 ± 0.101  92 ± 82 18 ± 19 2661 ± 1812 964  ± 841 162  ± 96 1435  ± 926 32.7  ± 9.2a 7.5 ± 3.8 55.3  ± 5.7 197 ± 120a 

 BS 0.402 ± 0.140  175 ± 115 31 ± 23 4043 ± 555 1294 ± 222 228 ± 188 2359 ± 387 32.2 ± 4.5a 5.3 ± 3.7 58.5 ± 7.2 198 ± 129a 

Crop effect ns ns ns ns ns ns ns * ns ns * 

 
FC0 0.389 ± 0.085  117 ± 71 19 ± 13 3183 ± 1439 896  ± 364 160  ± 68 1971  ± 1104 28.8  ± 5.4 5.7 ± 2.3 60.3  ± 7.3 176 ± 91 

FC1 0.385 ± 0.108  179 ± 87 35 ± 26 3101 ± 1397 1291 ± 577 179 ± 162 1464 ± 873 42.3 ± 10.5 5.8 ± 4.2 45.3 ± 10.4 322 ± 150 

FC effect  ns * ns ns * ns ns ** ns ** * 

Spring 2010             

 Po 0.423 ± 0.127  65 ± 39a 10 ± 5a 1081 ± 274 430 ± 151 65  ± 34 553  ± 226 39.7  ± 11.6b 6.2  ± 2.8 50.8  ± 13.0a 144 ± 48 

 FB 0.372 ± 0.077  44 ± 22a 13 ± 11a 1207 ± 526 372 ± 178 76 ± 32 724 ± 400 31.3 ± 10.0b 6.7 ± 2.7 58.8 ± 12.4ab 129 ± 33 

 FM 0.352 ± 0.057  42 ± 23a 7 ± 5a 1069 ± 616 184  ± 107 75  ± 57 777  ± 508 18.3  ± 7.8a 6.7  ± 2.9 71.5  ± 9.9b 136 ± 32 

 BS 0.413 ± 0.183  108 ± 51a 35 ± 20b 1316 ± 611 475 ± 293 80 ± 61 707 ± 296 34.7 ± 8.2b 6.7 ± 5.6 54.5 ± 11.1a 164 ± 19 

Crop effect ns * * ns ns ns ns ** ns * ns 

 FC0 0.382 ± 0.139 55 ± 38 14 ± 13 1337 ± 611 375 ± 265 78  ± 52 846 ± 399 26.6  ± 11.6 5.7 ± 1.6 64.8  ± 11.8 129 ± 37 

 FC1 0.398 ± 0.095 74 ± 48 19 ± 19 999 ± 298 355 ± 159 70 ± 39 534 ± 236 35.4 ± 11.2 7.4 ± 4.6 53.1 ± 12.8 171 ± 52 

FC effect  ns ns ns ns ns ns * ** ns ** ** 

Fall 2010             

 Po 0.490 ± 0.330 550 ± 161c 55 ± 24b 3181 ± 661a 747  ± 255ab 65± 50 2167  ± 442a 23.0  ± 3.2b 2.2  ± 1.7 68.2  ± 3.1 93 ± 74 

 FB 0.587 ± 0.130  240 ± 85b 51 ± 21ab 5493 ± 755b 1032 ± 159b 170 ± 101 3907 ± 1399b 19.5 ± 3.8ab 3.3 ± 2.3 70.2 ± 4.9 95 ± 83 

 FM 0.653 ± 0.204  81 ± 46a 17 ± 14a 3817 ± 724ab 553  ± 166a 58  ± 48 2997  ± 708ab 14.7  ± 4.3a 1.5  ± 1.0 78.0  ± 7.0 61 ± 46 

 BS 0.683 ± 0.185  221 ± 110b 54 ± 16ab 4665 ± 921ab 820 ± 240ab 187 ± 197 3253 ± 403ab 17.3 ± 2.9a 3.7 ± 3.6 70.8 ± 8.0 104 ± 69 

Crop effect ns ** * ** * ns * * ns ns ns 

 FC0 0.636 ± 0.160 225 ± 198 37 ± 23 4817 ± 964 862 ± 273 161  ± 142 3454 ± 1158 18.3  ± 5.3 3.3 ± 2.5 71.6  ± 6.8 75 ± 66 

 FC1 0.570 ± 0.275 321 ± 203 52 ± 23 3769 ± 960 714 ± 239 79  ± 88 2708 ± 694 18.9 ± 3.9 2.1 ± 2.1 72.0 ± 7.1 101 ± 68 

FC effect  ns ** ns * ns * * ns ns ns ns 
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Table 4-2: continued 

FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; FB: fodder beet; FM: forage maize; BS: Brussels sprouts; SOC: soil organic carbon (%); total N: 

total nitrogen (%); HWC: hot-water extractable carbon (mg kg-1 dry soil); P-AL, K-AL: ammonium lactate extractable phosphorus and potassium (mg kg-1 dry soil); BD: bulk density 

(g cm-3): Pen: penetration resistance (MPa); SI: aggregate stability index; Erg: ergosterol (mg kg-1 dry soil); # earthw: number of earthworms m-2; ebm: earthworm biomass (g m-2); # 

nem, # bacnem, # fungnem, # ppnem: total nematode, bacterivorous nematode, plant-parasitic nematode, fungivorous nematode abundance in 100 ml soil; % bacnem, % fungnem, % 

ppnem: relative bacterivorous nematode, plant-parasitic nematode, fungivorous nematode abundance in 100 ml soil; Cmic: microbial biomass C (mg kg-1 dry soil). ns, *, **, *** 

indicates non-significant (ns) or significant at the 0.05 (*), 0.01 (**) or 0.001 (*** ) probability levels, respectively. If the crop effect was significant, different letters in each column 

within each sampling period represent statistically significant differences between the crops at p < 0.05 using Sheffe's test. 
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4.3.3 Soil quality index (SQI) 

Soil quality properties that were determined on three occasions (fall 2009, spring and fall 

2010) were selected for PCA when a significant farm compost and/or crop effect occurred 

in at least two out of these three occasions. Properties that were measured only once were 

selected if a significant crop and/or farm compost effect was observed. In this PCA >68% of 

the variance in the data was explained by the first three PCs with Eigenvalues >1 (Table 

4-3). The PCA scoring plots are shown in Figure 4-2. The first three principal components 

explained 35, 23 and 11% of the variation, respectively. Figure 4-2 shows that the FC0 and 

the FC1 treatments are mainly separated by the first principal component (PC1). 

In short, the parameters that were selected for the final MDS were: SOC, total N, earthworm 

number, % bacnem and Cmic. The highly weighed variables under PC1, defined as those 

within 10% of the highest weight of factor loading, were SOC and total N. However, 

correlation analysis revealed strong correlations between SOC and total N (r = 0.77). 

Although, total N showed a strong correlation with SOC, total N was retained in the MDS 

being an important indicator of soil fertility. In PC2, the 2 variables that qualified, earthworm 

number and biomass were found well correlated (r = 0.75). Although earthworm biomass 

was the highest weighed parameter in PC2, earthworm number was added to the MDS 

instead of biomass. The latter because of earthworm number revealed more significant farm 

compost and/or crop effects during the three sampling periods compared with biomass. In 

PC3, % bacnem and Cmic showed the highest factor loadings and were not highly correlated 

(r = 0.52) by which both were selected for the MDS.  
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Figure 4-2: Principal component (PC) analysis scoring plots based on chemical, physical and biological 

soil properties obtained from the farm compost experiment (FC0: no farm compost; FC1: 50 m³ ha-1 y-1 

farm compost)  



92 

 

Table 4-3: Results of the principal component analysis (PCA) of statistically significant soil properties 

in field plots with and without farm compost amendment and cropped to four different crops 

PC PC1 PC2 PC3 

Statistic    

Eigenvalue 3.5 2.3 1.1 

% of variance 35.3 22.9 10.8 

Cumulative % 35.3 58.2 69.0 

Factor loadings / eigenvector 

Soil parameter    

SOC 0.88 0.14 0.12 

total N 0.84 0.03 0.24 

K-AL 0.40 0.09 0.24 

pH-KCl 0.71 0.36 0.40 

SI 0.42 0.66 0.01 

BD 0.75 0.18 0.18 

# earthw 0.00 0.84 0.34 

ebm 0.14 0.85 0.29 

% bacnem 0.53 0.41 0.54 

Cmic 0.58 0.27 0.51 

PC: principal component; SOC: soil organic carbon; total N: total nitrogen; K-AL: ammonium lactate 

extractable potassium; SI: aggregate stability index; BD: bulk density, # earthw: number of earthworms; ebm: 

earthworm biomass; % bacnem; relative bacterivorous nematode abundance; Cmic: microbial biomass C. Bold 

values indicate the factor loadings within 10% of the highest factor loadings. 

 

After the MDS selection process, each of the MDS parameters was transformed to a value 

between 0 and 1, summed up and the SQI was calculated. The weighing factors for the 

variables in PC1, PC2 and PC3 were respectively 0.51, 0.33 and 0.16.  

SQI varied from 0.44 (forage maize) to 0.56 (potato) in plots without farm compost 

amendment, while it varied from 0.77 (Brussels sprouts) to 0.94 (fodder beet) when farm 

compost was amended at a rate of 50 m³ ha-1 y-1. The factor ‘crop’ alone did not reveal any 

significant effect on the SQI. On the other hand, farm compost amendment significantly 

influenced the SQI. When averaged over the four crops, farm compost amendment clearly 

showed a higher SQI (0.86) compared with no farm compost amendment (0.51) (Table 4-4).  
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Table 4-4: Soil quality indices (SQI) and linear regressions between SQI and crop yields of the field plots 

with and without farm compost and cropped with four different crops 

Crop Po FB FM BS Avg.   Sig. 

SQI       Crop*Farm compost ns  

FC0 0.56 0.49 0.44 0.54 0.51  Crop ns 

FC1 0.93 0.94 0.80 0.77 0.86  Farm compost *** 

         

Linear regressions between SQI and crop yields (n = 18)    

R² 0.51 0.41 0.17 0.01     

Sig. ** ** ns ns         

SQI: soil quality index; FC: farm compost (0: no farm compost, 1: 50 m³ ha-1 y-1 farm compost); Po: potato; 

FB: fodder beet; FM: forage maize; BS: Brussels sprouts; Avg.; averaged SQI over the four crops; Sig.; 

statistical significance; ns, **, *** indicates non-significant (ns) or significant at the 0.01 (**) or 0.001 % (***) 

probability levels, respectively. 

The coefficients of determination (R²) between the crop yields and their SQI’s varied from 

a minimum of 0.01 for Brussels sprouts to a maximum of 0.51 for potato and were found 

significant for potato and fodder beet (Table 4-4). Next, multiple linear regressions of the 

MDS parameters with the yields of the four different crops resulted in R² values ranging 

from 0.1 (Brussels sprouts) to 0.6 (potato) (Table 4-5). SOC contributed the most to these 

linear relationships between MDS and crop yields. Especially for forage maize, a high 

positive beta coefficient for SOC (1.15) was noticed (Table 4-5). 
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Table 4-5: Identification of the key indicators of the minimum dataset (MDS) through multiple linear 

regressions using the yields of the four different crops as functional goals (n = 18) 

Functional 

goal 

R² Sig Most important MDS 

parameters 

Beta p-value 

Yields      

Po 0.60 * SOC; % bacnem 0.48;0.37 0.15;0.15 

FB 0.46 ns SOC; Cmic 0.69;-0.31 0.16;0.43 

FM 0.38 ns SOC; total N 1.15;-0.52 0.09;0.36 

BS 0.10 ns Cmic; SOC 0.32;-0.20 0.46;0.65 

Po: potato; FB: fodder beet; FM: forage maize; BS: Brussels sprouts; Sig: statistical significance of regression: 

ns, * indicates non-significant (ns) or significant at the 0.05 (*) probability level; Beta: standardized regression 

coefficients (influence of each parameter on the functional goal); p-value: probability levels. 

The linear regressions between crop yields as dependent variables and SQIfunc (soil quality 

index with only the key indicator(s) included, i.e. SOC) as independent variable were 

significant for potato (R² = 0.47), fodder beet (R² = 0.40) and forage maize (R² = 0.26) (Table 

4-6).  

