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Dankwoord 

 

Dit is het dan! Het resultaat van 4 jaar intensief werk, samen gebracht in dit boekje. Het 

doctoraatsproefschrift waar ik mijn naam mag onderschrijven. Een doctoraat maak je echter 

nooit alleen. Vele mensen hebben aan dit onderzoek rechtstreeks of onrechtstreeks mee 

gewerkt en wens ik dan ook uitdrukkelijk te bedanken. Ik leerde van thuis uit dat iets niet van 

'mij' was, maar van 'ons'. Het betekent zoveel als 'wat je hebt, deel je met anderen' en 'door 

samen te werken, bereik je zoveel meer'. Geen loze woorden zo bleek tijdens mijn doctoraat. 

 

Allereerst wil ik twee mensen bedanken die ongelooflijk veel tijd en moeite hebben gestoken 

in de begeleiding van dit doctoraat. Bart, bedankt voor de goede ideeën, de goede raad en 

voor het feit dat humor in onze samenwerking nooit ver te zoeken was. Zelfs niet in 

zwaardere periodes. Greet, bedankt om me naast de grote lijnen ook oog te laten hebben voor 

detail. Door jouw toedoen, was er ook voor ieder onderdeel van dit onderzoek aandacht voor 

de afwerking. Het feit dat jullie beiden tot vervelens toe steeds opnieuw dezelfde teksten 

lazen, waarin de letter 'P' meer voorkomt dan in welke tekst ook, en dit dan nog op de meest 

onmogelijke momenten, verdient een dikke pluim! Het doet me er aan denken dat jullie de 

letter P op den duur in het rond zagen vliegen... 

Daarom dit passende gedichtje van de grootmeester U. Servranckx. Voor de betekenis van dit 

gedicht, verwijs ik jullie gaarne door naar de gelijknamige sketch. 

 

Pe Pullen Pinken! 

Met de letter P van Pjandarm… 

Peven Paventemse Potten Pwommen Pes Pomerse Pondagen Ponder Pwembroek. 

Puster Pulma Paliger Pei: "Pe Pijn Pijle Peker Pot Peg? Pe Pullen Pinken!" 

 

Vervolgens wil ik graag mijn promotor prof. Roel Merckx bedanken. De fysieke afstand 

tussen ons was soms 1000den kilometers, maar toch was u nooit ver weg. Bedankt voor de 

bijsturingen en de goede tips. Ook Stijn Baken, Dries Verheyen, Christoff Van Moorleghem 

en Laetitia Six wil ik bedanken voor het verkleinen van de afstand tussen het ILVO en de 

KULeuven. Grote dank ook aan de leden van de examencommissie van dit doctoraat: Prof. 



 

 

Vankelecom, Dr. Cambier, Prof. Vanden Driessche, Prof. Diels, Prof. Smolders en Prof. 

Reheul, voor het nalezen van het proefschrift en de waardevolle commentaren. 

 

Voor het hierna beschreven onderzoek werden maar liefst 537 plantenstalen, 

1 194 waterstalen en 714 bodemstalen genomen, waar in totaal meer dan 10 500 analyses 

werden op uitgevoerd. Zulks een hoeveelheid kan je enkel aan op twee voorwaarden. Ten 

eerste de hulp van vele collega's, waarvoor nooit iets te veel is en ten tweede een fantastisch 

goede sfeer onder de collega's van ILVO-Plant-Teelt & Omgeving. 

Geert en Geert, Joost, Erwin, Peter, Wim, Koen en Jo, maar ook Jean-Pierre en Franky, 

bedankt voor de helpende handen. Er mag terecht gezegd worden dat jullie onmisbaar zijn 

voor de 'onderzoekers'. Velen zullen jullie de '(werk)mannen' noemen. Misschien is 

'professionals' meer op zijn plaats. Dankzij jullie vergeten wij niet dat de twee belangrijkste 

werktuigen van de mensheid, nog steeds de linker en de rechterhand zijn. Tevens grote dank 

aan Tommy, Mathias en Prof. Reheul. Jullie hebben niet alleen de voorliefde voor 

veldonderzoek in mij aangewakkerd, maar er tevens voor gezorgd dat ik niet te veel 'leergeld' 

moest betalen. 

Na het nemen van stalen, worden deze steeds overgebracht naar het labo. In mijn geval was 

dat het 'labo beneden'. Menig buitenstaander moet gedacht hebben dat daar vooral onderzoek 

naar lachgas werd uitgevoerd! Jasmien, Véronique, Joeri, Koen, Nick en Pieter, jullie zijn het 

levende bewijs dat humor en het uithalen van fratsen, de werkvreugde en het aantal analyses 

per seconde alleen maar doen toenemen! De collegiale band die jullie onder elkaar hebben is 

uniek. Ik hoop dan ook dat jullie nog lang zo kunnen verder werken. Aan het hoofd van dit 

goed draaiende labo staan ook twee fantastisch goede leidinggevenden, Chris en Bart. Jullie 

beiden zijn op de hoogte van werkelijk alles en kunnen als geen ander instaan voor de 

EHBTP, (Eerste Hulp Bij Technische Problemen). 

Graag wil ik ook alle collega onderzoekers en wetenschappelijk directeur Johan Van Waes 

bedanken. Steeds kon ik met vragen en voor advies terecht bij jullie allen. De sfeer onder de 

onderzoekers was ook steeds gemoedelijk. Ondanks dat niemand echt tijd heeft, wordt er toch 

steeds weer tijd vrij gemaakt om andere collega's bij te staan. Er zijn niet veel andere 

werkplekken waar dit het geval is. 

 

Naast de collega's kon ik ook steeds terugvallen op familie en vrienden. Moeder, vader, peter 

Jean en meter Josephine, bedankt! Bedankt dat jullie me de kans gaven te studeren wat ik 

graag deed. Bedankt dat jullie me altijd en overal in alles ondersteunden. Peter Jef en meter 



 

 

Netteke, jullie hebben dit moment niet meer mogen meemaken, maar ik ben er zeker van dat 

jullie me van daarboven ergens alles nauwlettend in het oog houden. 

 

Ken je dat zalige gevoel van 2 minuten na het sluiten van je bureaudeur na een lastige 

werkdag, al ongelooflijk hard je hersenen te moeten pijnigen om te herinneren waar je precies 

aan werkte in de voorbije dagen? Wel, dat gevoel kon ik bijna dagelijks ervaren in de voorbije 

4 jaar, dankzij al die activiteiten in de vele verenigingen die me nauw aan het hart liggen. De 

concerten, uitstappen en eetfestijnen van de koninklijke fanfare Sint-Cécilia Zellik, de 

trommelrepetities met het trommelkorps van de Chiro, het jaarlijks chirobivak met de meest 

fantastische kookploeg die een mens zich ook maar kan inbeelden, de vele activiteiten in ons 

jeugdhuis Time-out, de optredens in binnen en buitenland met de vendelgroep 'den 

Draposmaaiter' uit Jette, de herdenkingen en uitstappen met de Nationale Strijdersbond, en 

sinds kort de uitstappen met de fanfare de Werkmansvrienden uit Sint-Agatha-Berchem. Het 

belangrijkste vergeet ik dan nog. Het zalige gevoel van bij schemer te ploegen, zaaien, graan 

weg te voeren, stro te laden thuis of bij vrienden. Verder waren er ook al die fantastische 

weekends en avonden met Bokkie, Cools, Gert, Pieter-Jan, Jonathan en Jan, de vrienden van 

het boerenkot in Gent. Een vrije avond, weekend of regelmatig ook nacht, zijn nobele 

onbekenden voor mij. Altijd waren er momenten om iets op te bouwen, voor te bereiden, 

maar ook en vooral om plezier te maken! 

 

Tot slot wens ik me nog persoonlijk te richten tot 7 bijzondere mensen. Niet de 7 dwergen, of 

de 7 hoofdzondes, misschien eerder de 7 deugden? In ieder geval, er moet een mooi verhaaltje 

-of 'vertelselke' zoals we dat in oud-Zelliks zeggen- te schrijven met deze mensen in de 

hoofdrol... 

 

Koen Van Loo, de kleine Freud 

We hebben met elkaar kennis gemaakt door samen nieuwe ideeën uit te dokteren, praktische 

problemen met labo-analyses op te lossen en nieuwe protocols over P analyses uit te werken. 

Gaandeweg hebben we ook andere processen beginnen te onderzoeken, zoals het brouwen 

van bier. Zelden heb ik iemand zo gepassioneerd zien opgaan in labowerk, maar ook in de 

maatschappelijke psychologie! Ik wens je het allerbeste toe in labo van het ILVO en 

daarbuiten. En misschien nog dit. Tracht toch eens één van je vele vriendinnen te charmeren, 

want de ICP-OES mag dan wel vrouwelijk zijn, een echte relatie kan je dat nu toch niet 

noemen he... 



 

 

 

An Vanderhasselt, een vrouw met (appel)pit 

Toen ik te horen kreeg dat ik 3,5 jaar na de start van mijn doctoraat, plots mijn bureau ging 

moeten delen met iemand, was ik er niet gerust op. Een paar weken later was ik echter al 

helemaal op mijn gemak gesteld, wetende dat jij de 'nieuwe' was. Men zegt dikwijls 'de laatste 

loodjes wegen het zwaarst'. Ik heb dit aan de lijve ondervonden in mijn doctoraat. En het is 

vooral dankzij jou dat ik goesting had om door te zetten. Af te werken wat ik was begonnen. 

Wie er ook mijn bureaustoel zal innemen, als ik het ILVO verlaat, hij of zij zal niet weten 

welk geluk ze hebben om met jou een bureau te kunnen delen! Veel succes met je doctoraat 

en verdere plannen, ook buiten het onderzoek! Ik ben er van overtuigd dat je dat goed zal 

doen! 

 

Danny Van Kerschaver en Dieter Vanderschrick, twee handen op één buik 

Ook al gingen we elk onze eigen weg, ik kan me niet herinneren dat er in de voorbije 25 jaar 

één week voorbij ging, zonder dat ik niet één van jullie beiden ergens tegen kwam. Zoveel 

veranderde om ons heen, en toch bleven jullie steeds dezelfde. Ik heb me keer op keer 

geamuseerd met jullie en ik hoop dat nog te kunnen doen tot de laatste van mijn dagen. 

Bedankt voor de vele fijne momenten. Danny, bedankt ook voor de vele straffe verhalen, die 

we best NIET aan onze kleinkinderen vertellen. Dieter, bedankt ook voor de vele momenten 

waarop we informatie uitwisselden en discussieerden over landbouwmachines. 

 

Tijs Longin, de man met onuitputtelijke energie en Jonathan De Mey, de Brugse trombonist 

Jullie kennen elkaar niet, en toch noem ik jullie graag tezamen. Jullie waren de vrienden waar 

ik steeds kon en kan op terugvallen. Iedereen heeft wel eens een mindere periode. Het leven 

gaat op en af, dat is normaal. Maar dankzij jullie waren de downs minder diep en de ups, een 

stuk hoger. Ik kon steeds op jullie rekenen op de meest onmogelijke momenten. Ik ben jullie 

daar enorm dankbaar voor. Ik wens jullie beiden heel veel geluk toe in alle fijne dingen die 

nog moeten komen! 

 

Jean Gillesjans, Jean van de maalder, peter 

Ik weet niet onmiddellijk wat te schrijven. We vloeken dikwijls eens op elkaar en we weten 

het al wel eens beter, maar jij bent altijd fier geweest op mij en ik op jou. Wat zouden we 

doen zonder elkaar? 92 jaar! en dan zeg je soms wel dat je oud en versleten bent, maar je blijft 

maar doorgaan! Niet alleen het huishouden heb je er bij genomen toen meter slechter te been 



 

 

werd, je blijft maar door werken. Zowel met oud als nieuw materiaal en zowel met kleine als 

grote vrachten. Als meter zegt dat jij toch afkomstig moet zijn van een sterk ras, dan kan ik 

haar woorden alleen maar bij staan. Bedankt voor alles wat je me bijleert, maar ook bedankt 

om soms ook eens te luisteren naar mij en mijn nieuwe probeersels. Dit laatste kan niet altijd 

makkelijk zijn voor jou. Jouw generatie maakte de grootste evolutie in de geschiedenis der 

mensheid tot dusver mee. Als kind werd jullie huis verlicht met gaslampen en draaide de 

molen op stoomkracht, en vandaag gebruik jij de GPS om met de auto de weg te vinden en 

plug jij je USB stick in de televisie in om naar een film te kijken. Ik hoop dat we nog vele 

vele dingen samen kunnen uitvoeren! 

  



 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“Time learns you that you need a lot of time to learn…” 
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Samenvatting 

 

Fosfor (P) is een essentieel voedingselement voor alle levende organismen. P is aanwezig in 

iedere levende cel, dat door geen enkel ander chemisch element kan vervangen worden in zijn 

vitale rol in vele verschillende fysiologische en biochemische processen. P is echter een 

delfstof, waarvan de voorraad in de aardkorst eindig is. Daarom is er steeds meer aandacht om 

minerale P te vervangen door gerecycleerde P uit bv. afvalstoffen en mest. 

Vele landbouwbodems, vooral in de tropen zijn P-deficiënt. Toch zijn er heel wat regio’s 

zoals Noordwest-Europa, de regio van de Baltische zee, verscheidene staten in de Verenigde 

Staten en meerdere provincies in China, waar P-accumulatie in de bodem kon plaatsvinden 

door de hoge P bemesting van deze bodems in de voorbije decennia. Dit is vooral te wijten 

aan (i) de grote beschikbaarheid van goedkope minerale P en/of (ii) de grote veestapels, die 

worden gevoed met ingevoerd voeder. Via het voeder wordt ook P ingevoerd, dat grotendeels 

terecht komt in de mest, die dan weer in de directe omgeving van de veestapel op de 

landbouwbodems massaal wordt afgezet. P is vrij immobiel in de bodem doordat het wordt 

vastgehouden via sorptie met kleideeltjes, Fe- en Al- (hydr)oxiden, organische stof en 

carbonaten. Desalniettemin heeft iedere bodem een maximumcapaciteit om P vast te houden. 

Het blijvend toepassen van P-houdende meststoffen aan een niveau hoger dan de fyto-

extractie, leidt er uiteindelijk toe dat P zal weglekken naar het milieu toe. De hoeveelheid  

P-verlies wordt enerzijds bepaald door de hoeveelheid P die in de bodem is geadsorbeerd en 

anderzijds door de sorptiekracht van de bodem. Dit impliceert dat P-uitspoeling vooral 

beïnvloed wordt door de P-aanvoer. In meerdere lange termijnstudies werd echter vastgesteld 

dat in bodems met aanvoer van organische stof, de P-intensiteit in de bodem toenam in 

vergelijking met dezelfde bodems, met eenzelfde P-aanvoer via minerale meststoffen. Dit 

duidt erop dat ook het type organische meststof en meer bepaald zijn chemische 

samenstelling, een invloed kan hebben op P-uitspoeling. 

In Vlaanderen zijn er vele intensief beheerde landbouwbodems die de voorbije decennia een 

daling kenden in het organische stofgehalte van de bodem en die door overbemesting 

momenteel een erg hoge P-status hebben (P-AL>>180 mg kg-1 droge bodem). Een van de 
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strategieën om het organische stofgehalte van de bodem op peil te houden, is het telen van 

vanggewassen in het najaar en het vervolgens inwerken van de geproduceerde biomassa in het 

voorjaar. Het inwerken van deze plantenmassa aan het begin van de lente, kan echter de P-

mineralisatie stimuleren op een moment dat er nog geen volggewas is geïnstalleerd dat deze P 

kan opnemen. In bodems met een excessief hoog P-gehalte, zou dit extra gemineraliseerde P 

de P-uitspoeling kunnen verhogen. Een andere strategie om het organische stofgehalte van de 

bodem te verhogen, is het toepassen van organische meststoffen zoals stalmest, compost, 

digestaatproducten e.d.. De organisch-chemische samenstelling van deze producten is echter 

sterk verschillend. Dit heeft een sterke invloed op het potentieel dat deze stoffen hebben om 

het organische stofgehalte van de bodem te verhogen. Mogelijks heeft dit ook invloed op de 

P-uitspoeling. Deze studie werd opgestart om uit te zoeken welke organische meststoffen het 

meeste potentieel hebben om de bodemorganische stof te verhogen of ten minste aan te 

houden, zonder hierbij de P-uitspoeling te laten toenemen. 

Er werd onderzocht wat het effect was van het inwerken van gewasresten van gele mosterd 

(Sinapis alba L.), Italiaans raaigras (Lolium multiflorum L.), Japanse haver (Avena strigosa 

L.) en een mengteelt van Engels raaigras/witte klaver (Lolium perenne L./Trifolium repens L.) 

op de P-uitspoeling in het vroege voorjaar in een bodem met hoog P-gehalte  

(P-AL=240 mg kg-1 droge bodem). Hiertoe werd bij een veldproef waar deze vanggewassen 

werden geteeld, het gewas en de bodem bemonsterd. De biomassa van de vanggewassen werd 

aan een dosis, overeenkomstig de biomassa-opbrengst aan de bodemstalen toegevoegd, 

gemengd en opgezet in een uitspoelingsexperiment onder labo-omstandigheden. Het inwerken 

van de gewasresten van gele mosterd, Italiaans raaigras en de mengteelt Engels raaigras/witte 

klaver, kon de P-uitspoeling met 40% verlagen in vergelijking met de braakliggende bodem 

en de bodem waar Japanse haver werd ingewerkt. Het inwerken van Italiaans raaigras en 

Engels raaigras/witte klaver induceerde P-immobilisatie en verlaagde daardoor de  

P-uitspoeling. De gewasresten van gele mosterd en Japanse haver waren weinig 

biodegradeerbaar, waardoor geen of weinig P-mineralisatie kon plaatsvinden. Japanse haver 

bevatte echter veel grotere hoeveelheden makkelijk wateroplosbaar P. P kon dus uit het 

plantenmateriaal van Japanse haver in grote mate weglekken, waardoor de P-uitspoeling bij 

Japanse haver vergelijkbaar was aan deze van de braakliggende bodem. Het inwerken van 

deze groenbemesters zal de P-uitspoeling niet verhogen. Dit experiment dient echter herhaald 

te worden met meerdere verschillende plantenresten en in verschillende groeistadia (en dus 



iii 

 

 

een verschillend stadium van  biodegradeerbaarheid), zodat de onderliggende mechanismen 

beter in kaart kunnen gebracht worden. 

Het lange termijneffect van het toedienen van organische meststoffen op de P-intensiteit van 

de bodem, de P-uitspoeling en het organische stofgehalte van de bodem werd onderzocht via 

de opvolging van twee lange termijn bemestingsproeven. Een eerste veldproef in Melle, 

België (Universiteit Gent, °2005, zandleem) werd bemonsterd om de effecten op de bodem 

van 2 types boerderijcompost gebaseerd op plantaardig afval, GFT-compost, runderstalmest 

en rundermengmest te vergelijken met een mineraal (NPK) en een niet-bemeste bodem. Een 

tweede veldproef in Feucherolles, Frankrijk (INRA France, °1998, leem) werd bemonsterd 

om de effecten op de bodem van 2 types compost op basis van plantaardig afval en 

runderstalmest te vergelijken met een bodem bemest met enkel minerale N (geen  

P-bemesting). In de veldproef in Melle leidde het toepassen van de composten en stalmest tot 

de opbouw van een organisch koolstofgehalte in de bodem tussen 1.21 en 1.32%, in 

vergelijking met 1.03% voor de mineraal bemeste bodem. Ook in Feucherolles kon het 

organische koolstofgehalte van de bodem met compost en stalmest worden verhoogd tot 1.30-

1.58%, in vergelijking met 1.05% voor de met minerale N bemeste bodem. Ondanks het 

gelijke potentieel van de composten en de stalmest om organische koolstof op te bouwen in de 

bodem, werd door stalmesttoediening ook de P intensiteit –gemeten in een 0.01 M CaCl2  

(P-CaCl2) en heet water (HWP) extract- significant verhoogd door toepassing van stalmest, in 

vergelijking met de controlebodems. Dit was niet het geval voor compost. Uit 

uitspoelingsexperimenten op basis van bodemstalen van beide proeven, bleek dat dit ook een 

verhogend effect had op de P-uitspoeling in de met stalmest bemeste bodems. P-concentraties 

in het uitspoelingswater van de bodems met stalmestbemesting in Feucherolles was 1.5 tot  

3 keer hoger dan in de bodems met compost en minerale N bemesting. 

Gezien P-CaCl2 metingen makkelijk worden beïnvloed door omgevingsomstandigheden, werd 

er in de veldproef in Melle nagekeken of de verhoogde P-intensiteit en P-concentratie in 

uitspoelingswater onder stalmestbemesting geen tijdelijk effect was. Hiervoor werden in alle 

behandelingen van deze veldproef P-CaCl2 en HWP opgevolgd van 8 september 2012 tot  

12 oktober 2013. Uit deze metingen bleek dat alle behandelingen dezelfde seizoenale trend 

vertoonden. Deze seizoenale trend is te linken aan trends in pH-H2O, temperatuur, neerslag en 

P-opname door de gewassen. De P-CaCl2 metingen in de bodem met stalmestbemesting 

volgde deze seizoenale trend, maar was op ieder staalnametijdstip significant hoger dan alle 
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andere behandelingen. Dit geeft dus aan dat de verhoogde P intensiteit in deze bodem geen 

tijdelijk fenomeen is. 

Via een sorptie-experiment met radioactief gelabeld 33PO4, werd de orthofosfaat 

distributiecoëfficiënt als schatter van de sorptiekracht van de bodem in bovenstaande 

veldproeven gemeten. Deze bleek sterk negatief gecorreleerd te zijn aan de totale  

P-concentraties die in het uitspoelingswater werden vastgesteld. Dit wijst er op dat het effect 

van stalmest op P-uitspoeling te wijten is aan een inwerking van de stalmest op de 

orthofosfaat sorptiekracht van de bodem, eerder dan van een verhoogde mobiliteit van 

organische P-complexen uit de stalmest. 

Zowel compost als stalmest zijn als organische meststof een bron van organische zuren. Deze 

zuren kunnen P bindingsplaatsen (Fe en AL (hydr)oxiden) op bodempartikels cheleren en 

daardoor dus het aantal bindingsplaatsen voor orthofosfaat reduceren. Verder kunnen deze 

organische zuren ook in competitie treden met orthofosfaat op deze bindingsplaatsen. We 

stellen als hypothese voorop, dat gezien compost een meer afgebroken en stabiel product is 

dan stalmest, er minder organische zuren vrijkomen in de bodem bij composttoevoeging dan 

bij stalmesttoevoeging. Daarenboven nemen we ook aan dat meer, en meer stabiele  

P-bevattende organische complexen gevormd worden in compost dan in stalmest. Deze 

complexen kunnen P beschermen tegen oplossen in de bodemoplossing. Dit betekent dat 

stalmest niet alleen meer organische zuren vrijstelt, maar gelijktijdig ook meer P, dan compost 

op basis van plantaardig afval. Uit onze resultaten bleek dat de verschillen in P-uitspoeling 

niet kunnen gelinkt worden aan een pH-effect. Er werden verder geen bewijzen gevonden 

voor een eventuele neerslag van Ca-P in de met compost behandelde bodems, in vergelijking 

met de bodems bemest met stalmest. 

Een derde bemestingsproef (Universiteit Gent, °2010, zandleem) werd bemonsterd om (i) het 

effect van verschillende digestaatproducten als vervanger van minerale en dierlijke 

meststoffen, en (ii) het effect van stopzetting van de P-bemesting, in vergelijking met de 

continue minerale P-bemesting a rato van 37 kg P ha-1 jaar-1, op de P-intensiteit van de bodem 

(P-CaCl2 en HWP), desorbeerbaar P (P-AL) en P-uitspoeling (P-concentraties in 

uitspoelingswater) in kaart te brengen. Het bemesten van de bodem met de dikke fractie van 

mechanische digestaatscheiding, verhoogde zowel de P-CaCl2 als de P-uitspoeling met 20%, 

in vergelijking met minerale bemesting en runderdrijfmest aan de zelfde P-dosis. Dit wijst er 
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op dat naast stalmest, ook andere meststoffen de P-intensiteit en –uitspoeling kunnen 

beïnvloeden. Het stopzetten van de P-bemesting reduceerde de P concentraties in 

uitspoelingswater van 0.43 naar 0.30 mg P l-1, in vergelijking met de continue minerale  

P-bemesting in de eerste 4 jaar van dit veldexperiment, zonder enig gevolg voor 

gewasopbrengst en P-export door het gewas. 

Op basis van de bovenstaande drie veldproeven, en twee extra bemestingsproeven, uitgevoerd 

door ILVO en Universiteit Gent op zandleembodems, werd een dataset opgebouwd om de  

P-concentraties in het uitspoelingswater van de uitspoelingsexperimenten via een model te 

voorspellen. Hieruit bleek dat het voorspellingsmodel best werd gebaseerd op metingen van 

de P-intensiteit van de bodem zoals P-CaCl2 en HWP. Deze parameters worden echter 

makkelijk door de omgevingsomstandigheden beïnvloed. Een voorspellingsmodel, gebaseerd 

op P-CaCl2 en HWP, zal slechts kunnen gebruikt worden in de directe periode na staalname, 

tenzij de invloed van de omgevingsomstandigheden op deze parameters in het model kan 

worden ingevoegd. Dit is echter onderwerp voor toekomstig onderzoek. 

Op basis van de dataset werd ook onderzocht in hoeverre de P-intensiteit in de bodem wordt 

bepaald door het type organische meststof. Hiertoe werden de verschillende behandelingen 

van de vijf veldproeven opgedeeld in de algemene categorieën: rundermengmest, minerale 

meststof, runderstalmest en compost op basis van plantaardig afval. Uit de data-analyse bleek 

echter dat over alle veldproeven heen, de P-intensiteit wordt bepaald door het P-gehalte van 

de bodem (P-AL, totaal P-gehalte van de bodem…) aangezien er relatief grote verschillen 

waren in het P-gehalte van de bodems in deze dataset. De hoeveelheid P die in de 

bodemoplossing kan terecht komen, is grotendeels afhankelijk van het P-gehalte van de 

bodem wat op zich te wijten is aan de bemestingsgeschiedenis, en niet zozeer aan de 

bemestingsbehandelingen in de proeven gedurende de laatste 4 tot 16 jaar. Desalniettemin 

werden er duidelijke effecten van bemestingstype geconstateerd op de P-uitspoeling in de 

afzonderlijke veldproeven in deze studie. Dit duidt er op dat de keuze van de meststof wel 

degelijk belangrijk blijft om P-uitspoeling te beperken. In een bodem met een excessief hoog 

P-gehalte is compost op basis van plantaardig afval een beter product om het organische 

stofgehalte van de bodem te verhogen dan runderstalmest. In een bodem die arm is aan P 

daarentegen, zal dankzij een verhoogde P-intensiteit van de bodem, meer P beschikbaar zijn 

voor het gewas indien runderstalmest wordt toegepast i.p.v. compost. De onderliggende 

mechanismen zijn echter nog punt van discussie. Toekomstig onderzoek wordt best gefocust 
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op het verband tussen de organische en chemische samenstelling (C/P, biodegradeerbaarheid, 

organische zuren, biochemische samenstelling, stro/mest verhouding, productstabiliteit,  

Ca-gehalte, pH, …) van de organische meststoffen en hun impact op P-sorptie en –intensiteit 

in de bodem en de P-uitspoeling. 
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Summary 

 

Phosphorus (P) is an essential nutrient for all living organisms. P is present in every living 

cell, and no other element can replace it in its vital role in several physiological and 

biochemical processes. However, its supply in the earth’s crust is limited. P is of most 

concern because of the rate of exploitation of this non-renewable resource to meet current 

demand. Globally, recycling processes gain in interest to reduce the required amount of mined 

P. 

Many agricultural soils around the globe, mainly in tropical regions, are P deficient. However, 

in many agricultural regions such as Northwestern Europe, several states in the United States 

of America, the Baltic sea region and several provinces in China, P accumulation took place 

in the past decades, due to high doses of P fertilization. These are due to (i) the availability of 

cheap mineral P fertilizers and/or (ii) the large livestock, fed with large amounts of imported 

feed. These feeds contain large amounts of P, transferred inefficiently by animals to animal 

products and largely transferred to animal manure, that is mainly applied on the agricultural 

fields nearby. P is being sorbed to the soil by reactive clay particles, Ca, Al and  

Fe (hydr)oxides, organic matter and carbonates and is therefore quite immobile in the soil. 

However, all soils have a finite capacity to retain P and continued application of fertilizers 

will ultimately reach the environmental limit for safe storage of P. The amount of P lost to the 

environment with non-point leaching, will be determined by the sorbed amount of P and the  

P retention capabilities of the soil. This implies that P leaching is mainly determined by the 

total P fertilization. However in several studies based on long term field trials, it was observed 

that with the addition of organic amendments to the soil, soil P intensity and P leaching were 

increased, compared to mineral fertilizers at the same P input level. This means that the 

eventual P leaching will also be determined by the type of fertilizer and his chemical 

composition. 

In Flanders, many intensively managed agricultural soils suffer from decreasing soil organic 

carbon (SOC) levels, but have also extremely elevated P contents  
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(P-AL >> 180 mg kg-1 dry soil). One of the strategies to maintain the SOC levels, is growing 

catch crops during autumn, and incorporating the produced biomass in early spring. 

Incorporation of catch crops in early spring, can however induce P mineralization, before the 

next crop is installed and starts taking up P from the soil solution. We hypothesized that in 

excessively P containing soils thiese catch crop residues increase the P leaching losses. 

Another strategy is adding organic amendments to the soil by applying a wide variety of 

organic fertilizers such as animal slurries, farmyard manure, several types of compost, 

processed digestate products, etc. However, the chemical and organic matter composition of 

these organic fertilizers is very different, which has an important influence on the potential to 

increase the SOC level. Furthermore, it is not known which influence these differences have 

on P leaching. This study was conducted to investigate which organic fertilizers have the 

highest potential to increase or at least maintain the SOC level without any further increase in 

P leaching. 

We investigated whether P leaching was increased by winter/early spring incorporation of 

catch crop residues from white mustard (Sinapis alba L.), Italian ryegrass (Lolium 

multiflorum L.), black oats (Avena strigosa L.) and a mixture of perennial ryegrass/white 

clover (Lolium perenne L./Trifolium repens L.). The incorporation of the catch crop residues 

was imitated by mixing a sample of the soil where the catch crop was grown, with a plant 

sample at a dose equal to the biomass crop yield of the catch crop in the field trial and in the 

state the plant tissue was in early spring. By conducting a leaching experiment with these 

mixtures, the influence of the incorporated catch crop residue on the P leaching could be 

compared with the fallow soil. Incorporation of white mustard, Italian ryegrass and perennial 

ryegrass/white clover crop residues, resulted in an approximately 40% decrease of  

P concentrations in the leachate, compared to the fallow soil and the soil with incorporation of 

black oats. We indicated that Italian ryegrass and perennial ryegrass/white clover 

incorporation reduced the P leaching by P immobilization processes. In contrast, 

decomposition of the white mustard and black oats was small. Little or no P was mineralized 

by these catch crop residues. The crop residues of black oats contained however 5 times more 

soluble P compared to white mustard crop residues. P in the black oats was eventually leaked 

out of the plant tissue during the leaching experiment, leading to P concentrations in the 

leachates, comparable to those of the fallow soil. We conclude that incorporation of the 

studied catch crops do not increase P leaching. Repeating this experiment with more types of 

catch crops and at different growth stages (and therefore different in composition and 



ix 

 

 

biodegradability) will help to understand better the effects of decomposition of plant residues 

on P leaching. 

In order to investigate the influence of organic amendments on SOC levels, soil P intensity 

and P leaching on the long term, two long term fertilizer field trials were intensively sampled 

during this study. The first field trial at Melle, Belgium (Ghent University,° 2005, silt loam) 

was sampled to compare the influences of the long term application of 3 different types of 

plant-based composts, dairy farmyard manure and cattle slurry with the long term application 

of mineral fertilizer (NPK) and a non-fertilized soil. The second field trial at Feucherolles, 

France (INRA France,°1998, silt loam) was sampled to compare 2 different types of plant-

based composts and dairy farmyard manure with mineral N fertilizer (no P fertilization). In 

the field trial at Melle, applications of dairy farmyard manure and plant-based composts could 

enhance the SOC levels to 1.21-1.32%, compared to 1.03% for the mineral fertilized soil. In 

the field trial at Feucherolles, applications of dairy farmyard manure and plant-based 

composts had comparable effects on the SOC level, which increased to 1.30-1.58%, compared 

to 1.05% in the mineral N fertilized soils. In both field trials, the soil P intensity was however 

significantly increased in the soils with farmyard manure applications, compared to the 

mineral fertilized soils. In contrast, applications of compost at the field trial in Melle did not 

increase the soil P intensity, measured as 0.01 M CaCl2 extractable P (P-CaCl2) and hot water 

extractable P (HWP), compared to a non-fertilized soil. Similarly in the field trial at 

Feucherolles, the repeated application of composts based on plant material resulted in a 

comparable soil P intensity compared to the mineral N fertilized soil with no P input. Soil 

samples from both field trials were also brought to the laboratory to conduct leaching 

experiments. These experiments revealed that P concentrations in the leachates from dairy 

farmyard manure amended soils, were also significantly increased, compared to compost and 

mineral fertilized soils. In the field trial at Feucherolles, the total P concentration in the 

leachates per unit of P fertilized since the beginning of the experiment was 1.5 to 3 times 

increased for farmyard manure amended soils, compared to the compost amended and mineral 

fertilized soils. 

Since P-CaCl2 is easily influenced by environmental conditions, it was checked whether the 

increased soil P intensity levels and P concentrations in the leachates from the farmyard 

manure amended soils were increased the whole season. From 8th September 2012 to  

12th October 2013, P-CaCl2 and HWP were monitored in all treatments of the field trial in 
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Melle. The seasonal fluctuations in P-CaCl2 and HWP were similar for all treatments and 

could be explained by seasonal changes in pH-H2O, temperature, precipitation and P uptake 

by crops. P-CaCl2 and HWP were throughout the whole season significantly increased in the 

soil with addition of dairy farmyard manure, compared to all other treatments. This proves 

that the increased soil P intensity was not a random phenomenon. 

In a sorption experiment with radioactive labelled 33PO4, the orthophosphate distribution 

coefficient as estimator of the soil orthophosphate sorption strength was determined in both 

field trials. The P concentrations in the leachates of the leaching experiments were strongly 

negatively correlated to the soil orthophosphate sorption strength, which means that the 

adsorption of orthophosphate is affected by the organic fertilizer type, rather than a difference 

in organic P mobility between the organic fertilizers. The long term application of farmyard 

manure decreased the orthophosphate adsorption strength of the soil, where long term 

amendments of composts based on plant-based tended to have no or even an increasing effect 

on the soil orthophosphate adsorption strength. 

Both compost and farmyard manure will release organic acids in the soil that can chelate P 

sorption sites and compete strongly with orthophosphate on these P sorption sites (Fe and  

Al (hydr)oxides). In addition, organic C in organic fertilizer amendments forms stable 

complexes with P and enhances P retention in organic fertilizer amended soils. Since compost 

is a more decomposed and stable product than farmyard manure, we speculated that the 

release of organic acids from compost is smaller than from farmyard manure. Furthermore, 

more and more stable P containing organic C complexes are formed during composting of 

plant-based. We hypothesize that P amended with compost is retained in compost particles 

and is less soluble, whereas P and organic acids are rapidly released by farmyard manure. 

Based on our results, the differences in soil P sorption are less likely to be a pH-effect. We 

also found no evidence for Ca-P forming in or induced by plant-based composts. 