 

Table 4-6: Linear regressions between crop yields and SOC of the field plots with and without farm 

compost and cropped with four different crops (n = 18) 

Regression equation R² Sig 

Poyield  = 9132 + 3747*SOC 0.47 ** 

FByield  = 18029 + 2902*SOC 0.40 ** 

FMyield  = 16970 + 4016*SOC 0.26 * 

BSyield  = 3942 - 58*SOC 0.00 ns 

P0: potato; FB: fodder beet; FM: forage maize; BS: Brussels sprouts; Sig.: statistical significance; SOC: soil 

organic carbon; ns, *, ** indicates non-significant (ns) or significant at the 0.05 (*) or 0.01 (**) probability 

levels, respectively. 

4.4 Discussion 

The positive effect of the amendment of different types of compost (e.g. municipal solid 

waste, vegetable fruit and garden waste, green waste or sewage sludge compost) on soil 

quality by the interdependent modification of biological, chemical and physical properties 

has been reported before (Diacono and Montemurro 2010; Leroy 2008; Ros et al. 2006b). 



95 

 

Not surprisingly, our results clearly demonstrate that repeated amendment of farm compost 

enhanced both SOC and total N contents, K-AL and increased pH-KCl, resulting in a 

potential increased supply of plant nutrients. Further, as the HWC is regarded as one of the 

labile components of SOC (Haynes 2005), the consistent lower HWC:SOC ratio that has 

been noticed on the FC1 plots might indicate the presence of more stable organic carbon in 

case of repeated compost application. Farm compost application also significantly improved 

soil physical fertility by lowering the soil bulk density and increasing aggregate stability. 

Besides an improvement in soil chemical and physical quality, farm compost positively 

influenced soil biota. Earthworm abundance, microbial biomass and the proportion of 

bacterivorous nematodes increased while plant-parasitic nematodes were suppressed. Steel 

et al. (2012) reported that the most important short-term effect of similar farm composts as 

the ones used in this study on the soil was a pH increase and an increase of total and fungal 

feeding nematodes irrespective of the feedstock materials used in the compost. However, in 

our study no increase in both the relative and absolute fungivorous nematode abundance has 

been observed. In contrast to the effect of farm compost, crop effects on the soil chemical, 

physical and biological properties were less pronounced. The absence of a crop effect was 

expected owing to the application of a uniform crop rotation. Moreover, the entire 

aboveground crop residue (potato foliage, beet leaves and stems and leaves of Brussels 

sprouts plants) was removed from the experimental field after harvest. Only for earthworm 

abundance and % bacnem significant differences between the different crops were observed. 

The beneficial effects of Brussels sprouts on earthworm abundance could be attributed to the 

presence of fallen leaves on the soil during the growing season. As the leaves of Brussels 

sprouts are easily decomposable and rich in nitrogen (Anonymous 2005), we assume that 

the leaves served as an extra food supply which allowed a faster buildup of the earthworm 

population under Brussels sprouts compared to the other crops. Consequently, the high 

earthworm abundance under potato in the fall of 2010 is more likely to be a historical 

succession effect. As potatoes are preceded by Brussels sprouts, we hypothesize that the 

large earthworm population established under the Brussels sprouts survived for a greater part 

the cultivations prior the planting of the potatoes. Furthermore, in the fall of 2010 

earthworms were sampled before the harvest of the potatoes (Table 4-1), which often causes 

serious mortality to earthworm populations (Curry et al. 2002). The repeatedly low 

earthworm abundance under forage maize was also remarkable. We attribute this to the 

sparse root system and the wide spacing of the maize plants which create an unfavourable 

habitat for earthworm populations. Moreover, as we observed a significant negative 
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correlation between earthworm number and penetration resistance at 0-15 cm (R² = -0.51; 

Table 3-8), the high penetration resistance under forage maize could be a possible 

explanation for the repeatedly low earthworm abundance, but the cause and effect are not 

completely clear. In an experiment by Van Eekeren et al. (2010) under grassland, negative 

correlations between penetration resistance at 0-10 cm and earthworms have also been 

observed. 

The MDS screening process identified the variables SOC, total N, % bacnem, Cmic and 

earthworm number as the most relevant indicators to compute soil quality in the present 

study. 

SOC is arguably the best single indicator of soil quality because of its impact on the other 

physical, chemical and biological indicators of soil quality (Reeves 1997b; Shukla et al. 

2006; Sikora and Stott 1996). SOC is a source of and a sink for plant nutrients in soils and 

is important in maintaining soil structure, aiding infiltration of air and water, promoting 

water retention, and reducing erosion. Furthermore it leads to a greater and more varied soil 

biodiversity, thus increasing biological control of plant diseases and pests (Gregorich et al. 

1994b; Thoden et al. 2011). As it is commonly known that N plays an important role in 

aboveground and belowground biomass production (Sharma et al. 2008), the important role 

of total N is no surprise. Belowground crop residues affect SOC and consequently the 

mineralization and immobilization processes, eventually leading to an improved functional 

capacity of the soil.  

Among the biological soil quality indicators, earthworm number, % bacnem and Cmic 

emerged as the key indicators. All three indicators have been considered as suitable 

biological indicators of soil quality and have been successfully used for assessing and 

monitoring the effects of intensive land-use management on soil quality by other researchers 

(Blair et al. 1996; Leroy 2008). Through their feeding and burrowing activities, earthworms 

significantly alter soil structure and hydrological properties (Tomlin et al. 1995), and make 

substantial contributions to nutrient mineralization (Didden et al. 1994). Earthworms also 

influence other important biological indicators of soil quality, particularly, soil microbial 

biomass (Blair et al. 1997). Soil microbial biomass is involved in organic matter 

decomposition and nutrient cycling in soil and plays a major role in the formation and 

maintenance of soil aggregates and structure. Bacterivorous nematodes, in their turn, 

indirectly influence decomposition through their feeding on those microbial decomposers. 

Many studies indicate that the abundance and composition of free-living nematodes 
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(especially bacterivorous and fungivorous nematodes) can provide additional information 

about the microbial community and processes (Ferris et al. 2004). 

The positive effect of farm compost on soil quality was confirmed by the summed MDS 

indicator scores that resulted in the highest soil quality values for the farm compost 

treatments. Our results also revealed a significant correlation between SQI and yields of 

potato and fodder beet suggesting a causal relationship between soil quality and production 

in these two crops. As potato and fodder beet are both tuber/root crops, we assume that they 

have benefited most from increased topsoil quality. Beet crops require high quality seedbeds 

and are susceptible to topsoil compaction (Koch et al. 2009). Hanse et al. (2011) attributed 

an increase in sugar beet yield to improvements in two soil structure related parameters, 

topsoil air-filled porosity (AP) and subsoil saturated hydraulic conductivity (Ks). Other 

authors found a significant effect of topsoil penetration resistance on sugar beet yield (Koch 

et al. 2009). Although, AP and Ks were not included in this study and no effect on penetration 

resistance in the 0-15 cm soil layer has been observed, our results clearly revealed that 

repeated farm compost applications were useful in improving soil physical quality by 

lowering soil bulk density and increasing aggregate stability. This improvement in soil 

structure may eventually have led to improved fodder beet root growth. However, a multiple 

linear regression between fodder beet yields and soil physical properties (i.e. BD, Pen and 

aggregate stability) was found non-significant in our research.. Potato, on the other hand, 

has a shallower root system than other annual crops (Opena and Porter 1999). Similar 

research by Black and White (1973) and Mallory and Porter (2007) showed an increase in 

potato yield with annual additions of organic amendments (manure and compost), 

independent of applied mineral fertilizer. The enhancement of the SOC content and its 

associated soil quality characteristics (e.g. cation exchange capacity and water holding 

capacity) were considered as being primarily responsible for the observed yield increase. 

Also in our experiment, multiple regressions pointed out SOC as the most important 

indicator positively influencing crop yields. The importance of the other MDS indicators 

differed per crop. Finally, the linear regression equations between crop yields and SOC 

showed the highest slopes for forage maize and potato indicating that the expected increase 

in crop yield for a one-unit increase of SOC would be highest in these crops. In other words, 

forage maize and potato yields are expected to benefit most from an increase in SOC. For 

forage maize yields, the positive effect of SOC was also indicated by the high beta coefficient 

in the multiple linear regressions between the MDS and forage maize yields. The linear 

regression between forage maize yields and SOC was significant while this was not the case 
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for SQI which may be attributed to the other MDS indicators that were included in the SQI. 

Although the beneficial effects of SOC management on soil functions have well been studied 

(e.g.(Leroy 2008), it remains difficult to demonstrate the influence of SOC on crop yields 

(Weil and Magdoff 2004). One reason is that the yield effects of other soil properties tend to 

obscure or to be confounded with the proper effects of SOC. Several studies reported 

correlations between crop yields and SOC levels but most of them were characterized by 

confounding effects between SOC and N (Mitchell and Entry 1998). Bauer and Black (1994) 

indicated that the primary effect of SOC in their experiment was the contribution of available 

N. However, in our experiment soil samples were taken at the highest N level (200 kg N ha-

1 y-1) so N was not expected to be a limiting factor in plant growth or to play a major role in 

yield variability. Furthermore, in 2009 and 2010 a continually positive yield effect at the 

highest N rate was noticed (Chapter 2) indicating that the farm compost amendment had 

benefits for crop production over and above the nutrients (including sulphur) it contained. 

The average amount of sulphur applied with the compost was very low (i.e. 1.8 kg S ha-1 y-

1) what makes it unlikely that sulphur could be considered as being partly responsible for the 

observed yield increase on the compost amended plots. According to Pieri (1992), the roles 

of SOC in increasing crop yields can include (1) stabilization of soil structure, which 

improves soil permeability and infiltration of water in to the soil; (2) N mineralization, which 

affects plant nutrition, (3) promotion of root development (which is often regarded as a direct 

or indirect consequence of (1) and (2)), which can improve efficiency of water and nutrient 

uptake from soil; and (4) contribution to soil chemical properties such as CEC and pH 

buffering capacity. We speculate that the increase in SOC in our experiment may have 

influenced crop yields through its effect on soil aggregation (significantly higher aggregate 

stability and earthworm abundance in farm compost amended plots) which in turn may have 

improved aeration and water infiltration and promoted root development. However, as 

multiple linear regressions between the soil physical properties in our experiment (i.e. 

aggregate stability, bulk density and penetration resistance) and the yields of potato, fodder 

beet and forage maize were found significant for potato only (aggregate stability was 

identified as the most important parameter in the regression), future research is required to 

confirm this hypothesis. 

Hence, for soil quality assessment in relation to arable crop production on compost amended 

loamy sandy soils in Northwestern Europe, the focus should be on SOC content. Further 

research seems required though to confirm if these findings would be valid in soils with an 

optimal initial carbon status or in other soil types under different management practices. 
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Also, for Brussels sprouts no correlation was found between SOC and crop yield (R² = 0.01), 

suggesting that other soil properties not considered in this study had a stronger influence on 

Brussels sprouts production. Further, the list of soil properties used in this study was mainly 

based on previous research by Leroy (2008) who investigated the effect of different organic 

amendments on soil quality under comparable soil and weather conditions. The selected soil 

properties have been found most sensitive to organic matter management but as it was stated 

by Karlen et al. (2001), different land uses may require different properties of soil, and 

consequently different soil quality indicators. Therefore, further testing of the present SQI 

output against a variety of management options could imply the inclusion of other soil 

properties. 

Moreover, in this experiment, the SQI has been developed as a relative measure to 

distinguish between compost and no compost application and between different crops. In 

order to use the SQI as an absolute value and a useful tool for the farmer to assess the quality 

of his soils (irrespective of the applied management practices) in relation to crop production, 

threshold values of key indicators have to be determined for different regions, under different 

management and land use systems. Those critical limits, which must be maintained for 

normal functioning of the soil and for obtaining sustainable high yields, are required to 

monitor changes and determine trends in improvement or deterioration in soil quality for 

various ecosystems (Arshad and Martin 2002). 