A third fertilization trial (Ghent University, °2010, silt loam) was sampled (i) to compare the 

effects of several processed digestate products with mineral fertilizers, VFG compost and 

animal manure, and (ii) to compare the effects of zero P fertilization, with continued yearly 

mineral P fertilization at 37 kg P ha-1, on soil P intensity (P-CaCl2 and HWP), desorbable  

P stocks (P-AL) and P leaching (P concentrations in leachates). Substitution of mineral  

P fertilization by the solid fraction of mechanical separation of digestate from anaerobic 
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digestion of plant material, increased both the soil P availability (P-CaCl2) and P leaching  

(P concentrations in leachates) by approximately 20%, compared to mineral P fertilization at 

an equal P fertilization rate of 37 kg P ha-1 yr-1. Similarly to dairy farmyard manure, the 

composition of this processed digestate product influenced clearly the properties of the soil, to 

retain P. Reduction to zero P fertilization significantly reduced the P concentrations in soil 

leachates from 0.43 mg P l-1 to 0.30 mg P l-1, without any further effects on crop yield and P 

export. 

A pooled dataset was compiled with the data of the three field trials above and the data of two 

additional long term fertilizer field trials, conducted in silt loam soils in Melle (ILVO and 

Ghent University) to compile prediction models for P concentrations in soil leachates based 

on soil parameters. We observed that such a model is preferably based on soil P availability 

parameters P-CaCl2 or HWP. Although the P-CaCl2 based model had the highest model 

efficiency, P-CaCl2 fluctuates throughout the season. This means that P-CaCl2 can only 

predict the P leaching short after the soil sampling, or that the parameters that induce the 

seasonal trends in P-CaCl2 such as pH-H2O, need to be included in the model. 

The pooled dataset was also used to investigate whether farmyard manure, mineral fertilizers, 

cattle slurry and composts based on vegetal debris have a different effect on the soil  

P intensity. Based on this dataset, the soil P intensity was not determined by the fertilizer type, 

but however by the soil P content (P-AL and total P content of the soil). As this dataset 

contains soils with a large range of P contents, this could be expected. The eventual amount of 

P that becomes available in the soil solution will be determined by the soil P content. 

However, within one field, with the same P fertilizer history and P content, the capacity to 

retain P in the soil will be dependent on the fertilizer type. This is supported by the effect of 

fertilizers, that was observed in the long term fertilizer field trials separately. Although soil A 

with a larger soil P content than soil B, will result in a larger soil P intensity, the application 

of dairy farmyard manure will increase the soil P intensity and P concentrations in soil 

leachates in both soils. Based on this study, compost based on vegetal debris is a better option 

than farmyard manure to enhance SOC levels in (historical) excessively P fertilized soils. In 

contrast to farmyard manure, composts enhance the SOC levels without an increase in  

P leaching losses, compared to the reference situation. The underlying mechanism is however 

not yet fully understood and should be subject of further research. We suggest that future 

research should focus on the properties (straw/manure ratio, C/P ratio, biodegradability, 
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organic acid content, biochemical composition, product stability, Ca content, pH, …) of 

farmyard manure, but also other organic fertilizers, that have an impact on soil P intensity and 

P leaching. 
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OP 
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Ptot soil total P mg P kg-1 

SOC soil organic C % 

TDC 

TDC 

total dissolved C concentration in eluate 

cumulative eluted total dissolved C in leaching water 

mg C l-1 
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Illustration: 

Overview of some field trials with maize, ryegrass and soybean for variety or cultivation 

technique testing on one of the sites of the Institute for Agricultural and Fisheries Research 

(ILVO) on July 3rd 2014. In the background, on the right side of the road, the seed storage of 

the ILVO business unit, greenhouses, and laboratory for soil and plant analysis of the Crop 

Husbandry and Environment Research Unit on the Burgemeester van Gansberghelaan 109, 

9820 Merelbeke, Belgium. 
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1 Chapter 1 

Introduction: 

 Research background, general objectives and thesis outline 

1.1 P leaching losses and decreasing soil organic carbon (SOC) 

levels in arable soils in Flanders 

1.1.1 The element phosphorus 

Phosphorus (P) is an essential nutrient for plants and animals and is critically important for 

the production of crops, animals, and animal products and thus to the food needs of a growing 

world population (Sims and Baker, 2004). The amount of plant available P in agricultural 

soils is often inadequate, and P is therefore applied in form of inorganic and/or organic  

P fertilizers. However, the amount of P applied often exceeds the plant uptake, which results 

in a build-up of P in the soil (Börling, 2003). Most of the excess P is sorbed on soil particles 

or precipitates in less soluble forms, but there is also an increased risk of P losses to surface 

waters. Excessive P losses from agricultural systems to surface waters can accelerate 

eutrophication and contribute to water quality problems (Hansen et al., 2002; Sims and Baker, 

2004) when the water is used for recreation, fishery or consumption, due to the abundant 

growth of algae and weeds (Sharpley and Rekolainen, 1997). Eutrophication is a slow aging 

process of lakes and streams, caused by nutrient enrichment (Djojic et al., 2003). 

Eutrophication is regarded as one of the largest threats to the aquatic environment today 

(Ahlgren et al., 2013). P is often the growth limiting nutrient in surface water bodies, which 

implicates that even small additions of P can have a great influence on primary production 

(Correll, 1998, Djojic et al., 2003; Börling, 2003) and algal bloom. The amounts of P losses 

that are associated to accelerated eutrophication in lakes can be less than 1 to  

2 kg P ha-1 year-1 (Sharpley and Rekolainen, 1997; Hansen et al., 2002). 
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1.1.2 The soil P cycle 

P is present in several pools of the soil which are constantly subject to internal cycling. Figure 

1.1 illustrates the soil P cycle with the P pools, the inputs and outputs. The primary source of 

P in the parent material is the mineral apatite (3[Ca3(PO4)2]CaX2, where X can be F-, Cl-, OH- 

or CO3
2-). Due to pedogenesis, apatite P is weathered and gradually transformed to other 

organic and inorganic P forms (Börling, 2003). P can be added to the soil in form of inorganic 

fertilizers such as triple superphosphate (TSP) or organic fertilizers such as farmyard manure, 

slurry, digestates and compost. P is removed from the soil, due to crop removal and P losses 

through erosion, leaching and run-off. 

Only a very small amount of P (< 1%) is as orthophosphate solubilized in the soil solution 

(Brady and Weil, 1999) and readily available for plant uptake. Since most agricultural soils 

range in pH from 4.0 to 9.0, orthophosphate is present in the soil solution as H2PO4
- and 

HPO4
2- (Sims and Baker, 2004). When P is taken up by plants or microorganisms, inorganic P 

is transformed to organic P forms such as ATP and DNA. Organic P forms in soils are mainly 

identified as mono- and diesters of orthophosphate. The three common esters are inositol 

phosphates, phospholipids and nucleic acids (Börling, 2003). When soil organic material 

decays, the processes of P mineralization and immobilization occur. 

 

Figure 1.1 The soil P cycle (adapted from Pierzynski et al., 2000). 
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P can be adsorbed on the positive charges of soil particles. It can be sorbed by the positive 

edges of kaolinite clay and to CaCO3 in calcareous soils. However in acid soils, P mainly 

adsorbs on Fe and Al oxides and hydroxides (Sims and Baker, 2004), such as goethite, 

haematite, gibbsite and ferrihydrite. Sorption of P occurs through ligand exchange on variable 

charge surfaces by the exchange of OH- on the surface for the phosphate ion (Börling, 2003). 

P adsorption occurs relatively fast and can be reversed (desorption). In fact the solubilized 

orthophosphate in the soil solution is in constant equilibrium with P adsorbed on soil 

particles. When P is added to the soil solution for example by fertilization or 

P mineralization, P will be adsorbed by soil particles. On the contrary when P is removed 

from the soil solution for example by plant uptake or P leaching losses, P will be desorbed 

from soil particles. Under high P concentrations or long periods of time (years to decades), 

P can also be precipitated as secondary minerals, a process where a new solid phase is 

formed. Precipitation and P adsorption occur at the same time and are difficult to distinguish. 

While P adsorption is a reversible and fast process, precipitation is slower and practically 

irreversible (van der Zee and Van Riemsdijk, 1988). Sometimes, this process is named 

‘ageing’. In principle, precipitated P is still in equilibrium with the other soil P pools. 

However, dissolution of stable secondary P minerals is similar to apatite dissolution, and is 

too slow for time periods important in agricultural production (Hansen et al., 2002). Both 

organic and inorganic soil P stocks can be hypothetically distinguished in labile and stabile 

P stocks. Labile P consists of organic P that readily can be mineralized by microorganisms 

and inorganic P that can be desorbed immediately. Stabile P consists of all inorganic 

precipitated P forms and P molecules enclosed in very slowly mineralizing organic material, 

such as lignin. 
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Ptot P-AL P-CaCl
2
  

400 – 700 100 – 600 0.50 – 7.50 mg P kg
-1
 

1740 – 3045 435 – 2610 2 – 33 kg P ha
-1
 

Soil P Quantity Soil P intensity  

Figure 1.2 The total soil P, desorbable soil P and directly available P pools. The arrows indicate 

the buffering and binding processes which depend on soil properties. The table illustrates three 

parameters (P-CaCl2, P-AL and Ptot) that can be used to estimate the hypothetical P pools in the 

tillage layer (0-30 cm, 1.4 kg dm-3) of the soil. The range that was detected for each parameter during 

our study is indicated in the table. We based the lay-out of this figure on Reijneveld (2013). 

The soil P cycle is quite complex and consists of several pools, which differ in their plant 

availability and environmental fate. Chemical extraction methods that are widely used as 

agronomic or environmental soil tests, have the disadvantage to extract P from the different 

P pools at once. Therefore, soil P is often described into different hypothetical pools of 

differing reactivity (Hansen et al., 2002). We distinguish three different hypothetical P pools: 

the directly available P, the desorbable soil P stock and the total soil P stock (Figure 1.2). The 

soil P quantity is determined by the desorbable and total soil P stock, whereas the soil  

P intensity is determined by the directly available P or simply ‘P availability’. In Chapter 2, 

we describe the soil P parameters that were used in this study, and their method of analysis. 

The directly available P is the amount of P available in the soil solution and can directly be 

taken up by crops. In Figure 1.2, we suggest P-CaCl2 as a parameter to estimate the amount of 

P in the soil solution. However the soil:liquid (S:L) ratio in this extraction method will 

determine the amount of P that is extracted from the soil sample. The lower the S:L ratio, the 

higher the amount of P extracted. This means that in fact P-CaCl2 estimates the P intensity of 

the soil and is highly correlated with the amount of P in the soil solution, but cannot estimate 

the exact amount of P in the soil solution. In contrast, Ptot and P-AL are not affected by the 
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S:L ratio during the extraction, as with these methods of analysis close to 100% of all P forms 

and sorbed P, respectively, are extracted. 

Since crops can take up more P (10 to 50 kg P ha-1) than the amount available in the soil 

solution (Figure 1.2), the soil solution needs to be continuously replenished with P during the 

growing season (Börling, 2003). This is achieved by desorption of P from the desorbable soil 

P stock. Although we do not distinguish here between inorganic and organic P forms, it is 

clear that P mineralization processes also replenish the soil solution with P. The desorbable  

P stock seems to be available on the short term for crops. However, due to the relative 

immobility of P, approximately only 10% of the soil is within the rhizosphere where crops 

can remove P from (Timmermans et al., 2012). In contrast, chemical extracts estimate the  

P stocks of 100% of the soil volume. However the root architecture determines which part of 

the soil volume is explored by the roots. For example grass crops will mainly very intensively 

explore the upper layer (<10 cm) of the soil, while sugar beets easily root >60-90 cm, but do 

not intensively root the upper soil layer. This is sometimes approached in the soil analysis. 

For example the Belgian Soil Service takes soil samples in cropland to 23 cm depth, but only 

to 6 cm in permanent grassland. It is obvious that measures to improve the crop root growth 

will increase the amount of soil P stock available for the crop. The soil also contains 

precipitated P forms and primary minerals, however, as mentioned above, these processes are 

too slow to be of agricultural or environmental significance. The total soil P stock represents 

all types of P forms in the soil, including the primary and secondary minerals. 

1.1.3 Soil P and P leaching losses in Flanders’ agriculture 

P losses from agricultural land to surface waters occur due to erosion, transfer of soil P to run-

off water (dissolved and particulate P) and P leaching (mainly dissolved P) (Hansen et al., 

2002; Djojic et al., 2003; Sims and Baker, 2004; Chardon and Schoumans, 2007). In flat 

regions, P transport through the soil profile plays a more dominant role (Chardon and 

Schoumans, 2007; Schoumans et al., 2013). However, P leaching losses can only contribute 

to P losses to surface waters, if there is a hydrological connection to these surface waters 

(Salomez et al., 2006), for example when the shallowest water table is connected directly to 

drainage ditches or other surface waters. Such a connection results in a rapid discharge of 

percolation water and shallow groundwaters to surface waters, reducing the contact time 
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between P loaded soil waters and the soil, and decreasing the likelihood that soil P sorption 

and precipitation occur deeper in the soil profile (Sims and Baker, 2004). 

Flanders (western Europe, northern Belgium), the area where this study is mainly focused on, 

is typically a region which is very susceptible for leaching losses. Flanders is a relatively flat 

region, with a lot of light textured sandy soils, mainly in the regions ‘Kempen’, ‘Vlaamse 

zandstreek’ and ‘Zandleemstreek’. In Flanders the livestock production increased sharply 

from the 1950s on due to European policies of price support and the presence of large 

harbours to import cheap feed. High land prices in Flanders stimulated the increase of 

livestock units per surface unit even more (Declercq et al., 2001; Chardon and Schoumans, 

2007). Anno 2014, it is the other way round. Due to the large, intensively managed livestocks, 

many farms need large surfaces of agricultural land to place the enormous amounts of animal 

manure. This causes a further increase in land prices. This maintenance of high livestock 

densities generates more animal manure, which is eventually returned to the fields. Due to the 

imbalance between P fertilized by animal manures, mineral P fertilizers and the P exported by 

crops, large amounts of P were accumulated in the agricultural soils (De Bolle et al., 2013) 

and lead to increased P leaching losses. This is especially the case in the sandy textured soils 

of the regions ‘Kempen’, ‘Vlaamse zandstreek’ and ‘Zandleemstreek’, where the 

intensification of the agricultural production mainly took place. The recommended optimal 

soil P fertility, measured with an ammonium lactate extract (P-AL, see further) is 120 to  

180 mg P kg-1 (Maes et al., 2012). However, approximately 75 to 95% of the soils sampled by 

the Belgian Soil Service in the regions ‘Kempen’, ‘Vlaamse zandstreek’ and 

‘Zandleemstreek’, have a P-AL >180 mg P kg-1 (Maes et al., 2012; Figure 1.3), and 4-15% of 

the soil samples had even a P-AL exceeding 600 mg P kg-1. Moreover, it needs to be noted 

that the recommended Belgian optimal soil P fertility level is already amongst the highest in 

Europe (Jordan-Meille et al., 2012). In Sweden for example 80 mg P kg-1 corresponds to high 

or a very high soil P-AL level (Djojic et al., 2004) and no P fertilization is recommended to 

produce wheat (a rato 6.5 Mg ha-1) (Jordan-Meille et al., 2012). 
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Figure 1.3 The evolution in proportion of soil samples from arable cropland soils, analysed by 

the Belgian Soil Service with excessive P-AL (> 180 mg P kg-1) and below the target zone for SOC 

(sandy soils 1.8-2.8%, sandy loam and loamy soils 1.2-1.6%) (0-23 cm) for the regions ‘Vlaamse 

zandstreek’, ‘Kempen’, ‘Zandleemstreek’ and the whole Belgian country from 1989 to 2011 (adapted 

from Maes et al., 2012). 

In the 1990s the EU Nitrates Directive (1991/676/EEC) was introduced to reduce N losses to 

the environment and eutrophication of water bodies. To reach the latter target, also reducing 

P leaching as well as increasing P use efficiency of organic and inorganic fertilizers were 

needed (Velthof et al., 2014). In 2000, the Water Framework Directive (Directive 

2000/60/EC) was introduced to protect surface and groundwater from potentially harmful 

situations such as eutrophication by nitrates and phosphates. These Directives were 

implemented at regional level in Flanders through several ‘manure action plans’ (MAP) and 

have led to restrictions in the total allowed number of livestock, the restriction of 

N and P fertilization from the 1990s on. It is expected that P fertilization will be further 

restricted in the near future. The maximum allowed P fertilization is defined per crop category 

(Table 1.1) and are considered to be either balanced P fertilization levels, where  
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P input = P output (P equilibrium fertilization) or slightly below the crop P export. Besides 

these restrictions, there are also some exceptions. For example: several areas with a sandy soil 

texture and excessive soil P stocks are categorized as ‘P saturated’ regions, and have a further 

restricted total P fertilization of 17 kg P ha-1 year-1 for all crops. In areas categorized as 

‘nature’, no P fertilization is allowed, except 26 kg P ha-1 year-1 for pasture (combination 

mowing/grazing) (VLM, 2014a). 

Table 1.1 The maximum allowed total P input per surface unit and per year, for all crop categories in 

Flanders anno 2014. Data adapted from VLM (2014a). 

Crop 
Maximum allowed total P input in Flanders 

kg P ha-1 year-1 

Mowed pasture 41 

Pasture: combination grazing and mowing 39 

Winter wheat/triticale 33 

Winter barley/other cereals 31 

Sugar beet/fodder beet 28 

Potato 28 

Maize 35 

Other (vegetables, legumes, flax, fruit, chicory etc.) 28 

 

Implementation of the Nitrates and Water Framework Directives stimulated the fast progress 

in manure processing techniques (Bos et al., 2013; Velthof et al., 2014). Farms with an 

overproduction of animal manure (N production > maximum allowed N fertilization) can 

export manure to neighbouring farms (with room to apply extra fertilizer on top of their own 

manure production), and are obliged to process part of their overproduction of animal manure. 

The amount of manure that is obliged to be processed is calculated, based on the size and type 

of the farm and the region (VLM, 2014b). 