4.5 Conclusions 

Overall, our results showed that there were significant changes in soil quality and crop 

production as a result of farm compost amendment. SOC, total N, Cmic, % bacnem and 

earthworm number were the dominant factors in assessing soil quality. These key indicators 

were integrated into a single index, the SQI. SQI values were higher when farm compost 

was applied. A causal relationship was observed between soil quality and the yield of potato 

and fodder beet. We conclude that our SQI may be a promising and useful tool to compare 

different (soil) management practices in relation to a strategic, regional goal, e.g. sustainable 

high yields. Before generalizing, we recommend a thorough validation of our SQI in other 

long-term field experiments. 

  



100 

 

  



101 

 

 

 

 

 

 

 

5. 
Linking soil quality and crop 

production: a case study on the effect 

of maize-based crop rotations 

  



102 

 

  



103 

 

 CHAPTER 5 

Linking soil quality and crop production: a case study on 

the effect of maize-based crop rotations 

 

After: D'Hose, T., Cougnon, M., De Vliegher, A., Derycke, V., Haesaert, G., Vandecasteele, 

B., Viaene, N., Cornelis, W., Van Bockstaele, E. & Reheul, D. (in preparation for 

submission to European Journal of Agronomy). Linking soil quality and crop 

production: A case study on the effect of maize-based crop rotations. 

 

5.1 Introduction 

In Flanders, about 123 000 ha – almost 20% of the arable land - are cropped with forage 

maize (Zea mays L) (FOD Economie 2014). Especially on dairy farms, where maize and 

grass (mainly based on Lolium perenne L.) are the main crops, maize is in most cases mainly 

cropped in monoculture (van Eekeren et al. 2008). The availability of inexpensive mineral 

fertilizers and pesticides enabled the development of those monocultures, without loss of 

yield (Nevens and Reheul 2002). However, monocultures often induce a decrease in soil 

organic matter content, a degradation of the soil structure, increased needs for external inputs 

and higher risks of surface and groundwater contamination (Hanegraaf et al. 2009; Karlen 

et al. 1994a). 

Recent legislative restrictions on the use of organic and chemical N and P fertilizers (Manure 

Decree) and a quest for sustainable farming systems have resulted in a renewed interest in 

crop rotations. Moreover, in the major reform of the Common Agricultural Policy (CAP) for 

the period 2014-2020 greening payments are included for crop diversification (EU regulation 

2013). Several long term studies have demonstrated the beneficial ability of crop rotations 

to increase crop production, soil organic matter and overall soil quality. Nevens and Reheul 

(2001; 2002) found that both forage maize in a ley-arable rotation and forage maize in a 

rotation with fodder crops, outyielded maize monoculture on permanent arable plots. In both 

studies, they observed a decreasing yield effect with increasing N fertilization, indicating 

that the rotation effect was mainly a N-contribution effect. Positive effects of crop rotation 

have also been noticed with a high N supply (Crookston et al. 1991). Those beneficial, non-

N effects of a rotation have been ascribed to improvements in soil structure, soil moisture 
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content, soil microbial or fungal populations and plant disease pressure or root vigor (Nickel 

et al. 1995; Van Zeeland et al. 1999; Weisskopf et al. 1995). Various studies have reported 

that for maize cultivation, a ley-arable crop rotation is preferable to continuous arable land 

in terms of functioning of soil biota (e.g. N-mineralization) (van Eekeren et al. 2008), 

increasing soil organic carbon (Grignani et al. 2007) and improving biological and physical 

soil quality (Griffiths et al. 2010). In an experiment with 35 years of grain maize monoculture 

and legume-based (i.e. alfalfa) cropping, Gregorich et al. (2001) found that soils under maize 

grown in a legume-based rotation contained about 20 Mg ha-1 more organic carbon than soils 

under monoculture where 110 Mg C ha-1 was stored. Karlen et al. (2006) observed the 

highest soil quality ratings in crop rotations that included at least 3 years of forage crops 

while the lowest values were associated with continuous grain maize due to negative effects 

on physical, biological and chemical indicators of soil quality. 

However, none of the above mentioned studies tried to relate improved soil quality with crop 

yields. The objectives of this paper were (i) to assess the effect of different maize-based crop 

rotations on chemical, physical and biological soil quality, using the results of a 5 year old 

field experiment (i.e. crop rotation experiment; we hypothesized a positive effect of diverse 

rotation (including ley-arable) on soil quality), (ii) to link soil quality assessment with crop 

yield by means of a soil quality index (i.e. SQIcr; we expected a positive correlation between 

crop yield and topsoil quality), (iii) to test whether the soil quality index previously 

developed in Chapter 4 (i.e. SQI) could successfully distinguish between the different maize-

based crop rotations and (iv) to test whether the model of Chapter 4, which described the 

relation between SOC and maize yield after repeated farm compost application, could be 

applied to data from the maize-based crop rotations. 

5.2 Materials and methods 

5.2.1 Site and soil characteristics 

In 2006, the crop rotation experiment was established on a sandy loam (USDA) soil at the 

experimental farm of Ghent University in Bottelare (50°57’ N, 03°49’ E). The clay (< 2 µm), 

silt (2-20 µm) and sand (20-2000 µm) content is 68, 411 and 521 g kg-1, respectively. Climate 

is fully humid temperate with warm summers (Kottek et al. 2006) with approximately 836 

mm of annual precipitation and a mean annual temperature of 9°C (KMI meteorological 

station, Melle situated at 50°59’N, 03°49’E). During the experimentation period from 2006 
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to 2010, weather data (average monthly temperatures, total radiation and total precipitation) 

were very close to normal (average values for the period 1981-2010).  

5.2.2 Experimental design and treatments 

The experimental design was a strip-plot design (Gomez and Gomez 1984) with three 

replicates. The plot size was 7.5m*9m. During the experimental period, crop rotation was 

the horizontal factor and fertilizer nitrogen (N) the vertical factor. The trial was originally 

established to evaluate the agronomic consequences of 11 different crop rotations in 

combination with four N fertilizer regimes. Five maize-based crop rotations were selected 

for our study (Table 5-1): 

 

MSt: forage maize in monoculture followed by Italian ryegrass (Lolium multiflorum Lam.) 

 as a cover crop during winter period. In spring, the grass sward was chemically 

destroyed by means of glyphosate and was turned under before the maize was sown; 

MSc: forage maize in monoculture followed by Italian ryegrass as a cover crop during 

winter period. In spring the grass was cut after which the stubble was chemically 

destroyed by means of glyphosate and turned under and the maize was sown; 

ML1: arable crop-ley rotation with cycles of 4 years starting with 2 years of arable land 

cropped with forage maize followed by two years of grass-clover ley; 

ML2: arable crop-ley rotation, started with 1 year of arable land cropped with forage maize 

followed by two years of grass-clover ley, followed by 2 years of forage maize, etc.; 

MR: rotational forage maize, i.e. forage maize followed by potato (Solaneum tuberosum 

L.) and field pea (Pisum sativum L.). 

 

An overview of the mineral N fertilizer regimes (applied as ammoniumnitrate 27% N) on 

the different crops is given in Table 5-2. Further, 33 kg ha-1 y-1 of P via triple superphosphate 

(19.6% P) was supplied to all crops, while 55 kg ha-1 y-1 of K via muriate of potash was 

supplied to maize, grass-clover and field pea and 65 kg ha-1 y-1 to potato. Mineral fertilizers 

were spread and incorporated into the soil in spring at seedbed preparation or on the soil 

surface in case of an existing grass-clover ley. The total mineral N application on the leys 

was also split in doses that decreased progressively during the growing season. The first N 

fertilizer was applied during the second half of March while the subsequent doses were 

applied after the first, the second and the third cut (Table 5-2). Assuming a clover share of 
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20-30% in the dry matter (DM) yield of ML1 and ML2 (a total DM yield of 10000 kg ha-1 

y-1 was observed), a potential yearly nitrogen fixation of 100-150 kg ha-1 occurred. 

To test our hypotheses regarding crop rotation effects on soil quality and the link between 

maize yields and topsoil quality, we chose to focus the present research on the growing 

season 2010 as all five crop rotations were in the maize phase (Table 5-1). 

 

Table 5-1: Applied crop rotations on the crop rotation experiment from 2006 to 2010 

Crop rotation1 2006 2007 2008 2009 2010 

MSt Ms+Ir Ms+Ir Ms+Ir Ms+Ir Ms+Ir 

MSc Ms+Ir Ms+Ir Ms+Ir Ms+Ir Ms+Ir 

ML1 Ms Ms GC GC Ms 

ML2 Ms GC GC Ms Ms 

MR Ms Pea Po Ms Ms 

1MSt: forage maize monoculture with Italian ryegrass (turned under in spring) as cover crop; MSc: forage 

maize monoculture with Italian ryegrass (cut in spring) as cover crop; ML1 & ML2: arable-ley crop rotations; 

MR: rotational cropped forage maize; Ms: forage maize; Ir: Italian ryegrass; GC: grass-clover; Po: potato 

5.2.3 Crop management and measurements 

In spring 2010 (16th of April) both the grass-clover sward in ML1 and the Italian ryegrass 

sward and stubble in MSt and MSc, respectively, were chemically destroyed. As the sward 

in MSc was poorly developed due to very wet soil conditions at time of sowing, no cut was 

performed. One week after the chemical destruction (23th of April), the grass sods were 

incorporated into the soil using a spading rotary cultivator with a working depth of 25cm. At 

the same time, the soil of the ML2 and MR crop rotations was also tilled using the same 

spading rotary cultivator. At the end of April (29th and 30th of April), all crop rotations 

received mineral N, P and K fertilizers after which the seedbed was prepared using a rolling 

harrow and the maize (cv. LG30218) was sown at a 0.75m row spacing at a density of 110 

000 seeds ha-1. The average final plant density was 105 000 plants ha-1. During the growing 

season, herbicides were applied as required to control weeds. Maize for forage was harvested 

when the dry matter (DM) content of the whole plant was approximately 30% (30th of 

September). Subplots (10m²) in the middle of the individual plots were harvested manually. 

The ears were separated from the vegetative plant parts, and both were weighed. Vegetative 

plant parts were chopped and a sample was dried for 12 h at 75° C. The whole ears were 
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dried for 8 h at 75°C and for 4 h at 105°C. Italian ryegrass was sown in the MSt and MSc 

crop rotations two weeks after the forage maize was harvested (15th of October). The seedbed 

was prepared using a ridged teeth cultivator and a rolling harrow. In the ML1, ML2 and MR 

crop rotations, the soil remained undisturbed and bare during the winter period. Sowing, 

planting and harvesting were performed using small agricultural equipment. 

Table 5-2: N fertilizer regimes for the different crops on the crop rotation experiment 

 N fertilizer level (kg N ha-1) 

Crop N1 N2 N3 N4 

Maize 0 100 150 200 

Potato 0 50 100 150 

Pea 0 25 37 50 

Grass-clover 0 100 

(40-20-20-20)1 

150 

(50-40-40-20)1 

200 

(75-50-50-25)1 

1 The total mineral N application was split in doses that decreased progressively during the growing season 

5.2.4 Soil sampling and analysis 

Soil samples were drawn in all crop rotations in the fall of 2010. Because of practical 

limitations, all samples were taken at one N fertilizer level, being 150 kg N ha-1 (Table 5-2). 

This level was chosen based on two considerations: (i) 150 kg ha-1 was regarded as being 

closest to current practice for maize in sandy loam soils at that time and (ii) we wanted to be 

able to detect a non-N effect in a crop rotation. Nevens and Reheul (2001) stated that the 

beneficial, non-N effects of a rotation (e.g. improved soil quality) are best observed at 

optimal or supra-optimal N fertilizer levels. The soils were analyzed for soil organic carbon 

(SOC), hot-water extractable carbon (HWC), total N, ammonium lactate extractable P and 

K (P-AL and K-AL), bulk density (BD), penetration resistance (Pen), aggregate stability, 

microbial biomass C (Cmic), earthworms and nematodes. Sampling date and depth and the 

analytical methods are given in Table 5-3 and are explained into more detail in Chapter 3. 