Due to the manure action plans in Flanders, the amount of both inorganic P fertilizer and 

animal manure applied on land decreased, with a vast decrease in P surplus as a result 

(Figure 1.4). Since 2008 less P is applied on the agricultural soils than there is subtracted by 

the crops (VMM, 2014a). 
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Figure 1.4 The evolution in P surplus in Flanders. The P surplus is calculated as P input in form 

of P fertilizer, atmospheric deposition and seeds/plants, minus the P exported by crops and P 

emissions to the environment. The dashed line indicates the equilibrium situation (adapted from VMM, 

2014a). 

In Flanders, the water quality is monitored in two surface water survey networks the so called 

‘operationeel meetnet’ and the ‘MAP meetnet’. The ‘operationeel meetnet’ consists of surface 

water sample points spread over the whole Flemish region. The ‘MAP meetnet’ consists of 

770 surface water sample points, where the P concentration is considered to be mainly 

determined by agriculture (VMM, 2014b), allowing to distinguish agriculture as source of 

P load to surface waters. 

Despite many efforts, the reduction of diffusive P losses from agriculture to surface water 

bodies is marginal. It was calculated that from 1992 to 2004, the contribution of agriculture to 

P load of surface water decreased with only 4%, while the contribution of households and 

industry decreased with 35% and 78%, respectively (MIRA, 2005; Chardon and Schoumans, 

2007). It is clear that progress is made in the ‘operationeel meetnet’ and the mean 

P concentration continues to decrease due to extension of municipal waste water treatment 

plants and the reduction of discharge of wastewater by industries (VMM, 2014b). However, 

the mean P concentrations in the ‘MAP meetnet’ hardly changed from 1999 to 2011 

(Figure 1.5). This could be expected: although the P fertilization was gradually decreased in 

the last two decades, it is only since 2008 that the P accumulation in Flanders’ agricultural 

soils was stopped (see above; figure 1.4). Due to the relative immobility of P in the soil, the 
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soil continues to be a reservoir of P from historical overfertilization and a source of P losses to 

the environment. Further decrease of the P fertilization is necessary to obtain a negative  

P balance and to reduce the P load of the soil. Above, almost all cropland and grassland soils 

are further fertilized to maximum allowed P fertilizer levels (P equilibrium), although 

recommended P fertilizer levels are considerably lower or even zero due to the excessive 

P stocks in these soils (Tóth et al., 2014). 

 

Figure 1.5 The evolution in mean total P concentrations in surface water in Flanders for the so 

called ‘operationeel meetnet’ and the ‘MAP meetnet’. The maximum allowed orthophosphate 

concentration in streams, lakes and other surface water bodies are between 

0.07 and 0.14 mg ortho-P l-1 (indicated by the dashed lines), dependent on the type of surface water 

body (adapted from VMM, 2014b). 

Since 2002, the restriction of P concentration in drinking water was abolished. This means 

that P concentrations in (deep) groundwater are no longer surveyed for drinking water 

production. However, to prevent eutrophication in groundwater dependent terrestrial and 

aquatic ecosystems, the maximum allowed mean P concentration of orthophosphate in 

groundwater was set on 1.34 mg P l-1. Although, it is not clear what the impact of 

overfertilization is on groundwater, it is assumed that high P loads of groundwater are usually 

caused by natural processes (VLM, 2011). The monitoring of P losses from agricultural 

sources is mainly focused on indirect (leaching to shallow groundwater) or direct (run-off and 

erosion) P losses to surface water bodies. 
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1.1.4 P mobility and organic fertilizers 

Phosphorus is quite immobile in the soil matrix due to P sorption processes (see 1.1.1). Every 

fertilized orthophosphate ion can be sorbed on P sorption sites of mineral soil particles. 

However, with increasing amounts of P stocked in the soil, more P sorption sites are blocked 

and the potential to sorb extra P decreases. Soils have a finite capacity to retain P, and the 

environmental limit of safe P storage in soil is ultimately reached at high fertilizer application 

rates (Nair, 2014). In P saturated soils, the P leaching losses increase exponentially with every 

extra fertilized unit of P. The amount of P that becomes available in the soil solution and 

potentially can be leached, is determined by the soil sorption capacity and the amount of P 

loaded on these sorption sites (Van der Zee and Van Riemsdijk, 1988). This suggest that in a 

particular soil, the history of total P input (fertilization) determines the P availability and P 

leaching losses, regardless of the organic or mineral fertilizer source. However, effects of 

fertilizer type on soil P availability were observed in several studies on long term field trials. 

Johnston (2000) observed in three long term field trials at Rothamsted (UK), that although 

comparable Ptot and Olsen P levels were established after >50 years of farmyard manure 

application compared to continuous inorganic P fertilizer application, P-CaCl2 was two to four 

times increased for farmyard manure treated soils, in comparison to the inorganic P fertilized 

soils. Leaching experiments, conducted in studies of McDowell and Sharpley (2004),  

Brock et al. (2007) and Fangueiro et al. (2013) revealed that P leaching losses are also 

depending on the organic fertilizer type used. Fangueiro et al. (2013) conducted a combined 

pot and leaching experiment with addition of dairy farmyard manure, pig slurry, duck slurry, 

dairy slurry and the solid fraction of screw-press separated pig slurry at a P input rate of  

53 mg P kg-1 dry soil in soils with 9 (low), 28 (medium) and 44 (high) mg P kg-1 Olsen-P. 

Although Fangueiro et al. (2013) observed no treatment effect in the soil with the low Olsen-

P level, the P leaching concentrations of the dairy farmyard manure treatment was (with 

values between 2.0 and 3.5 mg P l-1) doubled, compared to all other treatments which had a P 

leaching concentration of <1.0 mg P l-1 in the medium Olsen-P level soil and <1.5 mg P l-1 in 

the high Olsen-P level soil, respectively. In agreement with this study, McDowell and 

Sharpley (2004) observed in a 5 year field trial an effect of fertilizer type on P leaching 

concentrations, despite the equal total P input rate in this field trial. P leaching concentrations 

from soils fertilized with composted dairy manure were significantly higher than from soils 

with raw dairy manure application (McDowell and Sharpley, 2004). 
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Agbenin and Igbokwe (2005) observed that humic substances, derived from cow manure 

shielded orthophosphate from direct interaction or bonding on P sorption sites in the soil. In 

line with this study, Jiao et al. (2007) proposed that organic acids, released during 

decomposition (i) may reduce the number of P sorption sites by chelation of Fe and Al oxides 

and (ii) can compete with orthophosphate on the P sorption binding sites of the soil. The form 

and quantity of these organic acids and possible other interfering humic substances is however 

dependent on the type of organic fertilizer (McDowell and Sharpley, 2004; Tarkalson and 

Leytem, 2009). Besides the organic compounds that increase the P mobility in the soil matrix, 

high amounts of available Ca and Al in the organic fertilizers can possibly lead to Ca-P and 

Al-P precipitates and thereby reduce the P mobility (Tarkalson and Leytem, 2009). Similarly, 

the study of Siddique and Robinson (2003) supported the hypothesis of Ca-P precipitate 

forming. They observed that P-CaCl2, following the application of poultry litter, poultry 

manure and sewage sludge, was regulated by large inputs of available Ca. The higher the  

Ca content of the organic fertilizer, the lesser P-CaCl2 could be increased by organic fertilizer 

applications, compared to a non-fertilized soil. 

There are reports in the literature of long term organic fertilizers application both increasing 

and decreasing the soil pH (Diacono and Montemurro, 2009). Since P sorption is influenced 

by the soil pH (Jiao et al., 2007), the changed P mobility in the soil matrix can also be a  

pH-effect. Shasheen and Tsadilas (2013) observed  for example that P sorption was reduced 

with approximately 40%, 13 years after the application of a large (300 Mg ha-1) sewage 

sludge application, that caused a pH-H2O shift from 5.19 to 6.92 in the same period. 

1.1.5 Decreasing SOC levels in cropland soils 

Several large scale studies indicated declining soil organic C (SOC) levels (kg C ha-1) in a 

pre-defined depth layer in intensively managed cropland soil in western Europe during the last 

few decades (Sleutel et al., 2003; Sleutel et al., 2006). Soil sampling of cropland soils by the 

Soil Service of Belgium indicated that the percentage of fields below the SOC target zone 

increased from 1989 to 2007 (Figure 1.3). Although there seems to be a breakpoint for the 

2007-2011 period, 20 to 40 % of the sampled cropland soils still have suboptimal organic 

C levels. SOC levels decreased in cropland soils mainly by the gradually deepening of the 

plough depth with 10 cm since the 1950s until the 1990s (Sleutel et al., 2006; LNE, 2009; 

Maes et al., 2012). Other possible explanations for the decreased SOC levels in croplands are: 
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(i) partly replacement of farmyard manure by animal slurry and a decreasing amount of 

animal manure fertilization per surface unit since 1990s, (ii) a shift in crop rotation from 

cereal crops to forage maize, root and horticultural crops, (iii) a shift from grassland to arable 

land, (iv) increased C mineralization due to more intensive soil tillage, (v) slowing down of 

the gradual increase in crop residues caused by strong crop yield increases since the 1960s, 

(Sleutel et al., 2006; LNE, 2009). The fact that the percentage of soils with suboptimal 

organic C levels did not increase since 2007-2011, is probably due to the fact that tillage 

depth did not further increase in the last two decades. This means that the amount of soil 

organic matter can be built up, without any further dilution. Other explanations are (i) the 

increased amount of corn maize in the crop rotation with large amounts of crop residues that 

remain on the field, (ii) the exponentially increased percentage of agricultural land that is 

cropped with catch crops in autumn after harvest of the main crops and to a minor extent, (iii) 

the increased number of farmers that apply reduced tillage instead of conventional tillage 

(ploughing) (Maes et al., 2012). Although Sleutel et al. (2006) could not relate the magnitude 

of SOC losses to changes in plough depth or recent land-use changes, they found a good 

relationship between the SOC losses and the organic matter inputs. 
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Table 1.2 Some orientating data about the effective organic matter (EOM) and total P content of 

several organic fertilizers available for farmers in Flanders (expressed on fresh matter base). 

Organic fertilizer EOM* 

kg Mg-1 

Total P 

kg Mg-1 

C/P ratio 

Cattle slurry 30 0.61# 23ǂ 

Pig slurry 20 2.18# 6ǂ 

Dairy farmyard manure 80 1.27# 28ǂ 

Poultry manure 180 6.16 – 13.89# 6 - 14ǂ 

Champost 125 4.80ǂ 21ǂ 

Vegetable, fruit and garden waste (VFG) compost 200 3.06§ 45° 

Green waste compost 160 1.22§ 91° 

Digestate (feedstock biodigestion without manure) 24 0.68* 25* 

Digestate (feedstock biodigestion with manure) 34 1.17* 18* 

Solid fraction of mechanical digestate separation 222 3.90* 31* 

* data adapted from VLACO (2014a) 
# data adapted from VLM (2014a) 

ǂ data adapted from Bodemkundige Dienst van België and Universiteit Gent (2008) 
§ data adapted from VLACO (2014b) 

° data calculated from VLACO (2014b), with C/P = (organic matter/P)/1.8 

A good strategy to increase SOC levels is, therefore, to increase the amount of organic matter 

application on cropland soils by, e.g., (i) incorporating (catch) crop residues or (ii) addition of 

extra organic fertilizers. Table 1.2 shows a list of commonly used organic fertilizers in 

Flanders and their effective organic matter and total P content. The effective organic matter 

(EOM) content of an organic fertilizer can be defined as that part of organic matter which is, 

one year after application, not yet decomposed, thus contributing to soil organic matter build 

up in the long term. It is assumed that approximately 2% of the SOC is mineralized annually 

(LNE, 2009). This means that in the soil tillage layer (0-30 cm depth, 

soil bulk density = 1400 kg m-3) of one hectare of cropland with a SOC level of 1%, 840 kg C 

is mineralized each year and needs to be replaced to stabilize the SOC level. However, 

organic fertilizers also contain P and application of organic fertilizers implicates therefore a 

net P addition to the soil. Since cropland soils in Flanders contain in many cases such 

excessive amounts of P, it is obvious to choose for those organic fertilizers that contain the 

largest amount of EOM per unit of total P. However it is not known to which extent  

P leaching is also depending on the organic fertilizer type that is applied, rather than only the 

amount of P applied and the soil P stock (see 1.1.4). A wide range of organic acids 

(carboxylic acids, oxalate, citrate, etc.) that originate from decomposition of native and added 

organic matter by incorporating (catch) crop residues and organic fertilizers, can also compete 

with orthophosphate for sorption sites on clays and metal oxides (Sims and Baker, 2004). 
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Since catch crops can be easily grown without P fertilization, incorporating catch crop 

residues (and the incorporated P taken up by this crop from the soil) implicate therefore no net 

P addition to the soil. However, similar to organic fertilizers, catch crop residues are a source 

of organic acids and it is not known whether and to which extent these organic acids can 

influence the availability of P in the soil solution and eventually the P leaching. 

1.2 Objectives and outline of the thesis 

1.2.1 Research questions 

Agriculture in Flanders and in large parts of north western Europe faces two major problems. 

On the one hand the disposal of large amounts of animal manures to cropland soils at a rate 

far beyond the P need of crops, led to a systematic build-up of P in the soil and consequently 

large diffusive P losses from agricultural soils to the environment. On the other hand the 

SOC levels in the arable cropland soils decreased to become suboptimal due to intensified 

management in the past few decades. Anno 2014, two main strategies to increase or at least 

stabilize the SOC levels, without further increasing risks of P losses are followed: 

(i) Installing catch crops in autumn and incorporating their residues after wintertime can 

provide the soil with extra organic material without extra P application to the soil; (ii) Organic 

fertilizers with high EOM content and large C/P ratios such as municipal waste compost are 

preferred, as they have more potential to increase the SOC levels per unit of applied P. 

However, one major question arises: 

How are the P leaching losses from soils with high P stocks affected by the incorporation of 

catch crop residues and the long term use of different types of organic fertilizers? 

From this general question, the following research questions were put forward: 

Q1: Are P leaching losses increased by decomposition of catch crop residues, incorporated 

during winter or early spring in (historical) excessively fertilized soils? 

Q2: What is the effect of long term (>4 years) application of common organic fertilizers such 

as cattle slurry, farmyard manure and plant-based composts on the SOC level, the soil P 

availability and P leaching? Which organic fertilizer types have the largest potential to 
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increase SOC levels, without increasing P leaching from soils with low SOC levels and a high 

P content? 

Q3: Is the discrepancy in soil P availability and P leaching, due to long term applications of 

different organic fertilizers, related to changed orthophosphate sorption in the soil? 

Q4: Do soil P availability levels fluctuate throughout the season? What are the reasons for 

these fluctuations, and are these fluctuations fertilizer dependent? 

Q5: What is the effect of application of processed digestate products on the soil P availability 

and P leaching? 

Q6: What are the short term (<4 years) effects of reducing the P fertilization below P 

equilibrium fertilization and zero P fertilization, on soil P availability and P leaching from 

soils with a high P content? 

Q7: Can we provide in an improved prediction of P concentrations in leachates, if soil 

P availability data are combined with other soil characteristics? 

Q8: Is the soil P availability on long term (>4 years), besides the historical P fertilization, 

also determined by the organic fertilizer? 

1.2.2 Thesis outline 

The set-up of a leaching experiment and the analysis method of soil, water and plant samples 

that were used throughout this thesis, are discussed in Chapter 2. 

In Chapter 3 (research question Q1), we sampled plant and soil samples of a catch crop field 

trial with several types of catch crops at the end of wintertime. Catch crop residues were 

incorporated in the growth stage and at the rate as they were sampled in the field, to conduct a 

leaching experiment with soil-plant mixtures. The P leaching was linked to properties of the 

plant residues, P immobilization and mineralization processes. 

In Chapter 4 (research question Q2), the evolution of SOC levels, soil P availability and 

P leaching were evaluated after the long term application of dairy cattle slurry, dairy farmyard 
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manure and three types of plant-based compost at an equal C input rate, compared to a 

mineral fertilized treatment. 

In Chapter 5 (research questions Q3 and Q4), differences in orthophosphate sorption in 

compost and dairy farmyard manure amended soils were determined by a sorption experiment 

with radiolabelled 33PO4 on soil samples of two long term field trials. In one long term field 

trial, the fluctuations in soil P availability were monitored during a whole growing season 

from installation of rye (Secale cereale L.) as catch crop, to harvest of forage maize  

(Zea mays L.) 392 days later. 

In Chapter 6 (research questions Q5 and Q6), a field trial with a crop rotation of forage 

maize (Zea mays L.), potato (Solanum tuberosum L.), fodder beet (Beta vulgaris L., 

ssp. vulgaris cv. crassa) and oat (Avena sativa L.) was started in 2010. The treatments 

consisted of 8 P fertilization levels from zero to 41 kg P ha-1 year-1, and fertilization with 

several processed digestate products, vegetable fruit and garden waste compost or animal 

slurry. We sampled annually soil and plant material to evaluate the evolution in soil P 

availability, soil P stocks and the crop P export. In 2013 a leaching experiment was conducted 

to compare the P leaching from the different treatments. 

In Chapter 7 (research questions Q7 and Q8), the data of soil and water samples of leaching 

experiments based on 5 long term field trials were pooled together to build a model to predict 

P leaching concentrations, based on soil P descriptive characteristics. Based on this dataset it 

was also researched whether soil P availability is, apart from soil P load and other soil 

characteristics, also affected by the fertilizer type. 

Chapter 8 summarizes the research of this thesis per individual research question. 

 



 

 

  



 

 

 

 

Illustration: 

Overview of the peristaltic pump (left) and some of the leaching columns (right), used as 

equipment to estimate differences in P leaching losses from soil samples in the laboratory. 