5.2.5 Soil quality index and model validation 

The SQIcr was constructed following the approach proposed by Andrews et al. (2002) and is 

explained into detail in Chapter 4. The data obtained on the soil quality properties were 

subjected to a one-way anova with crop rotation as factor. Next, we performed a standardized 

principal component analysis (PCA) of all variables that showed statistically significant 
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differences between crop rotations. As we considered the amount and proportion of plant-

parasitic nematodes rather as a functional goal than a biological indicator of soil quality, 

plant-parasitic nematodes were excluded from the PCA. After determining the variables for 

the minimum dataset (MDS), every observation of each MDS indicator was transformed for 

inclusion in the SQIcr using a linear scoring method. For the conversion of soil data into a 0 

to 1 scale, the ‘more is better’ scoring function was applied for SOC, total N, C:N, HWC, P-

AL, K-AL, SI, earthworm density (both number and biomass), the amount and proportion 

of bacterivorous and fungivorous nematodes and Cmic. For HWC:SOC, BD and Pen, the 

‘less is better’ scoring function was used. After the transformation, the MDS variables for 

each observation were weighed using the PCA results and the SQIcr was calculated.  

As a check of the causal relationship between SQIcr and forage maize yields, a linear 

regression was performed between the maize yield as dependent variable and SQIcr as 

independent variable. To identify the key indicators, a multiple linear regression was 

performed using the indicators retained in the MDS as independent variables and maize yield 

as the dependent variable.  

Next to developing a soil quality index for each of the five maize-based crop rotations (i.e. 

SQIcr), we wanted to investigate whether it is possible to apply the use of the SQI which was 

developed in Chapter 4 to other cropping systems. Therefore, we applied the SQI of chapter 

4 to the soil quality data of the different crop rotations in this chapter. Thus SOC, total N, 

earthworm number, % bacnem and Cmic values of each crop rotation were combined and 

the SQI was calculated.  

In Chapter 4 a causal relationship was detected between SOC and the yield of forage maize 

(i.e. FMyield  = 16970 + 4016*SOC). In this chapter, this model will be validated by 

entering the SOC values of the different crop rotations into the equation. In order to assess 

the goodness of fit of the model, several quantitative statistics such as R², Nash-Sutcliffe 

efficiency (NSE) and ratio of the root mean square error (RMSE) to the standard deviation 

of measured data (RSR) were calculated. NSE and RSR were recommended for model 

evaluation by Moriasi et al. (2007) after a thorough review of relevant literature on model 

application and model evaluation methods. NSE is computed as shown in the equation below 

(Nash and Sutcliffe 1970): 

𝑁𝑆𝐸 = 1 −  
∑ (𝑌𝑖

𝑜𝑏𝑠 −  𝑌𝑖
𝑚𝑜𝑑)²𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠 −  𝑌𝑚𝑒𝑎𝑛)²𝑛

𝑖=1
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In which Yi
obs and Yi

mod are the ith observed and modeled values, Ymean is the mean of the 

observed values and n is the total number of observations. NSE ranges between -∞ and 1, 

with NSE = 1 being the optimal value. Values between 0 and 1 are viewed as acceptable 

levels of performance whereas values ≤ 0 indicate that the mean of the observed data is a 

better predictor than the model, which indicates unacceptable performance. 

RSR is calculated as the ratio of the RMSE and standard deviation of measured data, as 

shown in the equation below: 

𝑅𝑆𝑅 =
𝑅𝑀𝑆𝐸

𝑆𝑇𝐷𝐸𝑉𝑜𝑏𝑠
=

√∑ (𝑌𝑖
𝑜𝑏𝑠 −  𝑌𝑖

𝑚𝑜𝑑)²𝑛
𝑖=1

√∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)²𝑛

𝑖=1

 

 

RSR varies from the optimal value of 0 (which indicates zero RMSE or residual variation 

and therefore perfect model simulation) to a large positive value. The lower RSR, the lower 

the RMSE, and the better the model simulation performance. According to Moriasi et al. 

(2007) model simulation can be judged as satisfactory if R² > 0.5, NSE > 0.5 and RSR ≤ 0.7.  

5.2.6 Statistical analysis 

Yield data analysis (strip-plot design with crop rotation as the horizontal factor and N as the 

vertical factor), the selection of the MDS (one-way ANOVA with crop rotation as factor) 

and PCA for SQI development, correlation analysis and multiple linear regressions to 

identify key indicators were performed using SPSS Statistics 19.  

Before performing ANOVA, the assumptions for ANOVA (equal variances and normal 

distribution) were checked. An ARCSINE transformation (y’= 2* arcsin[sqrt(y)]) or a square 

root transformation (y’ = sqrt(y)) were applied on data expressing a proportion or on counts, 

respectively, before performing ANOVA. Significant differences between means were 

determined by Scheffé’s test. 

For the multiple linear regression, the data of the five crop rotations and the three replications 

within the field trial design were combined which resulted in 15 data points (5x3). 
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Table 5-3: Sampling date and depth and the analytical methods used for measuring the chemical, physical and biological soil properties 

 
1 SOC: soil organic carbon, HWC: hot-water extractable carbon, P-AL & K-AL: ammonium lactate extractable P&K, Cmic: microbial biomass carbon 

.  

Parameter
1 Date Depth Method Reference

SOC Dry combustion at 1050°C ISO 10694

HWC

Extraction of the soil with distilled water (extraction ratio 

1:5) followed by 16h in hot-water bath (70°C), 

centrifugation and filtration

Haynes and Francis (1993)

total N Dry combustion at 950°C ISO 13878

P-AL

K-AL

pH-KCl Potentiometrically in 1:5 soil: KCl (1M) extract ISO 10390

Bulk density Undisturbed soil cores (100 cm³) ISO 11272

Penetration resistance
Hand-held penetrologger with a conical point of 1 cm² 

and a point angle of 60°
Bradford (1986)

Aggregate stability 0-5 cm Wet sieving with fixed aggregate fractions

De Leenheer and De Boodt 

(1959) adjusted by Hofman 

(1973)

Cmic 8/11/2010 0-15 cm Fumigation-extraction with 0.5M K2SO4 Voroney et al. (1993)

Nematodes 6/12/2010

Extracted with automatic zonal centrifuge and counted. 

Per sample, 100 randomly-chosen species were 

identified to genus level.

Hendrickx (1995), Bongers 

(1988)

Earthworms 22-23/09/2010

Combined method of extraction by a mustard powder 

solution and subsequent hand sorting. Earthworms were 

counted, weighed (fresh) and identified (adults).

Leroy (2008)

0-20 cm

8/11/2010 0-15 cm

Extraction of the soil with ammonium lactate (extraction 

ratio 1:20)
Egnér et al. (1960)

21/03/2011

0-15 cm
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5.3 Results 

5.3.1 Crop yield 

The MSc rotation was chosen as a reference treatment since this rotation is the most common 

practice on dairy farms in Flanders. The observed forage maize dry matter (DM) yields are 

presented in Table 5-4. The crop rotation effect (P < 0.01), as well as the N fertilization rate 

effect (P < 0.001) were significant, as was the interaction between these factors. This 

significant interaction indicated that the yields of the maize in the different crop rotations 

responded differently to fertilizer N. Indeed, while the DM yields of MSt-, MSc- and MR-

maize increased with increasing fertilizer N rate, the highest DM yields of the ML1-maize 

were noticed at the lowest N levels (i.e. 0 and 100 kg N ha-1). A positive DM yield effect 

was recorded for the MR-maize compared with the MSc-maize. However, only at the 200N 

level, the positive effect became significant.  

 

Table 5-4: Total dry matter (DM) yields (kg DM.ha-1) of forage maize grown in five different crop 

rotations, as affected by N fertilizer regime 

 Crop rotation1 

N rate2 MSt MSc ML1 ML2 MR 

0 7547 ± 802a4 7077 ± 597a 14888 ± 764bcd 10299 ± 1071ab 7176 ± 1445a 

100 10617 ± 1861abc 11404 ± 544abc 15018 ± 2819cd 13267 ± 251bc 12636 ± 759bc 

150 12798 ± 589bc 13176 ± 788bc 14116 ± 921bcd 14142 ± 978bcd 13952 ± 343bcd 

200 13575 ± 509bc 13195 ± 1044bc 14497 ± 1939 bcd 13738 ± 792bc 18368 ± 115d 

Statistical significance3         

N fertilizer regime Crop rotation Interaction 

*** ** *** 

1 MSt: forage maize monoculture with Italian ryegrass (turned under in spring) as cover crop; MSc: forage 

maize monoculture with Italian ryegrass (cut in spring) as cover crop; ML1 & ML2: arable-ley crop rotations; 

MR: rotational cropped forage maize. 2 kg N.ha-1. 3 **, *** indicates significant at the 0.01 (**) or 0.001 % 

(***) probability levels, respectively. 4 different letters represent statistically significant differences between 

the crop rotation x N fertilizer regime combination at p < 0.05 using Sheffe's test. 
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No significant differences between MSt- and MSc-maize DM-yields have been observed. 

On the ley-arable plots, in the first year after incorporating the two years old grass-clover 

leys ML1-maize outyielded (significant at 0 kg N ha-1) the MSc-maize (Table 5-4). However, 

this significant yield increase disappeared at higher fertilizer levels (i.e. 100, 150 and 200 kg 

N ha-1). Similar results have been observed during the second year after incorporating the 

grass-clover ley (ML2) but the benefit had decreased to non-significant differences. 

5.3.2 Soil chemical, physical and biological parameters 

The data on the soil chemical (SOC, total N, C:N, HWC, HWC:SOC, P-AL, K-AL and pH), 

physical (BD, Pen, SI) and biological properties (earthworm number and biomass, Cmic, 

nematodes) are presented in Table 5-5. Properties that differed significantly in response to 

crop rotation were: SOC, pH-KCl, BD and earthworm biomass. The SOC content in ML1 

was higher than in MR, and intermediate in MSt, MSc and ML2. The opposite effects can 

be highlighted with regards to pH-KCl. The highest value was recorded in the MR and the 

lowest in the ML1, whereas MSt, MSc and ML2 had intermediate values. No significant 

rotation effects have been observed among the other soil chemical properties.  

MSt showed the lowest bulk density, while ML2 showed the highest bulk density. The bulk 

density in MSc, ML1 and MR was intermediate. For aggregate stability (SI) and penetration 

resistance, no significant differences have been noticed. The higher SI in ML1 and ML2 was 

remarkable though.  

The total biomass of the earthworms was highest in the MSt, intermediate in MSc, ML2 and 

MR, and lowest in the ML1. Although the number of earthworms followed the same trend, 

differences were not statistically different. The earthworm species found in the trial were 

Lumbricus terrestris and Aporrectodea longa as anecic species, Lumbricus castaneus and 

Lumbricus rubellus as epigeic species and Aporrectodea caliginosa, Allolobophora 

chlorotica, Allolobophora icterica and Allolobophora rosea as endogeic species (data not 

shown). The relative distribution of these earthworm species did not show clear differences 

or trends, with L. rubellus, A. caliginosa and A. chlorotica being the most abundant species. 

Effects of crop rotation on microbial biomass carbon, total nematode and bacterivorous, 

fungivorous and plant-parasitic nematode abundance (both absolute and relative) were not 

significant (Table 5-5). No clear trends nor differences owing to crop rotation on the 

abundance of omnivorous and predator nematodes in the soil samples and the MI’s could be 

observed (data not shown).  
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Table 5-5: Chemical, physical and biological soil properties and standard deviations in five maize-based 

crop rotations  

 
1 MSt: forage maize monoculture with Italian ryegrass (turned under in spring) as cover crop; MSc: forage 

maize monoculture with Italian ryegrass (cut in spring) as cover crop; ML1 & ML2: arable-ley crop rotations; 

MR: rotational cropped forage maize. 2 SOC: soil organic carbon; HWC: hot-water extractable carbon; P-AL, 

K-AL: ammonium lactate extractable phosphorus and potassium; BD: bulk density; Pen: penetration 

resistance; SI: aggregate stability index; # earthw: number of earthworms.m-2; ebm: earthworm biomass; # 

nem, # bacnem, # fungnem, # ppnem: total Nematode, bacterivorous nematode, plant-parasitic nematode, 

fungivorous nematode abundance in 100 ml soil; % bacnem, % fungnem, % ppnem: relative bacterivorous 

nematode, plant-parasitic nematode, fungivorous nematode abundance in 100 ml soil; Cmic: microbial biomass 

C. 3 different letters within each row represent statistically significant differences between the crop rotations at 

p < 0.05 using Sheffe's test. 