The vacuum pump is not included in this picture. 
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2 Chapter 2 

Soil analysis, plant analysis and estimating the P leaching losses 

 

2.1 Soil analysis 

Soil samples of the tillage layer (0-30 cm) were taken with a common soil auger 

(diameter 3 cm, 20 cores plot-1), following a regular grid that excluded the outer 1 m border of 

the plot. The soil samples were thoroughly mixed and stored in closed plastic bags for 

maximum 1 week (0-4°C). Fresh soil subsamples were used to determine P-CaCl2 and 

pH-KCl within a week after soil sampling. Soil subsamples to determine HWP, PNaOH, Ptot, 

HWC and SOC were dried for 48h at 70°C (oven-dry) in mechanical ventilated drying oven 

(MEMMERT), ground in a mortar and sieved (<250 µm) prior to chemical extraction. The 

soil subsamples were weighed before and after drying at 70°C, to determine the soil moisture 

content. Soil subsamples to determine P-AL, Ca-AL, Fe-AL, Mg-AL and K-AL were dried 

for 48h at 45°C (air-dry) in mechanical ventilated drying oven (MEMMERT) and sieved 

(<2 mm) prior to chemical extraction. Table 2.3 gives an overview of the soil extraction 

methods used in this study. All soil C and P parameters are calculated per mass unit of dry 

soil. All soil analyses were conducted in the BELAC accredited laboratory of ILVO – Plant - 

Crop Husbandy and Environment, following the quality manual. In each batch of samples, a 

reference sample was included and evaluated based on the control chart. 
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Table 2.3 An overview of the chemical extraction methods, used for P soil analysis in this study. 

Method Chemical 

extractant 

Extraction 

time 

S:L 

ratio 

Reference 

P-CaCl2 0.01 M CaCl2 2h 1:10 NEN 5704 (1996) 

with modifications 

HWP Demineralized water at 70°C 16h 1:5  

P-AL 0.1 M ammonium lactate 

 + 0.4 N acetic acid at pH 3.75 

4h 1:20 Egner et al. (1960) 

and NEN 5793 (2008) 

PNaOH 0.25 M NaOH 

+ 0.05 M Na2-EDTA at 85°C 

2h 1:20 Bowman and Moir 

(1993) 

Ptot aqua regia at 200°C 30 min 1:24 Ivanov et al. (2012) 

with modifications 

 

As we mentioned in Chapter 1, the soil P pools can be divided in three hypothetical groups: 

(i) the readily available P or P availability, (ii) the desorbable soil P stock and (iii) the total 

soil P stock. When the term P availability is used we refer to P-CaCl2 and HWP analyses., 

whereas the desorbable soil P stock and total soil P stock refer to P-AL and Ptot analyses, 

respectively. 

2.1.1 P-CaCl2 

P-CaCl2 is a P availability parameter (P intensity, see Figure 1.2) that estimates the soil 

solution P concentration (Hesketh and Brookes, 2000) or the easily soluble P fraction (Djojic 

and Mattsson, 2013). The 0.01 M CaCl2 solution that is used for the extraction imitates the 

salt condition of soil water (Eriksson et al., 2013). P-CaCl2 was measured with ICP-OES 

(Inductively Coupled Plasma-Optical Emission Spectroscopy) (Varian Vista-pro axial), after 

shaking (165 rpm) 10.00 g of fresh soil with 100 ml of a 0.01 M CaCl2 -solution during 2 h in 

closed dark-colored lightproof polypropylene 250 ml flasks, and filtration over a Macherey 

Nagel 640w filter (NEN 5704, 1996). Although P-CaCl2 is measured on moist soil samples, 

P-CaCl2 was recalculated on a dry soil basis, taking the soil moisture content into account. 

2.1.2 HWP 

The hot water extractable P (HWP) is a P availability parameter that estimates the easily 

available organic (and inorganic) P pool. During the chemical extraction with hot water, the 

elevated temperatures lead to decomposition of some organic compounds (Füleky and 

Czinkota, 1993) and solubilizing of the labile organic P pool. To determine HWP, the method 
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of Ghani et al. (2003) that originally was worked out for determination HWC (see further), 

was used with small modifications. An oven-dry subsample of 5.00 g oven-dried soil was 

extracted with 25 ml demineralized water for 16 h in a hot water bath (70°C). The soil 

suspension was filtered on a Macherey Nagel 640d filter after centrifugation at 3274g during 

15 min. HWP was determined as the amount of P in this filtrate as measured using ICP-OES. 

2.1.3 P-AL, K-AL, Mg-AL, Ca-AL and Fe-AL 

P-AL (ammonium lactate extractable P) is the most frequently used agronomic soil P test for 

Belgium. Ammonium lactate addition to soil samples leads to a dissolution of Al and Fe from 

their oxides followed by a P release, and inhibits any secondary P resorption in the extracts 

(Eriksson et al., 2013). P-AL is an estimator of the desorbable soil P stock. The ammonium 

lactate extraction method is also used to estimate the soil stock of the plant nutrients K, Mg, 

Ca and Fe. The Belgian Soil Service defined target zones for optimal (chemical) soil fertility 

for P-AL, K-AL, Mg-AL and Ca-AL based on field trials and agricultural knowledge 

(Hendrickx et al., 1992; Maes et al., 2012). P-AL, K-AL, Mg-AL, Ca-AL and Fe-AL were 

measured with ICP-OES, after shaking 5.00 g air-dry soil with 100 ml ammonium lactate-

acetic acid buffer (pH 3.75) (Egner et al., 1960; NEN 5793, 2008) for 4 h at 200 rpm in dark 

polyethylene containers, filtration over a Macherey Nagel 640w filter and 1 h digestion of 

10 ml filtrate with 3.0 ml HCl (37%) and 1.0 ml HNO3 (65%) in a high performance 

microwave digestion system oven (Milestone ETHOS One)(>15 min at 165°C, 1500W). 

2.1.4 PNaOH 

PNaOH represents the chemical extraction of P with a 0.25 M NaOH – 0.05 M Na2-EDTA 

solution. This extraction method was originally created by Bowman and Moir (1993) to 

complex Fe and humus bound phosphates and phytic-phosphate. The soil extractant can be 

used to determine the composition of soil organic P in NMR scans. However, the extract 

contains more than organic P alone. We used PNaOH as an aggressive basic extraction method, 

to determine the soil P stock. To determine PNaOH, a subsample of 1.00g oven-dried soil was 

placed in a closed falcon tube with a 0.25 M NaOH – 0.05 M Na2-EDTA solution, the tube 

was placed in a hot water bath at 85°C, and the tube was shaken for 2h. The soil suspension 

was filtered on a Macherey Nagel 640d filter after centrifugation at 981g during 30 min. After 

1 h of digesting 10 ml filtrate with 3.0 ml HCl (37%) and 1.0 ml HNO3 (65%) in a high 
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performance microwave digestion system oven (Milestone ETHOS One) (>20 min at 180°C, 

1500W), PNaOH was measured using ICP-OES as the total amount of P in this solution. 

2.1.5 Ptot 

Ptot is supposed to contain all soluble, microbial, organic, adsorbed and 

precipitated/secondary mineral P forms in the soil. To measure Ptot, the method of 

Ivanov et al. (2012) for a microwave digestion method was used as follows: 0.5000 g of 

oven-dry soil (70°C, <250 µm) was destructed for 30 min at 200 °C in 12 ml aqua regia in a 

high performance microwave digestion system oven (Milestone ETHOS One) (30 min at 

200°C, 1500W). After filtration over a Macherey Nagel 640d filter, the P concentration of the 

filtrate was measured using ICP-OES. 

2.1.6 pH-KCl 

pH-KCl was measured on a fresh subsample of 20 ml placed in an open, 200 ml polyethylene 

cup together with 100 ml of a 1M KCl solution. The suspension was shaken for 1h on a rotary 

shaker (150 rpm). After an additional 2h the pH-KCl was measured with a pH electrode 

(Consort C832) immediately after stirring the soil suspension with a spatula (ISO 10390, 

2005). 

2.1.7 HWC 

The hot water extractable C (HWC) is an estimator of the labile C content of the soil 

(Ghani et al., 2003). The method used for determination of HWP was also used to determine 

HWC, except that C was measured with ICP-OES in the hot water extract instead of P. 

2.1.8 SOC 

The SOC% was measured with a Total organic carbon analyser (Skalar Primacs SLC 

Analyser) on an oven-dried subsample of 1.000 g at 1050°C (ISO 10694, 1995). 
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2.2 Plant analysis 

2.2.1 DM%, total N% and total P% 

To determine the total N and P concentrations op plant samples, a subsample of minimum 

1000 g (or the whole sample if the plant sample weighed less than 1000g) was cut by hand 

and dried at 70°C in a mechanically ventilated drying oven (>48h). The plant subsamples 

were weighed before and after drying to determine the dry matter content (DM%) of the plant 

material. After drying, the plant samples were chopped to pass a sieve of 1 mm in a plant mill 

(Fritsch pulverisette 19). To determine the total N concentration of the plant samples, 

1.0000 g of plant material was measured in a total N analyser (Thermo scientific – flash 

4000), following the N-Dumas method (ISO 16634-1, 2008). To determine the total P 

concentration of the plant samples, 0.1000 g of plant material (+0.05 g CaCO3) was 

incinerated in a muffle oven (Nabertherm) for 4h at 550°C. Subsequently, 10.0 ml H2O and 

10.0 ml HCl (37%) was added to the ash, then the mixture was evaporated. Afterwards 

10.0 ml HNO3 (65%) was added, and the mixture was boiled for 5 min. After filtration 

(Macherey Nagel 640m), the filtrate was mixed with ammonium molybdate and ammonium 

metavanadate reagent (Cavell, 2006) and diluted with H2O. The P in the solution was 

measured in a spectrophotometer (430 nm) (Varian Cary 60 UV-VIS). All plant analyses were 

conducted in the BELAC accredited laboratory of ILVO – Plant - Crop Husbandy and 

Environment, following the quality manual. In the analyses for total N, total P and 

biodegradability (see further), a reference sample was included. 

2.2.2 Ps 

Ps is the easily soluble P content of plant material and is estimated by shaking 2.5 g plant 

material at 165 rpm 100 ml of a 0.01 M CaCl2 -solution for 2 h in dark polypropylene 

containers. After filtration on a Macherey Nagel 640d filter, the P concentration of the filtrate 

was measured with ICP-OES. 

2.2.3 Biodegradability 

The 
hemicellulose+cellulose

lignin
 ratio was used as to estimate of biodegradability of plant material 

(Francou et al., 2008, Herman et al., 2008). The higher this ratio, the higher the 
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biodegradability. The determination of the lignin%, hemicellulose% and cellulose% was 

based on Van Soest et al. (1991). 

2.3 Estimating the P leaching losses 

In many studies intact soil columns (McDowell and Sharpley, 2004; Siemens et al., 2008; 

Ashjaei et al., 2010; Fuentes et al., 2012; Liu et al., 2012; Glæsner et al., 2013; Svanbäck et 

al., 2013) or columns filled with sieved soil samples (Kang et al., 2011; Tarkalson and 

Leytem, 2009; Yang et al., 2008) from the tillage layer or a larger soil profile (Brock et al., 

2007), are brought to the laboratory to estimate the P leaching losses on the bottom of the 

columns after or during a periodical or constant leaching event with water spraying nozzles on 

top of the columns. Working with intact soil columns of a large soil profile is highly suited to 

estimate the P leaching losses. However, this method is very time consuming. Due to various 

factors that can influence the P leaching losses such as field area variability, heterogeneous 

applied fertilizers, stones and earthworm tunnels, several soil columns per field plot are 

necessary to reach a reliable estimate of the P leaching losses. Laboratory studies may neglect 

the effects of transport mechanisms and field hydrology (Djojic et al., 2004). 

2.3.1 Set-up of a leaching experiment 

In order to maximize the number of long term field trials that we could sample in this thesis, 

we worked out a leaching experiment in unsaturated conditions with mixed fresh soil samples 

of the tillage layer. The idea of this leaching experiment was based on a study of Lookman 

(1995). Since P is a relatively immobile element in the soil it is mainly built-up in the tillage 

layer, rather than in deeper the soil profile, P leaching losses originate normally from the 

upper soil layer. This however does not mean that deeper soil layers who usually are less P 

loaded, cannot reduce the leaching losses by adsorbing P from out of the downward 

movement of water. However, this process cannot take place when preferential flow through 

natural channels, fissures or structural voids occurs and P is rapidly transported from surface 

soil layers to shallow water tables in a way that it bypasses most of the soil matrix (Sims and 

Baker, 2004). Since we worked with the soil samples of the tillage layer, the P concentrations 

in the leachates column leachates are not representative for the real environmental P leaching 

losses. Instead the relative differences between the treatments of the field trials need to be 

considered. Soil samples of the tillage layer (0-30 cm) were taken with a common soil auger 



Chapter 2                                                                                                                                   24 

 

 

(diameter 3 cm, 20 cores plot-1), following a regular grid that excluded the outer 1 m border of 

the plot. By mixing the fresh soil samples and sieving them on 2 cm mesh sieve, stones, 

earthworms and plant material could be removed without drying the soil samples and without 

destruction of micro aggregates. If soil samples could not be included immediately in a 

column leaching experiment, they were stored (0-4°C) in closed plastic bags. In every field 

trial, all plots were sampled separately and one soil column was prepared per plot for the lab 

trial. The influence of the latest fertilizer application on the P leaching was reduced by 

sampling the soil after harvest of the latest crop and before fertilizing the next crop. 

Depending on the leaching experiment this was from September (start of autumn) to February 

(end of winter). 

 

Figure 2.6 Design of the laboratory leaching experiment. Example of one leaching column. 

The laboratory leaching equipment (Figure 2.6) consisted of a vacuum pump (Becker), a 

peristaltic pump (Watson Marlow 503S/RL), 15 leaching columns (ROBU, diameter 125 mm 

and height 80 mm), 15 filtrate bottles and a digital pressure gauge (KNF Neuberger). At the 

bottom of the leaching columns there was a Macherey-Nagel GF/D filter (2.7 µm) and glass 

fibre filter (10-16 µm). The leaching columns were placed on the filtrate bottles and 

connected with tubes to the pressure gauge and the vacuum pump. The leaching columns were 
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filled with the equivalent of 1.374 kg dry soil, to reach a bulk density of 1.4 kg dm-3. 

A Macherey-Nagel 640w paper filter was placed on top of the soil in the leaching column, to 

ensure a better distribution of the synthetic rainwater and prevent a preferential water flow. 

The top of the leaching columns were covered with parafilm. The peristaltic pump 

permanently provided an aqueous mixture of ‘artificial rain’ (pH 5.45), which consisted of 

0.02 mM SO4
2-, 0.04 mM Cl-, 0.02 mM Ca2+, 0.003 mM K+, 0.02 mM Na+ (anion: 

0.08 meq l-1; cation: 0.09 meq l-1). This composition was based upon the composition of 

‘artificial rain’ used by Lookman (1995) and the composition of rain nearby Chimay 

(Belgium), measured by André et al. (2007). The water flow rate was between 1.49 and  

2.85 ml h-1 (2.91 – 5.57 mm day-1), depending on the leaching experiment. The water flow 

was only interrupted whenever a water sample was taken. The digital pressure gauge 

controlled the vacuum pump in order to keep the pressure in the whole system at 10 kPa 

below atmospheric pressure (= light textured soil at field capacity). Hence, leaching columns 

were permanently held at unsaturated conditions, preventing anaerobic or more reduced 

conditions at the outlet. The entire system was installed in the dark, at a constant temperature 

of 18.0 ± 0.5°C. Twice a week, a water sample of the eluate or ‘leachate’ was collected from 

the filtrate bottles. Leaching experiments with soil samples from field trials lasted for 31 to  

36 days (Chapter 4, 5, 6 and 7). Depending on the leaching experiment, 100 to 165 l m-² was 

added to the soil surface, which corresponds approximately to 2.65 to 4.37 eluted pore 

volumes (∆V/TPV). The total pore volume (TPV) was estimated empirically with the 

formula: 

TPV(%) = 100 × �1-
1.4

2.65
� =47.17% 

With 1.4 kg dm-3 as the soil bulk density in the columns (see above) and 2.65 kg dm-3, as the 

soil particle density. Given a sample volume of 981.8 ml, the TPV corresponded to 463.1 ml 

per soil column. The column leaching experiments with incorporation of plant material were 

considerably longer (40 to 54 days), to become a full view of the effects of mineralizing and 

immobilizing processes on the P concentrations in the column leachates (see Chapter 2 and 

Appendix I). 
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2.3.2 Water analysis 

The total P (TP) concentration in the leachates of the column leaching experiments, was 

operationally defined as the P concentration, measured with ICP-OES immediately after 

collection of the water samples. Water samples were not manipulated before measurement. 

To determine the total dissolved P (TDP) concentration in the leachates, a subsample was 

filtered (<0.45 µm) immediately after collection on a membrane filter 

(MN Chromafil GF/P-45/25) and the filtrate was measured within 8h with ICP-OES. Due to 

the filtration, the particulate P could be removed from the water samples, which was 

necessary to make the distinction between TP and TDP in the water samples (Worsfold et al., 

2005). 

Total dissolved C (TDC) and Fe concentrations were measured with ICP-OES in the same 

filtrate that was prepared to measure TDP. The TDC concentrations in the leachates illustrate 

the C leaching losses. Fe concentration was measured as a control parameter to detect 

anaerobic conditions in a soil column. Peaks or sudden increases in Fe concentrations indicate 

anaerobic soil conditions in the leaching columns, caused by silting or saturation by the water 

flow. Anaerobic soil conditions lead to reduction of Fe and may therefore also lead to an 

enhanced P desorption from the mineral soil, causing higher P leaching losses than in the in 

aerobic field conditions. 

Since Ion chromatography (IC) detects only marginally organic P compounds in a filtered 

(<0.45µm) water sample (Van Moorleghem et al., 2011), we determined the orthophosphate 

(OP) concentration in the leachates of the column leaching experiments with IC (Ion 

chromatography) (Dionex ICS-3000). If storage before OP measurement was necessary, the 

filtered water samples were stored in the dark at 0-4°C. Although Van Moorleghem et al. 

(2011) observed that P associated with inorganic colloids was not completely recovered by 

IC, we operationally defined the organic P concentration (Porg) in the water samples as the 

TP concentration minus the OP concentration. The Porg fraction was however only reported 

in Chapter 3. 

All water analyses were conducted in the BELAC accredited laboratory of ILVO – Plant - 

Crop Husbandy and Environment, following the quality manual. 
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In Chapter 3, the TP, TDP, OP and TDC concentrations are reported as cumulative leached 

amounts of P and C. In Chapters 4, 5, 6 and 7, the TP, TDP, OP and TDC concentrations are 

reported as weighted averages of the whole leaching experiment, considering the amount of 

water that leached through the leaching columns (ratio of eluted water per Total Pore Volume 

∆V/TPV), which was slightly different from column to column. 