  

Soil property
2 Unit MSt MSc ML1 ML2 MR

SOC % 0.96 ± 0.06ab
3 1.00 ± 0.09ab 1.02 ± 0.07b 1.00 ± 0.09ab 0.94 ± 0.11a

HWC mg kg
-1 718 ± 31 706 ± 57 691 ± 42 686 ± 35 684 ± 57

HWC:SOC - 0.075 ± 0.001 0.071 ± 0.001 0.068 ± 0.005 0.069 ± 0.003 0.073 ± 0.003

total N % 0.093 ± 0.006 0.096 ± 0.01 0.099 ± 0.006 0.096 ± 0.008 0.093 ± 0.011

C:N - 10.33 ± 0.38 10.43 ± 0.15 10.37 ± 0.26 10.38 ± 0.14 10.19 ± 0.08

P-AL mg kg
-1 400 ± 48 400 ± 34 379 ± 42 389 ± 40 399 ± 29

K-AL mg kg
-1 170 ± 28 152 ± 27 153 ± 12 147 ± 51 153 ± 18

pH-KCl - 5.20 ± 0.06ab 5.27 ± 0.06bc 5.05 ± 0.09a 5.10 ± 0.05ab 5.45 ± 0.06c

BD g cm
-3 1.47 ± 0.01a 1.51 ± 0.01ab 1.50 ± 0.01ab 1.52 ± 0.02b 1.50 ± 0.04ab

SI - 0.29 ± 0.05 0.28 ± 0.03 0.32 ± 0.02 0.31 ± 0.02 0.26 ± 0.01

Pen MPa 0.84 ± 0.11 0.79 ± 0.09 0.76 ± 0.07 0.75 ± 0.01 0.74 ± 0.04

# earthw # m
-2 129 ± 51 58 ± 31 46 ± 26 83 ± 40 54 ± 19

ebm g m
-2 31 ± 7b 9 ± 7ab 3 ± 2a 18 ± 12ab 7 ± 1ab

# nem # in 100ml soil 12002 ± 2625 11363 ± 1976 14556 ± 574 10052 ± 1220 14009 ± 6248

% ppnem % in 100ml soil 0.63 ± 0.06 0.56 ± 0.07 0.61 ± 0.12 0.7 ± 0.12 0.52 ± 0.1

% fungnem % in 100ml soil 0.04 ± 0.01 0.08 ± 0.04 0.07 ± 0.05 0.03 ± 0.02 0.05 ± 0.02

% bacnem % in 100ml soil 0.31 ± 0.06 0.34 ± 0.04 0.28 ± 0.1 0.27 ± 0.15 0.42 ± 0.08

# ppnem # in 100ml soil 7527 ± 1803 6312 ± 419 8787 ± 1328 6986 ± 1342 7041 ± 2690

# fungnem # in 100ml soil 522 ± 140 981 ± 505 966 ± 662 277 ± 168 765 ± 496

# bacnem # in 100ml soil 3784 ± 1297 3902 ± 1024 4159 ± 1611 2687 ± 1576 6154 ± 3225

Cmic mg kg
-1 124 ± 36 99 ± 21 99 ± 32 85 ± 25 116 ± 23

Crop rotation
1
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5.3.3 Soil quality indices (SQIcr and SQI) and model application 

Soil properties that differed significantly in response to crop rotation (i.e. SOC, pH-KCl, BD 

and earthworm biomass) were selected for PCA. In this PCA >66% of the variance in the 

data was explained by the first two PCs with Eigenvalues >1 (Table 5-6). The highly 

weighed variable under PC1 was BD, while in PC2, the variable that qualified was SOC. In 

short, the parameters that were selected for the final MDS were: BD and SOC. 

 

Table 5-6: Results of the principal component analysis (PCA) of statistically significant soil properties 

in five maize-based crop rotations 

PC1 PC1 PC2 

Statistic   

Eigenvalue 1.40 1.25 

% of variance 34.86 31.34 

Cumulative % 34.86 66.19 

Factor loadings / eigenvector 

Soil parameter2   

SOC 0.298 0.829 

pH-KCl 0.008 0.633 

BD 0.886 0.044 

ebm 0.722 0.404 

1 PC: principal component. 2 SOC: soil organic carbon; BD: bulk density; ebm: earthworm biomass 

 

After the MDS selection process, each of the MDS parameters was transformed to a value 

between 0 and 1, summed up and SQIcr was calculated. The weighing factors for the 

variables in PC1 and PC2 were respectively 0.52 (= 34.86/66.19) and 0.47 (= 31.34/66.19). 

The highest SQIcr value was observed for MSt (0.67), while the lowest was recorded for ML2 

(0.42). However, crop rotation did not alter the SQIcr significantly (Table 5-7). Further, the 

linear regression between SQIcr and forage maize yields revealed a low coefficient of 

determination (R² = 0.06) and was found not significant. Table 5-7 also shows the soil quality 

scores when the index of Chapter 4 (i.e. SQI) was applied to the different maize-based crop 

rotations. According to the SQI, MR resulted in the lowest soil quality while the highest soil 

quality was achieved under ML1. In accordance with SQIcr, SQI was also not sensitive 

enough to demonstrate significant differences and was found even less capable of 
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discriminating between the different maize-based crop rotations (p = 0.638). Finally, the 

model of Chapter 4 could not fit the data of the different crop rotations well as was shown 

by low R² (0.30) and NSE (-77.17) values and a high RSR (8.84). Furthermore, the negative 

NSE value indicates that the model did not predict the measured values better than the 

average of the measured values. 

 

Table 5-7: Soil quality indices (SQIcr and SQI) for five maize-based crop rotations 

 Crop rotation1 

  MSt MSc ML1 ML2 MR Sig.2 p-value 

SQIcr
4 0.67 0.50 0.61 0.42 0.45 ns3 0.162 

SQI5 0.86 0.80 0.87 0.82 0.68 ns 0.638 

1 MSt: forage maize monoculture with Italian ryegrass (turned under in spring) as cover crop; MSc: forage 

maize monoculture with Italian ryegrass (cut in spring) as cover crop; ML1 & ML2: arable-ley crop rotations; 

MR: rotational cropped forage maize. 2 Sig.: statistical significance. 3 ns: not significant (p > 0.05). 4 soil quality 

index developed in the crop rotation experiment. 5 soil quality index developed in the farm compost experiment. 

5.4 Discussion 

5.4.1 Crop yield 

In the crop rotation experiment, crop rotation (i.e. forage maize followed by potato and the 

leguminous pea, MR) resulted in a significant yield increase compared to a monoculture 

forage maize at the highest N-fertilizer level (i.e. 200 kg N ha-1) only. These results 

contradict findings of Nevens and Reheul (2001) who compared forage maize grown after 

fodder beet or field bean with forage maize upon forage maize. Higher maize yields were 

observed when a crop rotation was introduced but the authors observed a decreasing 

beneficial effect of crop rotation on maize yield with increasing N fertilization. 

Consequently, the positive rotation effect was largely attributed to an increase in soil N 

supply. However, as in the crop rotation experiment the yield gains were highest at a high N 

supply, we assume that the beneficial rotation effect observed in the MR crop rotation in our 

study is more likely due to non-N effects such as improvements in soil structure or increased 

soil biological activity. 

The forage maize following the two-year grass-clover ley, outyielded the monoculture 

maize. The decreased benefit in ML2 clearly demonstrates that the release of N from the 
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preceding grass-clover ley is highest during the first year after incorporation while less N is 

mineralized from the second year on (Nevens and Reheul 2002; Van Dijk 1999). Although 

the positive ley-arable rotation effect on maize yield seems mainly caused by enhanced N 

contribution, the still positive yield effect at the highest N dose (i.e. +9.9% at 200 kg N ha-

1) also indicates a non-N effect. These results are in agreement with a study of Van Dijk et 

al. (1996) who observed ‘crop rotation effects’ in a range of 3-23% after 4-year leys on sandy 

soils. In contrast with the positive effects of incorporating a two-year grass-clover ley on 

maize yields, the effect of incorporating the entire grass cover crop in the MSt rotation on 

maize yields was found negligible. This was no complete surprise as in 2010 the Italian 

ryegrass cover crop was poorly developed which prevented the harvest of a cut in spring in 

the MSc rotation. As a result, the nutrient surplus, which resulted from the returned grass 

residues, was similar for MSt and MSc.  

5.4.2 Soil chemical, physical and biological parameters 

The effect of crop rotation on soil quality was small with few properties showing significant 

differences (i.e. SOC, pH-KCl, BD and earthworm biomass). The rotation that increased the 

SOC content to the highest extent was ML1. The positive effects of a maize-ley rotation on 

SOC content have been reported before (e.g. (Grignani et al. 2007; van Eekeren et al. 2008) 

and are most likely due to the C input that resulted from the ryegrass/clover root system and 

to the natural plant tissue losses that occur in grass. Moreover, the lack of tillage and the 

continuous soil cover of the two year grass-clover ley probably decreased SOC losses by 

soil foodweb respiration (Magdoff and Weil 2004). Further, the SOC content in MSt and 

MSc was similar to that of the systems with the grass-clover ley (i.e. ML1 and ML2), 

indicating that in the crop rotation experiment (after five years) growing a ryegrass cover 

crop after the harvest of the maize and including a two year old grass-clover ley result in 

similar carbon levels in soil. Similar results were reported by Grignani et al. (2007) who 

observed no significant differences in SOC content (0-30cm) between a double annual crop 

rotation with Italian ryegrass and forage maize and a grass ley in rotation with maize, after 

11 years. 

Although it was concluded by Gregorich et al. (2001) that soils under legume-based rotations 

tend to be more preservative of residue C inputs (particularly from root inputs) than soils 

under monoculture, MR accumulated the lowest amount of C in the crop rotation experiment. 

It has to be noticed though, that in a 5-year period, field pea was only grown once (i.e. in 
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2007) in the MR rotation. Furthermore, field pea was followed in the rotation by potato, a 

low-residue and intensively tilled crop, which may have nullified the SOC gains under field 

pea.  

The pH of the soil was significantly altered by the different crop rotations. In accordance 

with findings of van Eekeren et al. (2008), who compared a maize-ley rotation with all-arable 

rotationally cropped maize, ML1 and ML2 clearly lowered the pH-KCl. We hypothesize that 

the sward incorporation and the subsequent decomposition of the organic matter which was 

accumulated in grass and clover roots, stubble and litter (Whitehead et al. 1990), caused 

acidification. After all, there is evidence that N mineralization, which occurs abundantly 

after the incorporation of a two year old grass-clover sward (Nevens and Reheul 2002), and 

subsequent nitrification clearly decrease pH (Helyar and Porter 1989). Besides, Paul et al. 

(2001) observed an increased sub-surface (2.5-10 cm) acidification under legume-based 

pastures. It was assumed that N2 fixation by the clover caused excess cation uptake and 

consequent H+ excretion by the roots. Consequently, we assume that the pH-KCl in the ML 

rotation was already lowered during the ley phase. 

Amongst the physical soil properties, the higher SI in the ML rotation is consistent with 

other research reporting increased aggregate stability in rotations with more perennial 

forages (vs. annual crops) (e.g. (Jokela et al. 2011). This effect has often been ascribed to 

higher SOC levels (e.g. (Weil and Magdoff 2004). However, as we only observed a week 

relationship between the SI and SOC in the crop rotation experiment (R² = 0.2), other 

mechanisms might have caused the enhanced aggregation. It is known that crops can affect 

soil aggregation by their rooting system because plant roots are important binding agents at 

the scale of macroaggregates (Six et al. 2004). Compared to maize, grass has a more 

horizontal growing root system and a denser superficial root network which may positively 

influence aggregate formation and stabilization (Denef and Six 2005). Other authors 

suggested that the rhizosphere microbial community associated with grasses and especially 

with legumes differ from that associated with other arable crops, possibly in relation to 

mycorrhizal fungi colonization, in a manner that enables more aggregate stabilization from 

a given amount of root biomass (Weil and Magdoff 2004).  