 



 

 

  



 

 

  



 

 

 

 

Illustration: 

Overview of the catch crops white mustard (in the foreground), black oats (in the middle) 

and perennial ryegrass/white clover (in the background) in the VLM field trial at Merelbeke 

(see Chapter 3) on September 15th 2011. 
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3 Chapter 3 

Incorporation of catch crop residues does not increase P leaching: 

 a soil column experiment in unsaturated conditions 

 

Adapted from: Vanden Nest, T., Vandecasteele B., Ruysschaert, G., Merckx, R., 2014. 

Incorporation of catch crop residues does not increase phosphorus leaching: a soil column 

experiment in unsaturated conditions. Soil Use and Management 30, 351-360. 

3.1 Introduction 

Agriculture in north western Europe is characterized by high inputs of inorganic fertilizers 

and manure (mainly slurry). P inputs exceeding crop requirements contribute to 

P accumulation and may ultimately lead to P saturation of agricultural soils (Van der Zee and 

Van Riemsdijk, 1988; Verloop et al., 2010). N and P losses contribute to eutrophication of 

ground and surface waters (Moreels et al., 2003). Especially in regions characterized by light-

textured soils with low P sorption capacities (Djojic et al., 2005) and intensive animal 

husbandry, the increased P levels in the soil profile result in leaching to groundwater and 

seepage into surface waters (Chardon and Schoumans, 2007). A survey by Van Meirvenne 

et al. (2008) revealed that 37% of the investigated field plots in the sandy soil region in 

Flanders is classified as P saturated (P saturation degree >35%). Similarly, other regions with 

intensive livestock production outside Europe have been reported to have high soil P loads. 

Sandy soils with very high soil P status are susceptible to P leaching (De Bolle et al., 2013). 

Growing catch crops is a common agricultural practice in north western Europe to enhance 

the soil organic matter content, but also to prevent nutrient leaching during winter. Catch 

crops minimize nitrate leaching (Thomsen and Hansen, 2013) because N is bound within 

plant residues until the following spring (Riddle and Bergström, 2013). However, if plants 

take up nutrients they can equally lose them afterwards (Tukey et al., 1957). Catch crops are 

not particularly rich in P (Maiksteniene and Arlauskiene, 2004; Talgre et al., 2012) but they 

provide easily accessible P for succeeding crops upon decomposition (Askegaard and Eriksen, 
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2008; Eichler-Löbermann et al., 2009). Consequently they can recycle P and perhaps reduce 

the P fertilization requirement. This could be significant in soils with little plant available P. 

However, in traditionally over-fertilized sandy soils, an increase in P availability is not always 

an objective. The soil already provides enough P, and crop yields will not benefit from greater 

P availability. The form of P most readily accessed by plants is orthophosphate, when present 

in its monovalent form (H2PO4
-) (Schachtman et al., 1998), which is water soluble and 

therefore susceptible to leaching. Indeed, Sharpley and Smith (1989) found increased 

P leaching losses after incorporation and surface amendment of alfalfa, corn, oats, peanut, 

soybean and wheat crop residues. Riddle and Bergström (2013) found that the type of plant 

material decomposing affects P leaching potential of soils in Sweden during freeze-thaw 

cycles. In Flanders, with a more temperate climate, winters are less cold. Nevertheless, 

several catch crops such as white mustard (Sinapis alba L.) and black oats (Avena strigosa L.) 

become frozen during winter. Many farmers choose to grow these catch crops as no herbicide 

application is needed to kill them. Frequently, catch crops are mixed into the soil by rotary 

cultivator during or at the end of winter, several weeks before seedbed preparation and 

planting of the succeeding crop. 

Incorporation of catch crop residues may affect the P availability in the soil (Cavigelli and 

Thien, 2003; Talgre et al., 2012; Randhawa et al., 2005). Most of the phosphate present in 

plant tissue is in inorganic form (Mengel and Kirby, 1982), which becomes readily available 

after incorporation. During decomposition, organic P in catch crop tissues can provide a 

relatively labile form of P to succeeding crops (Cavigelli and Thien, 2003). 40 to 60% of P in 

crop residues is water-soluble and is rapidly released after their incorporation (Talgre et al., 

2012). Organic acids released during decomposition may help to dissolve soil mineral P and 

can block soil P adsorption sites (Cavigelli and Thien, 2003). Organic amendments can also 

lower P sorption capacity by P complexation (Hansen et al., 2002). Moreover, soil organic P 

mineralization can increase after catch crop incorporation (Randhawa et al., 2005). Enwezor 

(1976) found P immobilization for the first 6 weeks after the incorporation of different ratios 

of a straw/pea mix (C/P ratio =112-501) in a tropical soil, but Vanlauwe et al. (2008) 

demonstrated immediate P release after incorporation of legume crops. If P is released before 

uptake of a succeeding crop, there are potential risks for P leaching. Aronsson et al. (2007) 

observed a significant increase in P leaching in a 6 year field trial when under-sown meadow 

fescue/red clover/white clover were introduced as nutrient source in organic cereal crop 

rotation, compared to conventional production with inorganic fertilizers. 
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We found several column studies in the literature where P leaching was compared for 

treatments of long term field trials, or between organic amendments and inorganic fertilizers 

mixed directly with the soil in the columns (Brock et al., 2007; Chardon et al., 2007; Entry 

and Sojka, 2008; Zhao et al., 2009; Gebrim et al., 2010). One soil column study tested the 

effect of freeze-thaw cycles on P leaching from catch crops before or after incorporation 

(Riddle and Bergström, 2013). However, in this study plants were grown in the greenhouse 

prior to the experiment. Since little literature was available on this specific subject, we 

conducted prior to our study, a leaching experiment with incorporation of plant residues of 

white clover, rye and Italian ryegrass in a soil with an excessive P-AL level. Thanks to this 

pre-study, we had evidence that P mineralization/immobilization processes can influence 

P leaching, even in soils with an extremely elevated P load. Furthermore, we could optimize 

the settings of the leaching equipment to conduct a leaching experiment with incorporation of 

catch crop residues. The results of this pre-study are briefly discussed in Appendix I. 

The objective of our study was to assess relative differences in potential leaching of total P 

(TP) after incorporation of different catch crop types at the end of winter, grown under field 

conditions. Potential P leaching was measured in a leaching experiment under laboratory 

conditions. In this experiment (i) the changes in TP, TDP and OP in the leachate (ii) and 

changes in the easily soluble P fraction of the soil were recorded. 

3.2 Material and methods 

3.2.1 Leaching experiment 

On August 4th 2011 a field experiment with strip plot design in 4 replicates was installed on a 

sandy loam soil (USDA classification, Table 3.1) near Merelbeke, Belgium (50°58’N 

3°46’E). The main factor of this field experiment was catch crop type. The treatments were: 

fallow, white mustard (Sinapis alba L.), Italian ryegrass (Lolium multiflorum L.), black oats 

(Avena strigosa L.) and a perennial ryegrass/white clover mix (Lolium perenne L./Trifolium 

repens L.). No fertilizers were used to grow these catch crops. 
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Table 3.1 Soil properties, measured in the soil profile 0-30 cm. 

SOC pH-KCl P-AL Particle size distribution (%) 

%  mg P kg-1 Sand (>50 µm) Silt (2-50 µm) Clay (0-2 µm) 

0.92 5.49 240 45.6 47.3 7.1 

 

In January 2012, soil samples were taken on each plot of the field trial with an auger 

(0-30 cm, 5 subsamples for one composite sample per plot) to determine the mineral N 

content of the soil. 20.0 g of fresh soil sample was shaken with 100 ml 1M KCl (1h, 150 tpm) 

and filtered. The filtrate was measured for ammonium, nitrate and nitrite concentrations in a 

continuous flow analyser (Skalar SAN++) following ISO 14256-2. We calculated the total 

mineral N content of the soil based on the measured mineral N concentrations and a soil bulk 

density of 1.4 kg dm-3. 

On January 4th 2012, soil samples were taken on each plot of the field trial with an auger 

(0-30 cm, 18 randomly divided sampling points per plot). The soil samples of all 4 plots per 

treatment were brought together to one composite soil sample per treatment and thoroughly 

mixed. So, there were 5 composite soil samples, one for each treatment. One subsample per 

treatment was taken for soil analysis. The composite soil samples were then air-dried  

(10-15°C) for three days to a moisture content of 0.15 kg/kg moist soil and sieved (2 cm) to 

get a homogenous soil mixture without destroying micro-aggregates. For the leaching 

experiment, 6 subsamples with the equivalent of 1.374 kg dry soil (1.616 kg wet soil) were 

taken for each treatment. This quantity of soil was chosen based on soil bulk density and the 

dimension of the soil columns (see Chapter 2). 

Due to frost in December the catch crops were already in winter conditions by January. 

Therefore the sampling was done in early January instead of the end of February, which is the 

common practice. On January 4th the aboveground biomass of the catch crops was hand cut on 

a 0.25 m² subplot of each plot. Plant samples from the 4 replicates of each treatment were 

collected. Crop yield was determined (Table 3.2) and the plant samples were cut by hand into 

pieces <1 cm, necessary to make a homogenous soil-plant mixture. After thoroughly mixing, 

9 plant subsamples were taken, 3 for measuring the composition of the plant material 

(Table 3.2) and 6 for mixing with the 6 soil subsamples used for the leaching experiment (see 

above). Mixing soil and plant subsamples simulated a passage of a rotary cultivator at the end 
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of winter. The plant material reflected normal Belgian conditions during winter. Italian 

ryegrass and perennial ryegrass/white clover ceased growth due to cool temperatures (0-4°C). 

The frost-sensitive black oats senesced in December. White mustard also did not survive and 

was already completely frozen. We prevented mineralization prior to pre-incubation, by 

storing the soil-plant mixtures in closed plastic bags for 42 days at 0-4°C, the mean winter 

temperature in Belgium. 

Table 3.2 Composition and crop yield of the above ground biomass of the catch crops. Data are 

arithmetic means ( ±SD) of 3 samples per catch crop. Groups with the same letter(s) are not 

significantly different (Scheffé’s test, p<0.05) from each other. 

Parameter 

Catch crop 

White 

mustard 

Italian 

ryegrass 
Black oats 

Perennial 

ryegrass/ 

White clover 

DM % 44.9 16.4 30.8 25.0 

N g kg-1 DM 13.56 ± 1.47a 20.20 ± 0.12b 11.65 ± 0.57a 23.77 ± 0.76c 

Ps g kg-1 DM 1.49 ± 0.13a 2.65 ± 0.03b 2.57 ± 0.02b 2.63 ± 0.06b 

P g kg-1 DM 3.25 ± 0.37a 3.46 ± 0.07a 2.95 ± 0.04a 3.47 ± 0.17a 

Ps/P % 46.65 ± 8.56a 76.55 ± 2.26b 87.10 ± 1.78b 75.74 ± 1.82b 

C/N - 34.2 ± 4.0b 19.9 ± 0.3a 39.5 ± 2.2b 16.9 ± 0.7a 

C/P - 143.0 ± 15.2b 116.3 ± 3.6a 155.7 ± 2.9b 115.8 ± 5.9a 

Lignin %/DM 12.3 ± 0.7c 1.9 ± 0.4a 4.9 ± 0.1b 3.0 ± 0.3a 

Hemicellulose %/DM 18.7 ± 0.4a 26.2 ± 0.3c 28.8 ± 0.3d 25.1 ± 0.5b 

Cellulose %/DM 44.5 ± 1.7c 22.5 ± 0.3a 35.8 ± 0.2b 20.0 ± 0.1a 

Biodegradability* - 5.1 ± 0.1a 25.9 ± 4.3c 13.2 ± 0.1b 15.3 ± 1.7b 

Crop yield kg DM ha-1 2408 ± 916a 3577 ± 1185a 7030 ± 1557b 3420 ± 1005a 

P input kg P ha-1 7.83 12.38 20.74 11.87 

*biodegradability= 
(hemicellulose + cellulose)

lignine
 

To determine the amount of root organic material that remained in the sieved soil samples, 

3 extra 1 kg subsamples from the composite soil samples were taken for each treatment. Roots 

were separated from soil by wet sieving (<1 mm). Organic material in these root samples was 

destroyed by adding a H2O2 solution drop wise until no visible reaction occurred. The root 

material was then incinerated in a muffle oven at 550°C for 8h. Root organic matter was 

calculated as the weight loss following addition of H2O2 and after heating in the muffle oven. 
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The amount of aboveground plant material mixed with the soil of the corresponding treatment 

is the equivalent of the crop specific yield of the particular treatment on January 4th 2012 

(Table 3.3). Calculated on dry soil base, we added: 0 g DM kg-1 DS, 2.96 g DM kg-1 DS, 

4.40 g DM kg-1 DS, 8.64 g DM kg-1 DS and 4.21 g DM kg-1 DS, in the fallow, white mustard, 

Italian ryegrass, black oats and perennial ryegrass/white clover mix respectively. After a 

42 day storage period, the plant-soil-mixtures were pre-incubated in thin walled polyethylene 

bags for 7 days at 10 ± 0.5°C to enhance microbial activity and mineralization processes prior 

to the leaching. 

Table 3.3 Amount of above ground plant biomass, root organic matter (medium and coarse 

roots) present in the soil columns at the start of the leaching experiment and the mean TP 

concentration in the leachate. Data for root organic matter are arithmetic means (±SD) of 3 soil 

samples of 1 kg. Data for TP concentrations are arithmetic means (±SD) of 3 soil columns per 

treatment. Groups with the same letter(s) are not significantly different (Scheffé’s test, p<0.05) from 

each other (DS: dry soil). 

Catch crop 
Above ground plant biomass 

mg kg-1 DS 

Root organic matter 

mg kg-1 DS 

Mean TP 

leaching 

mg P l-1 

fallow 0 0 2.17 ± 0.36b 

white mustard 2960 17 ± 8 1.56 ± 0.01a 

Italian ryegrass 4400 33 ± 10 1.54 ± 0.18a 

black oats 8640 632 ± 231 2.15 ± 0.10b 

perennial ryegrass/white clover 4210 261 ± 45 1.61 ± 0.06ab 

 

After pre-incubation 3 plant-soil subsamples were used to measure the effect of the 42 day 

storage and pre-incubation period and 3 subsamples were used to fill the soil columns for the 

leaching experiment. The leaching experiment was conducted, following the procedure in 

Chapter 1 but with the soil-plant mixture samples prepared as described above, instead of soil 

samples directly from a field trial. The experiment continued for 40 days, when a total rainfall 

of approximately 159 mm had been simulated. A final soil sample was then taken from each 

column. 

3.2.2 Statistical analysis 

Soil samples were analysed for P-CaCl2, HWP, HWC and pH-KCl before pre-incubation, 

after pre-incubation and after the leaching experiment. All water samples were analysed for 

TP, TDP, OP, TDC and Fe and all plant samples were analysed for Ps, DM%, total N and 

P content and biodegradability. The statistical data analysis was done in STATISTICA 11.0 
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software. Data from soil samples were analysed using One way ANOVA and Scheffé test 

(p<0.05). The Scheffé-test was used since this statistical test is robust and suited for data, 

where not all treatments have the same amount of replications, which was the case in this 

leaching experiment. The cumulative leached amounts of TP, TDP, TDC, OP and Porg in the 

water samples were calculated as described in Chapter 2. The mean TP leaching concentration 

was calculated as the ratio of cumulative leached TP per cumulative leached volume of water 

at the end of the leaching experiment and was statistically analysed using One way ANOVA 

and Scheffé-test (p<0.05).  

3.3 Results 

The soil has a small SOC and a large P-AL content (Table 3.1) compared with the 

recommended SOC (1.2%-1.6%) and P-AL (120-180 mg P kg-1) levels for arable sandy loam 

soils in Belgium (Maes et al., 2012) and is therefore representative of light textured soils in 

north western Europe having a high P load. The mineral N content of the soil was rather 

small, i.e., 13 kg N ha-1, 7 kg N ha-1, 13 kg N ha-1, 11 kg N ha-1 and 16 kg N ha-1 for the 

treatments with white mustard, Italian ryegrass, black oats, perennial ryegrass/white clover 

and the fallow treatment, respectively. 

High Fe concentrations in water samples may indicate anaerobic conditions in the soil 

columns, caused by silting or saturation by the water flow. This entails reduction of 

Fe species, an ensuing release of both Fe and P, and induces higher P leaching. No sudden 

increases or peaks in the Fe concentrations were registered in the eluted water. The 

Fe concentration was the same for all treatments. We concluded that silting and/or anaerobic 

conditions did not occur. 
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Figure 3.1 The cumulative leached total P (TP), total dissolved P (TDP), orthophosphate (OP) 

and organic P (Porg) fractions in the water samples and their corresponding fits to a linear regression 

(y = a+bx) of the leaching experiment. 
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It should be taken into account that only soil from the P rich upper soil layer (0-30 cm) was 

used. Therefore this experiment reflects the P leaching potential and is no estimation of the in-

field P leaching losses below the entire soil profile. The cumulative leaching of TP, TDP, OP 

and Porg followed a linear pattern (Figure 3.1). In other words, the concentrations of the 

different P fractions in the leachate were constant during the leaching experiment. Although 

there were differences in cumulative TP leaching between the treatments (Figure 3.2) the 

TP curves of the different treatments were similar in shape. The mean TP leaching of the 

fallow treatment was greater (p=0.05) than the treatments with incorporation of perennial 

ryegrass/white clover, and significantly more (p<0.05) compared to the treatments with 

incorporation of white mustard and Italian ryegrass (Table 3.3). However, the cumulative 

TP leaching and mean TP leaching concentration of the treatments with incorporation of black 

oats and the fallow treatment were comparable (Figure 3.2 and Table 3.3). Almost all TP 

leached as TDP (Figure 3.1). The TDP, OP and Porg curves indicated that the type of catch 

crop residue does not affect the speciation of the leached P. Only for Italian ryegrass, the part 

of TP that leached as OP was slightly smaller than for the other treatments. 