The lowest soil bulk density in the MSt rotation was not anticipated. Furthermore, these 

results contradict with the findings of van Eekeren et al. (2008) who observed a significantly 

higher soil bulk density in permanent arable land compared to the arable phase of a ley-

arable rotation. However, together with the low bulk density we also observed the highest 

earthworm abundance in the MSt rotation. As the shallow burrows of endogeic earthworm 
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species, which mostly occurred in the crop rotation experiment, generally increase the 

porosity of the topsoil (Edwards and Shipitalo 1998), we assume that the higher earthworm 

abundance could have caused the lower bulk density. However, in the crop rotation 

experiment, no relationship between earthworm abundance and bulk density could be found 

(R² = 0.01). The high earthworm abundance in the MSt rotation could be attributed to the 

yearly incorporation of the entire Italian ryegrass cover crop which served as a the only food 

source (forage maize leaves no crop residues behind) and which enabled the earthworm 

population to recover faster from the cultivation practices. Furthermore, mainly epigeic and 

endogeic earthworm species were found which are known to recover faster from cultivations 

compared to anecic species (Edwards 1983). However, an opposite effect was noticed in the 

ML1 plots where very low earthworm numbers and biomass have been noticed 6 months 

after rotavating the grass-clover ley. Such findings confirm these of van Eekeren et al. (2008) 

who attributed the rapid decrease in earthworm number and biomass to mechanical damage 

and predation after cultivation and the loss of an insulating layer of vegetation and a 

decreased food supply. 

5.4.3 Soil quality indices and model application 

After evaluating individual indicators, the MDS screening process identified the variables 

SOC and BD as the most relevant indicators to compute soil quality in the present study. 

Soil bulk density serves as an indicator of soil compaction and restrictions to root growth 

and has been successfully used for assessing and monitoring the effects of different crop 

rotations on soil quality by other researchers (e.g. Arshad et al. 1996; Karlen et al. 2006; van 

Eekeren et al. 2008). However, as the observed range in BD in our crop rotation experiment 

was rather small (i.e. 1.47 to 1.52 g cm-3) one could question the physical meaning of the 

observed, significant differences. The identification of SOC as an important soil property 

was no surprise as it is well known that SOC is a key soil quality indicator, being closely 

linked to other physical, chemical and biological soil properties (Reeves 1997b; Shukla et 

al. 2006; Sikora and Stott 1996). Using the Soil Management Assessment Framework, 

Karlen et al. (2006) found that total soil organic C was the most sensitive indicator for 

detecting soil quality differences among corn/soybean crop rotations. In a final step 

associated with soil quality assessment, SOC and BD were combined into an overall SQIcr. 

Overall, none of the crop rotations that were considered in this study, significantly increased 

the SQIcr compared to the MSc rotation. The low SQIcr value associated with the MR rotation 
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was rather surprising as various studies have reported the beneficial effect of crop rotations 

on overall soil quality (e.g. (Karlen et al. 2006; Wani et al. 1994). However, key benefits of 

an extended crop rotation often include increased carbon retention and improved soil 

structure due to the inclusion of legume, deep rooted or high-residue crops (Magdoff and 

van Es 2000). In our experiment, the lack of improved soil quality in the MR rotation may 

therefore be attributed to the combination of low residue production of both forage maize 

and potato and the intensive tillage practices during potato cropping which resulted in low 

values for both SOC and BD. The highest SQIcr was observed in the MSt plots, indicating 

that the incorporation of the entire Italian ryegrass sward before the maize was sown, 

increases the soil quality to the highest extent. However, high SQIcr was mainly caused by 

the  low BD in the MSt plots, which was discussed above. The high SQIcr value in the ML1 

rotation is also noteworthy. Our study confirms the findings of several other authors who 

indicated that the introduction of a grass-clover ley phase into an arable crop rotation is a 

management option likely to enhance soil quality (e.g. (Bhogal et al. 2009; Murphy et al. 

2007; van Eekeren et al. 2008). However, our results also suggest that the positive effect of 

a grass-clover ley is only temporary as we observed the lowest SQIcr in the second year after 

the incorporation of the grass-clover sward (ML2).  

Just like the SQIcr, the index of Chapter 4 (SQI), which clearly distinguished between farm 

compost amended plots and plots without compost application, was not sensitive enough to 

demonstrate significant differences between the different maize-based crop rotations. This 

is perhaps no surprise as differences in soil quality between the different crop rotations were 

small. Besides, in the SQI, soil properties were included which have been found most 

sensitive to organic matter management (i.e. SOC, total N, earthworm number, microbial 

biomass C and the relative abundance of bacterivorous nematodes). Except for SOC, other 

soil properties (i.e. bulk density) were included in the SQIcr which confirms findings of 

Karlen et al. (2001) who stated that different land uses may require different properties of 

soil, and consequently different soil quality indicators. 

Our results revealed no significant correlation between SQIcr and maize yields. The lack of 

a causal relationship between soil quality and crop production in our experiment may be 

attributed to three possible reasons. First, at the N-rate of 150 kg N ha-1 very few significant 

effects of the different crop rotations on either crop yields or soil quality were observed, 

suggesting that the relative short time period of our experiment (i.e. 5 year) was not long 

enough to fully express the cropping effects on both crop yield and soil properties. Second, 

our findings are based on the results of one sampling period (i.e. fall 2010). As it is known 
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that the timing of, and environmental conditions at sampling (such as moisture content) can 

affect the properties determining soil quality, samples should be taken over a time course 

and under a range of conditions for greatest understanding (Griffiths et al. 2010). Third, other 

soil properties not measured in this study (e.g. indicators of the soil’s ability to supply water 

to plants such as infiltration rate and water holding capacity) may have been more influential 

upon yield. However, during the growing season of 2010 no drought periods have been 

observed which makes it unlikely that water availability was limited in the different maize-

based crop rotations.  

Finally, the model of Chapter 4 showed a very low predictive capability after entering the 

data of the maize-based crop rotations. Although a positive, significant linear relationship 

was found between the SOC content and the forage maize-yield of the different crop 

rotations, the observed yields were substantially lower in the crop rotations than the maize 

yields in the farm compost amended plots (Figure 4.1). This is not surprising as less N-

fertilizer was applied in the crop rotations (150 kg N ha-1 vs. 200 kg N ha-1 in the farm 

compost amended plots). However, even at 200 kg N ha-1 maize yields in the crop rotations 

did not reach the level of the farm compost experiment (Table 2-3) which indicates that other 

factors such as maize variety or soil conditions may have influenced yield performance. 

Consequently, the model of Chapter 4 clearly overestimated forage maize yield in the 

different crop rotations which led us to the conclusion that supplementary variables 

describing fertilization level, local soil conditions, etc. played their role. 

5.5 Conclusions 

Our analysis revealed no significant effects on overall soil quality (embodied by the SQIcr) 

or crop yields that could be ascribed to the introduction of a grass-ley or an extended crop 

rotation that includes field pea and potato compared to a monoculture of forage maize at a 

common N rate of 150 kg N ha-1. No significant correlation between our SQIcr and maize 

yield was found either. Our results showed that the SQI which was developed in Chapter 4 

could not distinguish between the maize-based crop rotations. This implicates that the SQI 

needs further testing and a thorough validation against a variety of management options and 

a range of conditions before the use of the index can be generalized. Finally, the model of 

Chapter 4 that described the linear relationship between forage maize yield and SOC content 

appeared to be invalid for use in the different maize-based crop rotations. 
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 CHAPTER 6  

General conclusions 

 

6.1 Feedback to hypotheses and research questions 

6.1.1 Hypothesis H1 and research questions RQ1.1-1.2 

The repeated application of farm compost in a crop rotation of potato, fodder beet, 

forage maize and Brussels sprouts results in a significant yield increase. 

 

RQ1.1: Does repeated farm compost application result in a significant yield increase for all 

four crops and if yes, how large is this effect? 

 

Significant yield effects were lacking in the first three years of the farm compost experiment. 

After the fourth annual farm compost application, the effect on crop yield became 

significant, illustrating that farm compost amendments can increase crop yields over time. 

The continuous application of compost is expected to result in considerable amounts of 

residual organic N which contribute to the accumulation of organic N in the soil and 

consequently to its fertilizer N value on the longer term. While in 2007 yields of all crops 

were significantly increased in the compost amended plots, this was not the case in the 

subsequent years. In 2008 and 2010, yields of three out of the four crops were significantly 

increased after farm compost application while in 2009 this was the case for two out of the 

four crops. At the 200N-level, which was regarded as being closest to current practice for 

the four crops at that time and consequently of interest to the farmer, the repeated farm 

compost application resulted in an average annual DM yield increase for potato, forage 

maize, and fodder beet of 3.3, 2.3 and 6.1%, respectively, and an average annual DM yield 

decrease of -0.9% for Brussels sprouts in the first three years of the farm compost experiment 

(i.e. 2004-2006). In the 2007-2010 period, DM-yield benefits for potato, forage maize, 

fodder beet and Brussels sprouts became more pronounced with average annual increases of 

6.8, 4.5, 11.3 and 7.4%, respectively. 
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RQ1.2: Is a potential positive effect on crop yield, merely a nitrogen effect? 

 

Our study confirmed the nitrogen fertilizing effect of compost application on crop yield. 

Already in the first growing season after compost application, our results showed that farm 

compost can replace a substantial part of the mineral nitrogen fertilization for potato, fodder 

beet and Brussels sprouts with positive NFRVs of 45, 76 and 21 kg N ha-1, respectively. The 

positive NFRVs also resulted in yield increases at the 0N fertilizer level for these three crops 

and throughout the studied period, the highest yield increases were noticed when mineral N 

supply was limited. In the first three years of the farm compost experiment (i.e. 2004-2006), 

the average annual NFRV for potato, fodder beet, forage maize and Brussels sprouts 

amounted -20.5, 29.5, -34.8 and -4.2 kg N ha-1 y-1. In the 2007-2010 period, average annual 

NFRVs became positive for all crops with values of 55.2, 12.2, 48.2 and 25.7 kg N ha-1 y-1 

for potato, fodder beet, forage maize and Brussels sprouts, respectively.  

On average over the seven year period (i.e. 2004-2010) the repeated application of farm 

compost resulted in a total N application of 93 kg N ha-1 y-1 (Table 2-2). Taking into account 

the calculated NFRVs for the four crops, our results showed relative NFRVs (= average 

NFRV for the period 2004-2010 for each crop / average total N application with compost 

for the period 2004-2010) of 24.5, 21.0, 13.6 and 13.8 % for potato, fodder beet, forage 

maize and Brussels sprouts, respectively. These results are in line with findings of Tits et al. 

(2014) who observed nitrogen recovery rates ranging from 6 to 22% after repeated 

application of VFG-compost. 

Non-N effects of compost application are best observed at non-N-limiting circumstances 

(e.g. at high mineral fertilizer rates). Table 2-3 shows mostly a linear relationship between 

DM-yields and the mineral N-fertilization, indicating that non-N-limiting circumstances for 

the crops in the farm compost experiment were probably found beyond the applied 

fertilization rates (up to 200 kg N ha-1). Consequently, the non-N effect of compost 

application on crop yield was difficult to assess in the farm compost experiment. However, 

the continually positive effect at 200N rate (especially in the period 2007-2010) is 

remarkable and may indicate that the positive yield effect of the farm compost was not only 

a N-contribution effect. We suggest that a yearly compost application not only supplies extra 

N, it also offers better growing opportunities to the crop, probably by changing the physical 

(water uptake, aeration,…), chemical (organic carbon content, pH,...) and biological 

properties (enhanced soil food web) of the soil. The effect of repeated farm compost 
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application on chemical, physical and biological soil quality will be discussed in H2 and 

RQ2.1-2.4.  

 

Conclusion: H1 is accepted. 

Benefits of an annual high-rate farm compost application on crop yield became significant 

after the fourth annual application. The positive effect of continual compost amendment is 

attributed both to a slow-release of N and to non-nitrogen effects. Average nitrogen recovery 

rates of 25.2, 21.6, 13.9 and 14.2% were observed for potato, fodder beet, forage maize and 

Brussels sprouts, respectively. 

6.1.2 Hypothesis H2 and research questions RQ2.1-2.4 

The repeated application of farm compost results in improved soil quality. 

 

RQ2.1: Does the repeated farm compost application result in an increase of the soil organic 

carbon content? 

 

After seven years of compost application the soil organic C content had increased 

significantly (+ 17%) in respect to the unamended plots. With a value of 1.25%, the SOC 

content of the compost amended plots lies between the target values for a sandy loam/loamy 

soil (i.e. 1.2-1.6%) which are set by the Soil Service of Belgium (Maes et al. 2012). Our 

results show, that over a depth of 15 cm approximately 30% of the carbon which was applied 

by the compost was retained in the soil. 

 

RQ2.2: What is the effect of repeated farm compost application on chemical soil quality? 

 

The SOC increase (RQ2.1) was complemented by a significant increase in total N content 

(+ 12%) which was highly positively correlated with the total carbon of the soil (R² = 0.77) 

indicating that the total N was tied up in organic matter. Our calculations show that over a 

depth of 15 cm approximately 45% of the total nitrogen which was applied by the compost 

was retained in the soil. The repeated application of 50 m³ ha-1 y-1 farm compost led to higher 

pH-KCl (+ 0.42 pH units) compared to the unamended plots. We assume that the high pH 

of the compost itself (pH-H2O > 8) played a minor role in pH buffering. The major 

mechanism responsible for the higher pH was probably related to the proton consumption 

capacity of humic material present in the compost which increases the buffer capacity of the 

soil.  
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Compost application was also accompanied by a higher ammonium lactate extractable P and 

K (significantly for K) content compared to the unamended plots. The clear K increase may 

be attributed to the large proportion of woody materials in the farm compost (30-50 vol% of 

wood chips and/or bark at the start of the composting process), which is a rich source of 

potassium. Although the unamended plots received an equivalent amount of mineral P and 

K as was applied with the compost in the farm compost experiment, P and K in compost are 

considered mostly as present in organic, stable forms. Consequently, our compost 

applications resulted in high total nutrient supplies, but the supply of crop-available nutrients 

during the first growing season after application was limited while the rest was only released 

in time. On average over the studied period (i.e. 2004-2010) the repeated amendment of farm 

compost resulted in a total P application of 28.3 kg P ha-1 y -1 (Table 2-1). The accumulation 

of P in soil over time might result in an increased risk for P transfer from soil to ground and 

surface water (De Bolle et al. 2013). However, research by Vanden Nest et al. (2014) on the 

effect of continuous application of different types of exogenous organic matter on P leaching 

losses, showed that in soils with a high P status the use of composts allowed SOC levels to 

be increased without increasing the risk of P leaching. 

 

RQ2.3: What is the effect of repeated farm compost application on physical soil quality? 

 

Long term application of farm compost resulted in a significant increase of the aggregate 

stability index (SI) which is known as an indication of soil aggregation. Soil aggregate size 

fractions 8.00–4.75 mm (+1.1%), 2.80–2.00 mm (+1.3%) and 1.00–0.50 mm (+3.6%) were 

significantly higher in the compost amended plots while the < 0.30 mm fraction was 

significantly lower when compost was applied (-9.7%) indicating that a higher fraction of 

the soil aggregates present were stable and thus did not disintegrate into smaller sized 

aggregate fractions. Besides an improvement of aggregate stability, the addition of farm 

compost reduced bulk density in the 0-15cm soil layer (on average -0.02 g cm-3) which may 

be attributed to the diluting effect of the organic components applied which were mixed with 

the dense mineral fractions of soils. As bulk density may serve as an indicator of soil 

compaction a similar positive effect of compost amendment on penetration resistance was 

expected. However, in our loamy sandy soil, compost application hardly changed 

penetration resistance. 
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RQ2.4: What is the effect of repeated farm compost application on biological soil quality? 

 

Farm compost resulted in a significantly higher microbial biomass C in the farm compost 

experiment (on average + 50%). The general increase in microbial biomass C can be 

attributed to the incorporation of exogenous organic matter, which functions as a carbon 

source and stimulates the microbial activity of the soil. The exogenous organic matter also 

serves as a food source for earthworms as the repeated application of farm compost resulted 

in a mean earthworm number and biomass increase of 60 earthworms m-2 and 12 g m-2 

respectively; an average earthworm number and biomass of 132 earthworms m-2 and 23 g 

m-2 respectively, was found in the unamended plots. Finally, the application of compost 

affected the nematode populations not only in composition but also in abundance. In general, 

farm compost amendment was accompanied by a higher relative (+ 7.6%) abundance of 

bacterivorous nematodes while the abundance of fungivorous nematodes was hardly 

changed. The latter may be linked to an overall low abundance of fungi in our experimental 

soil as was shown by the low ergosterol concentrations. The abundance of omnivorous and 

predator nematodes in the soil samples was also low and no clear trends or differences owing 

to farm compost could be observed. Consequently, values of the nematode-based ecological 

indices (i.e. SI, MI and ƩMI2-5), which describe diversity and species richness, were hardly 

changed in the farm compost experiment. Although the repeated application of organic 

amendments is believed to increase nematode diversity and species richness, this was not 

observed in the farm compost experiment. A possible explanation was given by Thoden et 

al. (2011), who stated that tillage poses a damage threat to all nematodes, but especially 

larger nematodes of which many are omnivorous or carnivorous species. Consequently, we 

question the use of those nematode-based ecological indices for monitoring soil quality 

changes in arable cropping systems where disturbance by tillage is frequently occurring. 

The significant reduction of plant-parasitic nematodes (in particular the root lesion nematode 

Pratylenchus) after repeated farm compost application was remarkable (on average -28%).  

To reveal the specific mechanisms which support the nematicidal effect of farm compost in 

the farm compost experiment, a bioassay, in which soil from the compost amended and the 

unamended plots is used, might be conducted. Next to the introduction of Pratylenchus spp. 

also other plant-parasitic nematode species might be added to the soil of such a bioassay to 

examine whether the nematicidal effect of the farm compost is pathogen-specific. 
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Conclusion: H2 is accepted. 

From the farm compost experiment it can be concluded that the frequent application of farm 

compost positively influenced chemical, physical and biological soil quality. Farm compost, 

enhanced both SOC and total N content, ammonium lactate extractable P and K, improved 

the pH-KCl, lowered soil bulk density and increased aggregate stability. Finally, compost 

amendment positively influenced soil biota by improving earthworm abundance, microbial 

biomass and the proportion of bacterivorous nematodes while suppressing plant-parasitic 

nematodes. 

 

From H1 and H2 it can be concluded that repeated farm compost application improves soil 

quality and results in higher crop yields in the long run. Although these factors may 

encourage farmers to use farm compost, there are important issues to consider as well.  

A first issue is compost availability. Table 3-1 shows that after six year of farm compost 

application, SOC content was increased by 0.13 percentage points compared to unamended 

plots. Therefore, an amount of approximately 300 m³ farm compost ha-1 was required. The 

results of the soil analyses carried out annually by the Soil Service of Belgium have shown 

that for the period 2008-2011, 43% of the arable soils in the ‘Vlaamse Zandstreek’ (i.e. the 

agricultural region in which the farm compost experiment is situated) showed a SOC content 

below the target values mentioned above. Taking into account the SOC increase which was 

noticed in the farm compost experiment after the repeated application of compost, more than 

25 000 000 m³ (or 4 200 000 m³ per year during a period of six year) farm compost would 

be required to reach the desired target values for SOC in all arable land (i.e. 98771 ha; 

personal communication FOD Economie – Algemene Directie Statistiek) in the ‘Vlaamse 

Zandstreek’. At farm level this would imply that a farmer with e.g. 50 ha of arable land 

would require approximately 915 m³ (= 50 ha * 43% * (4200000 m³ : 98771 ha)) farm 

compost each year during a period of six year. In order to produce such an amount the farmer 

would need the appropriate feedstock. In research by Vandecasteele et al. (2015), several 

farm composts on the basis of wood chips from a short rotation plantation have been 

produced. To produce 1 m³ of farm compost, approximately 250 kg of wood chip dry matter 

was required. As the poplar short rotation plantation yielded approximately 8 tons DM ha-1
 

y-1 (Vandecasteele et al. 2013), approximately 30 ha of short rotation coppice (SRC) would 

be required to produce 915 m³ farm compost each year (i.e. 60% of the total area of the 

arable farmer mentioned above). As such a number of hectares under SRC can be considered 

as unrealistic in Flemish agriculture, the supply of wood chips and bark would be insufficient 



129 

 

to produce the required amount of farm compost. Moreover, as willows (Vandecasteele et 

al. 2009) and poplars (Lettens et al. 2011) are characterized by a relatively high uptake of 

Cd, Zn and Mn, even on soils poor in heavy metals, wood chips or bark may affect the metal 

concentrations in the compost. Research by Vandecasteele et al. (2013) on the effect of 

composting on the heavy metal content in feedstock mixtures with wood chips from a SRC 

showed that especially for willow wood chips concentrations of Cd and Zn were high leading 

to high Cd concentrations at the end of the composting process exceeding the legal criterion. 

Therefore, future research should focus on alternative brown feedstocks such as growing 

substrates from greenhouses, structure-rich grass clippings from nature conservation areas, 

etc. which could replace (partially) the wood chips as brown material in the farm composting 

process, as was recommended by Viaene et al. (2015), who studied the opportunities and 

hindering factors for on-farm composting and compost application in Flanders.  

A second issue is the restriction of the use of organic fertilizers on agricultural land in 

Flanders due to the Flemish manure legislation. This legislation limits the amounts of 

nitrogen and phosphorous that can be applied by organic and mineral fertilizers, depending 

on the crop and soil type (Tits et al. 2014). However, as compost is known as a slow-release 

fertilizer, exceptions are made for the use of certified vegetable, fruit and garden waste and 

green compost as only a proportion of the total N and P content of the compost has to be 

taken into account when calculating maximum fertilization levels (VLM 2014). Such an 

exemption does not yet exist for farm compost but might be worthwhile to consider. 

Moreover, in Flanders certain agricultural enterprises (e.g. dairy farms) may be confronted 

with manure surpluses which limits the use of farm compost as an organic fertilizer even 

further. 

A final issue is the economic feasibility of on-farm compost production and application. The 

purchase of the required equipment (e.g. pile cover, compost turner) and (brown) feedstock 

for an optimal composting process may imply a major financial investment. A cooperation 

between different farmers and/or nature conservators might be an efficient way of reducing 

costs (Viaene et al. 2015).  
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6.1.3 Hypothesis H3 and research questions RQ3.1-3.5 

A positive relationship between soil quality and crop yields can be found after repeated 

application of farm compost in a crop rotation of potato, fodder beet, forage maize and 

Brussels sprouts. 

 

RQ3.1: Does soil organic carbon figure as a key indicator of soil quality in the minimum 

dataset (MDS)? 

 

Not surprisingly soil organic carbon is retained in the MDS. A considerable amount of 

research has assigned SOC as arguably the best single indicator of soil quality because of its 

impact on the other physical, chemical and biological indicators of soil quality (e.g. Shukla 

et al. 2006). This was confirmed in the farm compost experiment as well as SOC correlated 

positively with total N, ammonium lactate extractable K, pH-KCl, the aggregate stability 

index, the relative abundance of bacterivorous nematodes and microbial biomass C and 

negatively with HWC:SOC ratio, soil bulk density and the amount and relative abundance 

of plant-parasitic nematodes.  

 

RQ3.2: Which chemical, physical and biological soil properties are being identified as key 

indicators and are retained in the MDS? 

 

Among the chemical soil properties, total N was retained in the MDS. Although, total N 

showed a strong correlation with SOC, total N was retained in the MDS being an important 

indicator of soil fertility. We speculate that organic nitrogen in soils may act as a slow release 

fertilizer enhancing crop production. 

Although repeated farm compost application clearly enhanced soil physical quality (RQ2.3), 

none of the physical soil properties was retained in the MDS. We speculate that the yearly 

disruption of the soil structure by ploughing prevents the use of physical soil properties as 

stable indicators for monitoring changes in soil quality in the farm compost experiment. 