 

Figure 3.2 The cumulative leached total P (TP) in the water samples per treatment and their 

corresponding fits to a linear regression (y = a+bx) of the leaching experiment. 
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The composition of plant residues reflects the different growing pattern and frost resistance of 

the catch crops. Italian ryegrass and the perennial ryegrass/white clover mix are frost resistant 

and consisted of fresh green plant material. This was reflected in the significantly lower C/N 

and C/P ratios (Table 3.2). The biodegradability for the white mustard and Italian ryegrass 

residues were respectively significantly lower and significantly higher (p<0.05) than the 

biodegradability of black oats and the perennial ryegrass/white clover mix. The amount of 

easily soluble P in the plant material (Ps) of white mustard was significantly lower (P<0.05) 

than for the other catch crop residues in absolute terms as well as in ratio to the total P content 

(Table 3.2). There were no significant differences in total P concentration of the different 

catch crops (Table 3.2). However the DM yield of black oats was significantly larger 

(p<0.05). Hence, in the soils with incorporation of black oats more P was returned to the soil 

with the plant material. Since we did not add P fertilizers to grow the catch crops and the 

residues were incorporated in the soil on which they were grown, there was no net addition of 

P to the soil by mixing the plant residues with the soil. 

The aim of taking soil samples was to collect soil for executing the leaching experiment, not 

for assessing the root biomass of the catch crops in the field. However, we realized that the 

soil may contain roots, and that this amount is depending on the catch crop type, since there 

are large differences in root architecture between the catch crops in the upper soil layer 

(0-30 cm). Therefore, we quantified the root organic matter present in the soil used for the 

leaching experiment. This amount was very small for all catch crops, compared to the added 

above ground plant material (Table 3.3). Therefore, it was expected that the roots remaining 

in the soil samples had little influence on the leaching experiment results. 
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Figure 3.3 The cumulative leached total dissolved C (TDC) in the water samples and their 

corresponding fits to a linear regression (y = a+bx) of the leaching experiment. 

Linear curves were observed for the cumulative TDC leaching (Figure 3.3). 

TDC concentrations in the water samples were constant over time for all treatments. We 

found significantly higher (p<0.05) cumulative leached TDC for black oats compared to the 

fallow soil, and the treatments with incorporation of perennial ryegrass/white clover and white 

mustard at the end of the leaching experiment. 

We took soil samples (i) before mixing the soil with catch crops, (ii) after storage and pre-

incubation and (iii) after the leaching experiment to determine P-CaCl2, HWP, pH-KCl and 

HWC (Table 3.4). Although the P-CaCl2 increased for both the fallow and the black oats after 

pre-incubation, the change was only significantly different (p<0.05) from that for 

Italian ryegrass. No significant differences were found at the end of the leaching experiment. 

Over the whole experiment there was a small increase in P-CaCl2 for all treatments. At the 

end of the leaching experiment the HWP of the soils with black oats incorporated was 

significantly larger (P<0.05) than for soils with Italian ryegrass incorporated and the fallow 

soils. 
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Table 3.4 Evolution in soil parameters, during the leaching experiment. Data after pre-

incubation and after leaching are arithmetic means (±SD) of 3 samples. Groups with the same letter(s) 

are not significantly different (Scheffé’s test, p<0.05) from each other. There were no replicates in the 

measurements before incorporating the catch crop residues. 

 Catch crop 
P-CaCl2 

mg P kg-1 

HWP 

mg P kg-1 pH-KCl 
HWC 

mg C kg-1 

before catch crop 

incorporation 

fallow 3.3 24.2 5.43 664.9 

white mustard 3.3 29.9 5.51 852.1 

Italian ryegrass 2.8 22.8 5.50 831.9 

black oats 2.8 24.1 5.53 648.2 

perennial ryegrass/ 

white clover 
3.1 28.9 5.46 816.1 

after pre-

incubation 

fallow 3.7 ± 0.2b 26.7 ± 1.0ab 5.45 ± 0.05a 711.4 ± 81.9ab 

white mustard 3.3 ± 0.2ab 26.7 ± 1.7ab 5.64 ± 0.02b 763.3 ± 95.9ab 

Italian ryegrass 2.9 ± 0.3a 27.2 ± 0.7b 5.67 ± 0.03b 857.6 ± 44.6b 

black oats 3.7 ± 0.3b 29.6 ± 2.1b 5.69 ± 0.06b 804.4 ± 65.9ab 

perennial ryegrass/ 

white clover 
3.3 ± 0.2ab 22.8 ± 0.2a 5.60 ± 0.01b 603.8 ± 49.4a 

after leaching 

fallow 3.6 ±  1.4a 27.6 ± 0.8a 5.31 ± 0.11a 571.1 ± 40.6a 

white mustard 4.0 ± 0.1a 28.9 ± 0.3ab 5.45 ± 0.12a 545.0 ± 11.9a 

Italian ryegrass 3.2 ± 0.4a 27.5 ± 0.6a 5.42 ± 0.19a 539.4 ± 36.2a 

black oats 4.4 ± 0.1a 30.9 ± 1.3b 5.46 ± 0.11a 555.1 ± 30.5a 

perennial ryegrass/ 

white clover 
4.1 ± 0.4a 28.5 ± 1.5ab 5.51 ± 0.11a 544.5 ± 12.1a 

 

The addition of plant material to the soil led to an increase in pH-KCl between 0.13 (white 

mustard) and 0.17 units (Italian ryegrass). The fallow soil had a significantly lower (P<0.05) 

pH-KCl after pre-incubation than the catch crop amended treatments. The addition of (slightly 

acidic) artificial rain during the leaching experiment leads in all treatments to a significant 

decrease (p<0.05) in soil pH-KCl for all treatments (results of statistical test not shown in 

Table 3.4). After the leaching experiment, there were no significant differences in pH-KCl. 

The influence of catch crops incorporation and pre-incubation led to ambiguous HWC results 

(Table 3.4). During the storage and pre-incubation period a decrease in HWC was detected for 

the soils with incorporation of white mustard and perennial ryegrass/white clover. During the 

leaching experiment the HWC concentration decreased for all treatments and there were no 

differences anymore between the treatments (Table 3.4). 
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3.4 Discussion 

We found that almost all TP leached as TDP. The curves of cumulative TP, TDP and 

OP leaching had the same shape for all treatments (Figure 3.1). The P species distribution in 

the leachate was little influenced by the addition of catch crops, and was mainly affected by 

the soil itself. McDowell and Sharpley (2004) also found that the TP and TDP leaching curves 

had the same shape when they added superphosphate, dairy manure, dairy composted manure, 

poultry manure and poultry composted manure to the undisturbed soil columns of a leaching 

experiment. However, the TDP part of the TP depended on the type of fertilizer (McDowell 

and Sharpley, 2004). Yang et al. (2008) found also parallel shapes for the TDP and OP 

leaching curves, but in their leaching experiment almost 100% of the TDP leached as OP. 

At the time of soil and plant sampling in the field experiment, white mustard was already 

frozen and black oats were severely damaged by a frost period in December 2011. 

Italian ryegrass and perennial ryegrass/white clover consisted of fresh green material, but had 

ceased growing because of cold temperatures. As temperatures <0 ºC are common in north 

western Europe during winter and catch crops, such as white mustard and black oats, are not 

frost resistant, this reflects the normal field situation at the time of catch crop incorporation. 

Vanlauwe et al. (2008) reported that plant age was the most important factor influencing N 

and P release from herbaceous legume residues in the soil. Therefore, we expected that the 

large differences in plant composition due to the differences in frost resistance would also 

affect the P mineralization and immobilization processes. As the C/P ratios of the 

incorporated catch crops in the present study (between 115 and 155) were in the same range 

as the study of Enwezor (1976) (between 112 and 501), we expected as in the study of 

Enwezor (1976) temporary P immobilization due to the decomposition of the incorporated 

catch crops. However we assume that the differences in biodegradability, Ps and C/N ratios of 

the catch crop residues (Table 3.2) could also have influenced the P immobilization. 

Unlike the crop residues of Italian ryegrass and perennial ryegrass/white clover, both the crop 

residues of white mustard and black oats had a C/N > 25 and therefore are expected to 

immobilize N during decomposition (Sims and Stehouwer, 2008). However, there was little 

mineral N available in the soil (< 13 kg N/ha). During autumn and winter time, there is a 

precipitation surplus in north western Europe and most residual mineral N is leached as nitrate 

out of the tillage layer or is taken up by the catch crop before incorporation of the catch crop 
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residues. Since little N could be immobilized for the decomposition of white mustard and 

black oats crop residues, we assume that the decomposition and the P immobilization 

processes were reduced. However, TP leaching from white mustard was significantly less 

than that in the black oats treatment. Due to the large C/P ratio of white mustard, a relatively 

greater P immobilization could be expected per unit of material decomposed. The crop 

residues of black oats returned more P to the soil compared with other treatments and had a 

significantly larger Ps/Ptot ratio than white mustard. Probably the P in the black oats was 

easily solubilized and eventually leaked out of the plant tissue during the leaching experiment, 

leading to TP leaching comparable to that of the fallow soil. 

Experiments on the effect of incorporation of catch crop residues may differ in the way they 

supply additional P to the system or not. In the studies of Sharpley and Smith (1989) and 

Riddle and Bergström (2013), fresh green plant residues were used. However, unlike 

Italian ryegrass, perennial ryegrass/white clover mix and white mustard in our study, this did 

not result in decreased P leaching losses. On the contrary, they found increased P leaching 

losses for all incorporated crop residues. This can be explained by the fact that in the other 

two studies there was a net addition of P by plant residues. In our leaching experiment, there 

was no net P input because the catch crops were added to the soil where the catch crops were 

grown at a rate equal to the catch crop biomass as determined in the field. The P taken up by 

the catch crop biomass during growth in our experiment originated from this soil. No  

P fertilizer was used to grow these catch crops. 

Aronsson et al. (2007) found in a long term field experiment (6 years) in Sweden on 

P leaching through drainage pipes that an organic farming system using green manures led to 

a significantly larger amount of P leaching (0.81 kg P ha year-1) than a conventional farming 

system with chemical fertilizers (0.36 kg P ha year-1). Although our study suggests that 

incorporation at the end of wintertime does not lead to increased P leaching risks due to a 

temporarily P immobilization, we cannot predict whether the use of green manures also 

decreases P leaching losses on the long term. 

During decomposition of plant residues, organic acids are released that can dissolve mineral P 

(Sharpley and Smith, 1989; Cavigelli and Thien, 2003), leading to higher amounts of plant 

available P in the soil (Cavigelli and Thien, 2003) and a decrease in pH-KCl. However, the 

differences in P-CaCl2 in our experiment were rather small, and the pH-KCl increased by the 
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addition of catch crops during the storage and pre-incubation period. Nevertheless, the 

amount of biomass incorporated in our leaching experiment was higher, and the 

P concentrations of the catch crop residues were 20-50% higher than those of the cover crops 

used by Cavigelli and Thien (2003). We assume that the pH effect is also dependent on 

stoichiometric factors rather than just the release of organic acids, since Cong and Merckx 

(2005) stated that both the composition of the plant material and the degree of decomposition 

affect the release of both protons and hydroxyl ions. 

It was expected that incorporation of catch crop residues, which provide the soil in a labile C 

source, would stimulate an increase in HWC and TDC leaching. However, the HWC 

concentration decreased or increased during the storage and pre-incubation period, depending 

on the catch crop type. Although the HWC level after incorporation and storage of black oats 

was not significantly different from all other treatments (Table 3.4), this treatment had the 

highest cumulative TDC leaching. The differences in HWC disappeared by conducting the 

leaching experiment itself. The TDC leaching in the fallow soil and in the soil after 

incorporation of white mustard, Italian ryegrass and perennial ryegrass/white clover were 

similar. 

Further research is needed to fully understand the mechanisms of this P leaching after catch 

crop incorporation. Leaching experiments with undisturbed soil columns, including more 

types of catch crops and soils with a range of P loads would be interesting. 

3.5 Conclusions 

We investigated whether P leaching was affected by end of winter incorporation of catch crop 

residues, grown under field conditions on a sandy loam soil with a large P load. The catch 

crops were incorporated in these soils at a rate equal to their crop yield during winter. There 

was no net P input. We observed a comparable TP leaching after incorporation of black oats 

crop residues compared to the fallow plot, and a decreased TP leaching after incorporation of 

white mustard, Italian ryegrass and perennial ryegrass/white clover crop residues. We 

explained this by (i) P immobilization processes in case of Italian ryegrass and perennial 

ryegrass/white clover incorporation and by (ii) the observation that crop residues of black oats 

returned more P to the soil compared with the other treatments and had a significantly larger 
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Ps/Ptot ratio. Probably the P in the black oats was easily solubilized and eventually leaked out 

of the plant tissue during the leaching experiment, leading to TP leaching comparable to that 

of the fallow soil. The differences in P leaching are clearly an effect of a complex interaction 

between C/N, C/P, water soluble and total P concentration, and biodegradability of the catch 

crops. It is however too early to detect the main process that drives the P leaching. 

The leaching experiment was conducted under ideal indoor conditions and with relatively 

high temperatures to enhance mineralization. The results may therefore not be directly 

transferable to natural conditions. However, based on our study we can conclude that 

incorporation of catch crop residues at the end of the winter in light textured soil with a large 

P load, does not lead to increased P leaching losses.  
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Illustration: 

Overview of the red cabbage crop on the M05.01 field trial (Ghent University) at Melle (see 

Chapter 4 and 5) on August 5th 2011. 
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4 Chapter 4 

Effect of organic and mineral fertilizers on soil P and C levels, 

crop yield and P leaching in a long term trial on a silt loam soil 
 

Adapted from: Vanden Nest, T., Vandecasteele B., Ruysschaert, G., Cougnon, M., Merckx, R., 

Reheul, D., 2014. Effect of organic and mineral fertilizers on soil P and C levels, crop yield 

and potential P leaching in a long term trial on a silt loam soil. Agriculture, Ecosystems and 

Environment 197, 309-317. 

4.1 Introduction 

Since the 1950s, agriculture in north western Europe can be characterized by the development 

of farms with large livestock densities (Chardon and Schoumans, 2007). Disposal of 

excessive amounts of manure together with the use of mineral fertilizers can lead to an 

imbalance between P input and P output and the accumulation of P in soil over time, resulting 

in an increased risk for P transfer from soil to ground and surface water (Haygarth et al., 

1998; De Bolle et al., 2013). Loss of P to the environment can be ascribed to erosion and 

surface run-off, but important amounts of P can also be lost through the soil profile by 

leaching (Chardon and Schoumans, 2007). In order to prevent nutrient losses, restrictions on 

N and P supply with organic and mineral fertilizers have been enforced in Belgium from the 

1990s on. Currently, the P fertilization is restricted to P equilibrium fertilization level, 

balancing P inputs to farmland (organic and inorganic fertilizers) with P export (harvested 

crops). In the future, P fertilization levels might even decrease to allow P mining. As a 

consequence the supply of organic matter to soils is expected to further decrease. Maes et al. 

(2012) and Sleutel et al. (2003) already observed declining soil organic carbon stocks in 

intensively managed Belgian cropland soils since the 1990s, due to adoption of short crop 

rotations or monocultures, deep tillage (dilution effect) and higher harvest indices  

(Sleutel et al., 2006; Gardi and Sconosciuto, 2007). 
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P equilibrium fertilization or P mining might ultimately decrease the level of plant available P 

to an extent below crop requirements (Verloop et al., 2010) and a restricted application of 

organic fertilizers may jeopardize the physical, biological and chemical soil fertility (Diacono 

and Montemurro, 2009). Indeed, sufficiently high SOC levels have to be maintained as they 

may affect crop yield indirectly by modifying soil physical and chemical properties, offering 

an improved root environment (Darwish et al., 1995; Stratton et al., 1995; D’Hose et al., 

2014). Krey et al. (2013) observed a similar or even stronger impact of organic fertilizers 

applied every third year on plant traits and P availability, compared to the annual application 

of inorganic P fertilizers. In the long term field trial we sampled in our study, Leroy (2008) 

and Moeskops et al. (2012) showed that not only the quantity, but also the quality of the 

exogenous organic matter applied has a significant influence on the soil physical properties 

and soil microbial community, respectively. 

Organic fertilizer amendment may affect the P leaching in the short or the long term. 

Tarkalson and Leytem (2009) found that more P leached shortly after (1-4 weeks) application 

of dairy cattle slurry, compared to an application of dairy farmyard manure or 

monoammonium phosphate. Brock et al. (2007) reported a 1.5 to 10.5 fold increase in 

dissolved reactive P leaching, just after surface application of dairy manure. A history of P 

surplus fertilization can amplify this effect and further increase the P leaching risk (Djojic and 

Mattsson, 2013). Longer term effects of organic fertilizer amendments were investigated by 

McDowell and Sharpley (2004). After 5 year amendments with equal P supply, they found a 

clearly higher P leaching from a treatment with dairy farmyard manure compost, compared to 

a treatment with dairy farmyard manure. They found no differences between farmyard manure 

and superphosphate treatment (McDowell and Sharpley, 2004). 

To predict the risk of P leaching losses, van der Zee’s model (van der Zee and Van Riemsdijk, 

1988) of P saturation is widely used. According to this model, the soil P saturation degree is 

determined by the soil P sorption capacity and the total amount of P adsorbed in the soil. As  

P accumulates in the soil, the soil P sorption capacity decreases and P leaching risks increase. 

van der Zee’s model of P saturation is however only valid in acid sandy soils (van der Zee et 

al., 1990), where the P sorption capacity is dominated by non-crystalline Al and 

Fe compounds (Freese et al., 1992). Above, P saturation is the result of historical 

P fertilization management and can only be changed in the long term by changing the total 

P input (and output). With van der Zee’s model, it is unlikely to detect any difference in 
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P leaching, based on changes in fertilizer types used at the same total P input rate. In contrast, 

laboratory leaching experiments have successfully been used in several studies to reveal 

differences in P leaching between farmlands under a different fertilizer management 

(Lookman, 1995; Brock et al., 2007; Siemens et al., 2008), between treatments with different 

organic/inorganic fertilizer types in a long term field trial (McDowell and Sharply, 2004; 

Tarkalson and Leytem, 2009) and between soil columns with a single addition of several 

types of exogenous organic matter or organic fertilizers (Yang et al., 2008; Ashjaei et al., 

2010). Another advantage of laboratory leaching experiments is that their application is not 

limited to sandy soil, in contrast to van der Zee’s model. However, van der Zee’s model takes 

into account the whole soil profile from surface to groundwater table, while working with 

topsoil samples in soil column experiments will only allow to assess relative differences in P 

that potentially will leach from the topsoil. Soil layers deeper in the soil profile, with their 

generally higher P sorption capacity, can adsorb P that is transported through the soil profile 

with leaching water. Preferential flow, on the other hand, allows P in leachate to by-pass areas 

of higher P sorption capacity in the subsoil (Brock et al., 2007), resulting in less sorption of P 

by the soil than would result from matrix flow. 