The relative amount of bacterivorous nematodes, microbial biomass carbon and earthworm 

number were identified as relevant biological indicators to compute soil quality in the present 

study and were retained in the MDS. Next to earthworm number, earthworm biomass was 

identified as a relevant indicator also. However, due to a high correlation coefficient between 

earthworm number and biomass, only earthworm number was added to the MDS instead of 

biomass. After all, earthworm number revealed more significant farm compost effects during 

the three sampling periods compared with biomass which showed higher standard 



131 

 

deviations. The selected biological soil properties have been considered as suitable 

biological indicators of soil quality and have been successfully used for assessing and 

monitoring the effects of intensive land-use management on soil quality by other researchers 

as well (e.g. Leroy 2008). In recent years, biological soil properties have been considered as 

early and sensitive indicators of modifications in soil management and can be used to predict 

long-term trends of soil quality (Yao et al. 2013). It has to be mentioned that in the farm 

compost experiment sampling date exerted a major influence on both earthworm and 

nematode abundance as was shown by the high nematode and earthworm abundance in fall 

compared to spring. Peaks in nematode and earthworm populations in fall may mainly be 

related to more favorable soil temperatures and soil moisture content in fall than in spring. 

Consequently, time of sampling should be taken into account when including biological soil 

properties for monitoring soil quality changes. 

 

RQ3.3: Does the repeated farm compost application result in a higher SQI? 

 

As shown in RQ2.1, RQ2.2 and RQ2.4, the soil properties which were retained in the MDS 

(i.e. SOC, total N, MBC, earthworm number and the relative abundance of bacterivorous 

nematodes) were significantly improved after repeated farm compost application. 

Consequently, the summed MDS indicator scores resulted in the highest SQI values for the 

farm compost treatments. 

 

RQ3.4: Is there a positive correlation between the SQI and crop production of all four 

crops? 

 

A significant, positive correlation between the SQI and yields of potato and fodder beet was 

found, suggesting a causal relationship between soil quality and crop production in these two 

crops. A similar significant correlation between the SQI and crop yields was missing for 

forage maize and Brussels sprouts. As potato and fodder beet are both tuber/root crops, we 

assume that they have benefited most from increased topsoil quality. It is known that beet 

crops require high quality seedbeds and are susceptible to topsoil compaction. Hanse et al. 

(2011) attributed an increase in sugar beet yield to improvements in soil structure. Our results 

clearly revealed that repeated farm compost applications were useful in improving soil 

physical quality (RQ2.3) which may eventually have led to improved fodder beet root 

growth. However, physical soil properties were not retained in the SQI, so future research is 

required to explain the causal relationship between improved top soil quality and higher 
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fodder beet yields. Potato, on the other hand, has a shallower root system than the other 

annual crops in the farm compost experiment. Similar research by Mallory and Porter (2007) 

showed an increase of 8-36 % in marketable potato yield with annual additions of organic 

amendments (manure and compost), independent of applied mineral fertilizer. In their 

research, the enhancement of the SOC content and its associated soil quality characteristics 

(i.e. cation exchange capacity and water holding capacity) were considered as being 

primarily responsible for the observed yield increase. 

 

RQ3.5: Which indicators have the strongest positive influence on crop yields? 

 

In the farm compost experiment, multiple regressions pointed out SOC as the most important 

indicator positively influencing crop yields. Finally, the linear regression equations between 

crop yields and SOC showed significant, positive correlations for potato, fodder beet and 

forage maize. Although, a significant relationship between SOC and forage maize yields was 

detected, a similar correlation between SQI and maize yield was missing (RQ3.6) which 

could be attributed to the presence of other indicators (apart from SOC) in the SQI as well. 

The highest slopes in the regression equations between crop yields and SOC were observed 

for forage maize and potato indicating that the expected increase in crop yield for a one-unit 

increase of SOC would be highest in these crops. In other words, forage maize and potato 

yields are expected to benefit most from an increase in SOC. According to the regression 

equations, a 0.1 percentage point increase of the SOC content (e.g. from 1.1% to 1.2%) 

would result in DM-yield increases of 3 and 2% for potato and forage maize, respectively. 

For forage maize yields, the positive effect of SOC was also indicated by the high beta 

coefficient in the multiple linear regressions between the MDS and forage maize yields. 

Biological soil properties (especially earthworm number) showed little influence on crop 

yields (Table 4-5). These findings are in line with results of van Groeningen et al. (2014) 

who studied, by means of a meta-analysis, the effect of earthworm abundance on crop yields. 

They concluded that improving N supply in N-limited systems is the main pathway through 

which earthworms increase plant growth. Consequently, earthworms are likely to be most 

beneficial when soil nitrogen availability is low. This was not the case in the farm compost 

experiment as earthworms were sampled at the highest N-fertilizer level (i.e. 200 kg N ha-

1). 
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Conclusion: H3 is only partially accepted. 

A positive relationship between soil quality and potato and fodder beet yields was found 

after repeated application of farm compost. When only taking into account the most 

important soil quality indicator (i.e. SOC) a significant linear relationship between SOC and 

crop yields of potato, fodder beet and forage maize was found. No such relationship was 

found for Brussels sprouts though. Our results also show that forage maize and potato yields 

are expected to benefit most from an increase in SOC. As discussed in RQ1.2, the set-up of 

the farm compost experiment prevents us from fully separating the nitrogen and the carbon 

effect in the soil on crop yields after repeated farm compost applications. 

6.1.4 Hypothesis H4 and research questions RQ4.1-4.2 

It is possible to generalize the use of the SQI to different cropping systems. 

 

RQ4.1: Could the SQI of chapter 4 successfully distinguish between the different maize-

based cropping systems? 

 

The SQI of chapter 4, which clearly distinguished between farm compost amended plots and 

plots without compost application (RQ3.5), was not sensitive enough to demonstrate 

significant differences between the different maize-based crop rotations in the crop rotation 

experiment. This could be partly explained because differences in soil quality between the 

different crop rotations were smaller than the soil quality changes in the different compost 

treatments in the farm compost experiment. Further, in the SQI soil properties were included 

which have been found most sensitive to organic matter management (i.e. SOC, total N, 

earthworm number, microbial biomass C and the relative abundance of bacterivorous 

nematodes). Except for SOC, other soil properties (i.e. bulk density) emerged as key 

indicators of soil quality in the crop rotation experiment. Our results confirms findings of 

Karlen et al. (2001) who stated that different land uses may require different properties of 

soil, and consequently different soil quality indicators. 

 

RQ4.2: How well can the model of Chapter 4 (which described the relation between the SOC 

and maize yield after repeated farm compost application) be applied to data of Chapter 5 

(maize-based crop rotations)? 

 

The model of Chapter 4 that described the linear relationship between forage maize yield 

and SOC content appeared to be invalid for use in the crop rotation experiment as was shown 
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by very poor values for several model efficiency statistics (i.e. R², NSE and RSR). Although 

a positive, significant linear relationship was found between the SOC content and the forage 

maize-yield of the different crop rotations, the model of Chapter 4 clearly overestimated 

forage maize yield in the different crop rotations which led us to the conclusion that 

supplementary variables such as fertilization level, local soil conditions, etc. played their 

role.  

 

The linear relationship between the SOC content and forage maize yield in both the farm 

compost and the crop rotation experiment is plotted in Figure 6-1. A significant, positive 

relationship was noticed in both field experiments. Figure 6-1 also shows that after 5-6 years, 

larger differences in SOC content were observed when farm compost is continually applied 

(i.e. maximal difference of 0.37 percentage points between compost and no compost) than 

when different crop rotations are being maintained (i.e. maximal difference of 0.19 

percentage points between monoculture and ley-arable). Further, a higher slope was noticed 

in the crop rotation experiment indicating that the expected increase in maize yield for a one-

unit increase of SOC would be highest in the maize-based crop rotations. 

 

Figure 6-1: Linear relationship between forage maize dry matter yield and soil organic carbon content 

(SOC) in the farm compost and the crop rotation experiment 
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Conclusion: H4 is rejected. 

The SQI of chapter 4 was not sensitive enough to demonstrate significant differences 

between the different maize-based crop rotations which leads us to the conclusion that the 

use of our index can’t be generalized yet. 
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6.2 Further research 

Our results clearly demonstrate that the use of farm compost contributes significantly to the 

improvement of the soil organic carbon content in the long term (RQ2.1). This is an 

important aspect for Flemish agriculture as soil monitoring conducted by the Soil Service of 

Belgium in the period 2008-2011 indicated that approximately 43% of the arable soils in the 

‘Vlaamse Zandstreek’ (i.e. the agricultural region in which the farm compost experiment is 

situated) showed a SOC content below the target values (Maes et al. 2012). However, as 

mentioned in 6.1.2, the Flemish manure legislation currently limits the use of farm compost 

and consequently the SOC sequestration potential on agricultural land in Flanders. This 

aspect was not taken into account in the farm compost experiment which was initiated to 

investigate the agricultural value of farm compost. For instance, the current legislation 

hampers the combined application of 50 m³ ha-1 farm compost and mineral fertilizer at a rate 

of 200 kg N ha-1 for forage maize and potato (presuming that the exceptions which are made 

for the use of certified compost would also be valid for farm compost). Therefore, further 

studies on farm compost application would benefit from including the limitations set by 

regulation in order to investigate whether the observed positive effects on the SOC content 

would be possible when using lower doses or less frequent applications of compost. And if 

not, whether an extra dose of compost (on top of the current nutrient legislations) should be 

considered in e.g. arable soils with low SOC content without increasing the risk for nutrient 

(i.e. N and P) leaching.  

 

Although a causal relationship between SOC and crop yield was found in the farm compost 

experiment, it remains difficult to attribute the observed yield increase unambiguously to an 

improved SOC content. After all, where differences in SOC are achieved by imposing 

treatments such as organic amendments (e.g. farm compost), the SOC effects are usually 

confounded with the nutritional effect of this treatment (discussed in RQ1.2). One way of 

isolating the effect of SOC was suggested by Stine and Weil (2002) who proposed, once soil 

C levels were altered, to treat all plots alike in the final years of the experiment (while 

providing sufficient mineral fertilization) to assess the residual effect of a SOC build-up or 

depletion. 

 

As discussed in RQ4.1, the SQI which clearly distinguished between farm compost amended 

plots and plots without compost application was not sensitive enough to demonstrate 
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significant differences between the different maize-based crop rotations in the crop rotation 

experiment. This implicates that the SQI needs further testing and a broader validation using 

data from long-term field experiments and farmers’ fields that vary in terms of site 

conditions, soil use and management practices before the use of the index can be generalized. 

Further testing of the present SQI output may imply the inclusion of other soil properties as 

well. As an example, indicators of the soil’s ability to supply water to plants such as 

infiltration rate and water holding capacity have not been considered in this study. As both 

experimental sites in 2009 and 2010 were not characterized by long drought periods, limited 

water availability was very unlikely. However, as more dry summer spells are expected in 

North-West Europe due to climate change (predictions made by the intergovernmental panel 

on climate change, IPCC 2014), the above mentioned indicators might gain importance when 

assessing soil quality in relation to crop yield. It has to be emphasized that in order to increase 

the understandability and the accessibility of the SQI to farmers, both the selected indicators 

and the SQI should not be too complex, too expensive nor both (Herrick 2000). After all, it 

was suggested by Andrews et al. (2002) that a fewer number of carefully chosen indicators, 

used in a simple index might suffice for adequately providing the information needed for 

decision making.  

 

In this thesis the SQI has been developed as a relative measure to distinguish between 

compost and no compost application and between different maize-based crop rotations. In 

order to use the SQI as an absolute value and a useful tool for the farmer to assess the quality 

of soils (irrespective of the applied management practices) in relation to crop production, 

threshold values of key indicators have to be determined for different regions, under different 

management and land use systems. Such critical limits, which must be maintained for normal 

functioning of the soil and for obtaining sustainable high yields, are required to monitor 

changes and determine trends in improvement or deterioration in soil quality for various 

ecosystems (Arshad and Martin 2002). Target values of several soil properties have already 

been proposed by van Eekeren and Philipsen (2014) for (permanent) grassland on peat soils 

in the Netherlands. Those target values may assist the dairy farmers in assessing soil quality 

while optimizing grassland production. Similar target values might be determined for arable 

and horticultural cropping systems, thereby taking into account that these systems are more 

variable owing to different crop types, tillage operations, etc. 
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Finally, in this thesis the SQI was related to crop yield as currently the production function 

of the soil is still seen as being the most important function to the farmer when determining 

soil quality. However, next to biomass production, the SQI could also be linked to other 

ecosystem services of the soil such as suppression of pests and diseases and nutrient supply 

and retention (e.g. N-mineralization) . As the use of fertilizers and pesticides may be further 

reduced in the future, these ecosystem services might become essential in the future. 
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