To maintain soil quality, addition of exogenous organic matter is necessary. Due to intensive 

livestock farming, animal manure is easily available in north western Europe. However, using 

more animal manure would lead to higher P input, while more than 65% farmland in Flanders 

has already a P surplus status compared to Belgian recommended P fertility standards 

(P-AL: 120-180 mg P kg-1) (Maes et al., 2012), which are amongst the highest for Europe 

(Jordan-Meille et al., 2012). Agriculture will need organic fertilizers that provide the soil with 

enough organic material to maintain the SOC level without increasing the P leaching. 

Compost is an interesting product in soils with low organic carbon levels. Twice as much of 

the applied C through compost addition is retained in the soil, compared to farmyard manure 

(Powlson et al., 2012). Although composts (Ehlert et al., 2004; Vandecasteele et al., 2014) 

contain mainly P in inorganic forms, much of the inorganic P in composts is bound on organic 

material, and is therefore less soluble (Ehlert et al., 2004). This suggest that composts may 

provoke less P leaching compared to animal manure. In contrast, McDowell and Sharpley 

(2004) reported increased P leaching when soils were fertilized with composted farmyard 

manure, instead of untreated farmyard manure. This highlights the need to study effects of 

organic fertilizers on P leaching. 
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The objective of this study was to compare different fertilizer types in their ability to increase 

the soil organic matter content while not increasing P leaching losses. This objective was 

achieved by (i) analysis of soil and plant samples of a long term field trial on silt loam 

established in 2005 and (ii) by conducting a soil column leaching experiment under laboratory 

conditions with soil samples of this long term field trial. 

We hypothesized (i) that owing to differences in C stability and organic matter quality, 

different types of exogenous organic matter are contributing differently to the build-up of soil 

organic carbon; and (ii) that P leaching losses are dependent both on the total P input and on 

fertilizer type. 

4.2 Material and methods 

4.2.1 M05.01 Field trial design 

In 2005, the long term field experiment ‘M05.01’ was started in Melle (50°59’N, 03°49’E,  

11 m above sea level), Belgium. The lay-out of this field experiment is given in Appendix II. 

Prior to the experiment this field was 8 years cropped with mineral fertilized forage maize. 

The initial SOC level of the field experiment was with 1.01% (Leroy, 2008) suboptimal, 

compared to the recommended levels of 1.2-1.6% by the Belgian Soil Service (Maes et al., 

2012). The soil is an Eutric Endogleyic Retisol (loamic) (WRB classification)  

(Dondeyne et al., 2014) and contains 11.7% clay (0-2 µm), 52.0% silt (2-50 µm) and 36.3% 

sand (>50 µm). Its texture is classified as silt loam (USDA). The average groundwater table 

(determined in 2006-2009) on the Melle site was at 115 cm depth and varied from 30 to >175 

cm. In 2012 the phosphate saturation degree was determined, following BAM, deel 1/08 

(2010). The phosphate saturation degree was between 12.8 and 18.8% and no significant 

treatment effect was observed. The experiment is a randomized complete block design with 4 

replicates comparing 8 fertilizer treatments: MIN (only mineral fertilizers), FYM (dairy 

farmyard manure), CSL (dairy cattle slurry), VFG (vegetable, fruit and garden waste 

compost), CMC1 (farm compost with high C/N), CMC2 (farm compost with low C/N), NF+ 

(no fertilizer) and NF- (unfertilized fallow) (Leroy, 2008). NF+ and NF- can be considered as 

control treatments. The FYM we applied, was a mixture of dairy cattle dung and urine with 

winter wheat/winter barley straw litter. The straw litter was not chopped before application in 

the stables. The farmyard manure was stocked before application on a concrete floor during 
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winter, without any form of processing. Farm composts CMC1 and CMC2 were made out of 

wood and bark chips, straw, mowed grass and crop residues (Steel et al., 2012). VFG compost 

was made from selectively collected fruit, garden and vegetable municipal wastes. The crop 

rotation consisted of arable, feed and vegetable crops (Table 4.1). After each crop harvest, 

above ground crop residues were removed by hand. In the CSL treatment, the cattle slurry 

dose was calculated yearly based on a N balance method to fulfil crop demands, considering 

residual mineral N in the soil profile, the estimated N mineralization of the cattle slurry (60%) 

and the estimated soil N mineralization (based on incubation experiments every 4 years). All 

other organic fertilizer treatments (FYM, VFG, CMC1 and CMC2) were equalized for C input 

with the CSL treatment. There was a high variability in yearly C input between 2005 and 

2012 (Table 4.1a). In the MIN treatment, no organic fertilizers were added. To fulfil N crop 

demands in the CMC1, CMC2, VFG, FYM and MIN treatments, extra mineral N was applied. 

These extra N doses were calculated for each treatment, based on residual mineral N in the 

soil profile, the soil N mineralization in every treatment (based on incubation experiments 

every 4 years) and the estimated N mineralization of the organic fertilizer (CMC1 and CMC2: 

0%; VFG: 15%; FYM: 20%). The crop growth was hence not restricted by N availability. 

Table 4.1b illustrates an overview of the N input from 2005-2012. If P and K supply through 

organic fertilizers was below 44 kg P ha-1 year-1 and/or 250 kg K ha-1 year-1 respectively, 

additional mineral P and K fertilizers were added except in 2006 and 2009. In 2005, there 

were two fertilizer applications, one before sowing fodder beet and one before sowing winter 

wheat. In 2006, fertilizers were applied before sowing phacelia. In all other years, fertilizers 

were amended in spring, before planting or sowing. The mean composition of all organic 

fertilizers used is presented in Table 4.2. In all cases, the organic and mineral fertilizers were 

incorporated to a depth of 30 cm using a spading rotary tiller just before planting or sowing. 

During the experimental period, the NF-plots were kept fallow by harrowing. 
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Table 4.1a Crop rotation of the field trial and the yearly, the average and the total (2005-2012) C and P input (FYM: dairy farmyard manure; VFG: 

vegetable, fruit and garden waste compost; CMC1: farm compost with high C/N; CMC2: farm compost with low C/N; CSL: cattle slurry; MIN: only mineral 

fertilizers; NF+: no fertilizer; NF-: fallow). 

Year Crop rotation 
C input per year (kg C ha-1) P input (kg ha-1) 

FYM/VFG/CMC1/CMC2/CSL FYM VFG CMC1 CMC2 CSL MIN NF+ NF- 

2005 
Beta vulgaris L. 

(fodder beet) 
8000 169 167 104 205 87 87 0 0 

2006 

Triticum aestivum L. 

(winter wheat) 

+ Phacelia tanacetifolia Benth. 

(Phacelia as catch crop) 

1500 36 28 33 21 27 0 0 0 

2007 
Brassica oleracea L. var. Rubra 

(red cabbage) 
2000 44 44 44 44 46 44 0 0 

2008 
Lolium perenne L. 

(perennial ryegrass) 
1101 44 44 44 44 46 44 0 0 

2009 
Zea mays L. 

(forage maize) 
3259 99 33 33 33 69 33 0 0 

2010 
Beta vulgarisL. 

(fodder beet) 
3101 59 44 44 44 64 44 0 0 

2011 
Brassica oleracea L. var. Rubra 

(red cabbage) 
2600 57 44 44 44 57 44 0 0 

2012 
Solanum tuberosum L. 

(potato) 
2350 44 44 44 44 48 44 0 0 

Average input 2005 – 2012 

(kg ha-1 year-1) 
2989 69 56 49 60 56 42 0 0 

Total input 2005-2012 

(kg ha-1) 
23911 551 446 388 477 444 338 0 0 

Total P input with organic fertilizers 2005-2012 

(kg ha-1) 
- 459 375 235 366 419 0 0 0 
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Table 4.1b The yearly, average and total (2005-2012) N input with organic fertilizers and mineral fertilizers. The non-fertilized control treatments NF+ 

and NF- were not included in this Table (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste compost; CMC1: farm compost with high 

C/N; CMC2: farm compost with low C/N; CSL: cattle slurry; MIN: only mineral fertilizers). 

Year Crop rotation 
N input (kg ha-1) with organic fertilizers  N input (kg ha-1) with mineral fertilizers 

FYM VFG CMC1 CMC2 CSL MIN  FYM VFG CMC1 CMC2 CSL MIN 

2005 
Beta vulgaris L. 

(fodder beet) 
558 670 266 559 508 0 

 
105 114 165 165 0 165 

2006 

Triticum aestivum L. 

(winter wheat) 

+ Phacelia tanacetifolia Benth. 

(Phacelia as catch crop) 

97 127 82 79 215 0 

 

245 253 272 276 168 189 

2007 
Brassica oleracea L. var. Rubra 

(red cabbage) 
116 130 131 37 228 0 

 
106 103 162 170 0 162 

2008 
Lolium perenne L. 

(perennial ryegrass) 
85 76 78 41 145 0 

 
66 50 125 97 0 109 

2009 
Zea mays L. 

(forage maize) 
122 224 357 123 366 0 

 
190 164 248 235 0 232 

2010 
Beta vulgarisL. 

(fodder beet) 
131 210 185 160 337 0 

 
130 145 183 178 0 167 

2011 
Brassica oleracea L. var. Rubra 

(red cabbage) 
110 199 185 171 283 0 

 
108 117 163 155 0 150 

2012 
Solanum tuberosum L. 

(potato) 
106 205 158 127 250 0 

 
173 168 203 199 69 196 

Average input 2005 – 2012 

(kg ha-1 year-1) 
166 230 180 162 292 0 

 
140 139 190 184 30 171 

Total input 2005-2012 

(kg ha-1) 
1326 1840 1443 1298 2333 0 

 
1122 1113 1520 1476 237 1370 
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Table 4.2 Mean ( ±SD) composition of all organic fertilizers used in the field trial from 2005 to 

2012 (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste compost; CMC1: farm 

compost with high C/N; CMC2: farm compost with low C/N; CSL: cattle slurry). 

Treatment 
Mean Composition (g kg-1 fresh matter) 

C N P K C/P 

FYM 89.0 ± 15.7 4.9 ± 1.5 1.5 ± 0.5 10.9 ± 5.0 67 ± 36 

VFG 149.4 ± 23.4 11.5 ± 3.0 2.4 ± 1.1 8.2 ± 1.9 75 ± 33 

CMC1 100.5 ± 42.5 3.9 ± 1.2 0.8 ± 0.4 3.9 ± 2.4 156 ± 100 

CMC2 81.4 ± 21.1 5.9 ± 2.4 1.1 ± 0.6 4.1 ± 2.3 107 ± 73 

CSL 31.2 ± 6.3 3.8 ± 0.6 0.6 ± 0.1 4.1 ± 1.1 53 ± 8 

 

4.2.2 Crop yield, soil and plant analysis 

To determine crop yields, a crop specific area in the middle of each plot was harvested: 10 m² 

for fodder beet (roots + leaves), 6 m² for maize, 5.6 m² for perennial ryegrass, 7.5 m² for red 

cabbage (cabbage + residual leaves) and 9.5 m² for potato. There were no crop yield 

determinations for winter wheat and phacelia (both in 2006) due to severe lodging of the 

crops. The DM% of a plant sample was determined, following the procedures in Chapter 1. 

To calculate the relative DM crop yield, first a yearly arbitrary expected yield was calculated 

by averaging all replicates of treatments of FYM, VFG, CMC1, CMC2, CSL and MIN. All 

further calculations were determined relative to this average expected yield. After calculating 

all relative yields, we averaged the relative yields per treatment, including all replicates, for 

all years (2005, 2007-2012). The resulting averages are then compared (Table 4.3). In 2011 

and 2012 subsamples of the dried plant material were used to determine the P% (procedure, 

see Chapter 1) and the P export by red cabbage and potato. In 2012 the underwater weight of 

the potato tubers was determined by weighing 5000g water cleaned potato tubers in a barrel 

with tap water. 

In 2011 and 2012 immediately after harvest, soil samples were taken on every plot for 

analysis of P-CaCl2, HWP, P-AL, Ptot, Fe-AL, Ca-AL, pH-KCl, HWC and SOC (procedures, 

see Chapter 1). In order to combine the evolution in SOC level and P in the soil solution per 

organic fertilizer type in one parameter, the ∆SOC/P-CaCl2 ratio was defined. The difference 

in SOC level between treatments FYM, VFG, CMC1, CMC2, CSL on one hand and treatment 
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MIN on the other hand (∆SOC) was calculated per block and divided by the plot specific P-

CaCl2. Hence, the MIN treatment served as reference treatment for SOC level. 

4.2.3 Leaching experiment 

A leaching experiment in controlled unsaturated conditions with fresh soil samples was 

conducted in the laboratory to estimate the P leaching losses from the top layer. Soil samples 

(0-30 cm) were taken in December 2011 in 3 of the 4 replicates of the field trial with an auger 

(regular grid, 20 soil cores plot-1) to get one mixed sample per plot (3 replicates x 8 treatments 

= 24 samples). Visible crop residues were removed.  

Since the leaching experiment can only be conducted with 15 soil samples at a time, the 

leaching experiment was conducted in 2 batches. For the first batch (CSL, FYM, MIN, NF- 

and VFG), the leaching experiment was conducted immediately after soil sampling. Samples 

of NF+, CMC1 and CMC2, not participating in the first batch were stored in closed plastic 

bags at 0-4°C until a second batch was started in May 2012. Subsamples of NF- and FYM, 

stored similarly as NF+, CMC1 and CMC2, were included in this second batch to check for 

reproducibility (see statistical analysis). Both leaching experiment batches lasted for 36 days 

and in both cases 165 (±20) l m-² was added to the soil surface. Water samples were analysed 

for TP, TDP, TDC and Fe concentration, following the procedures in Chapter 1. 

4.2.4 Validation of the leaching experiment 

It is thought that an increased P leaching also causes a P enrichment of the subsoil (Brock et 

al., 2007). We used this knowledge in order to validate the observations in the leaching 

experiment. We measured HWP and P-AL in the shallow subsoil (30-40 cm) of all treatments 

in the field trial. The subsoil was sampled in 2012 with an auger (regular grid, 

20 soil cores plot-1) after potato harvest.  

4.2.5 Statistical analysis 

The data were analysed using STATISTICA 11.0 software. The soil parameters of 2011 and 

2012 were analysed in a Repeated Measures ANOVA and Scheffé’s test (p<0.05) with factors 

‘soil parameter’ and ‘year’. There was no interaction effect between the two factors. Yearly 

DM crop yields, yearly relative DM crop yield and yearly P export were analysed in a one-
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way ANOVA and Scheffé’s test (p<0.05). Statistics on the relative DM crop yield were 

performed on all relative DM crop yields from 2008 to 2012 together for FYM, VFG, CMC1, 

CMC2, CSL and MIN.  

Data of water samples were statistically compared by calculating the cumulative TP, TDP, 

TDC and OP leached per unit of leached water (mg l-1) at the end of the leaching experiment 

and using a one-way ANOVA analysis (p<0.05) and Scheffé’s test. The Scheffé-test was used 

since this statistical test is robust and suited for data where not all treatments have the same 

amount of replicates, which was the case in the leaching experiment. We analysed the 

reproducibility of the leaching experiment in a separate two-way ANOVA with ‘batch’ and 

‘treatment’ (NF- and FYM) as factors. There were no interaction effects between the ‘batch’ 

and ’treatment’ factor for TP (p=0.83), TDP (p=0.71) and OP (p=0.83). The ‘batch’ factor 

was not significant for TP (p=0.10), TDP (p=0.10) and OP (p=0.35). As the interaction term 

and the batch factor were not significant, statistical analysis was conducted on the pooled 

dataset of the two batches of the leaching experiment. 

Data of the subsoil samples to validate the leaching experiment were compared using a 

contrast analysis with the FYM treatment as contrast C1 and all other treatments as contrast C2 

(p<0.05). 

4.3 Results 

4.3.1 P and C content in the soil 

SOC levels were significantly increased (p<0.001) after 8 years of application of farmyard 

manure, CMC1, CMC2 and VFG compost addition, compared to mineral fertilizers 

(Table 4.3). Despite an equal C input for all organic fertilizer treatments, SOC increase was 

not significant for the cattle slurry treatment compared to MIN treatment (Table 4.3). 
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Table 4.3 Year and treatment effect for soil properties measured in the 0-30 cm soil layer. Data are arithmetic means ( ±SD) of all treatments sampled 

in 2011 and 2012. Data with the same letter(s) (factor treatment: lower case letters, factor year: upper case letters) in a column are not significantly different 

(Scheffé’s test, p<0.05) from each other. Data from a mixed soil sample at the start of the field trial in 2005, reported by Leroy (2008) is also included in this 

table (FYM: dairy  farmyard manure; VFG: vegetable, fruit and garden waste compost; CMC1: farm compost with high C/N; CMC2: farm compost with low 

C/N; CSL: cattle slurry; MIN: only mineral fertilizers; NF+: no fertilizer; NF-: fallow). 

Treatment 
P-CaCl2 

mg P kg-1 

HWP 

mg P kg-1 

P-AL 

mg P kg-1 

Ptot 

mg P kg-1 

Fe-AL 

mg Fe kg-1 

Ca-AL 

mg Ca kg-1 

HWC 

mg C kg-1 
pH-KCl 

SOC 

% 

∆SOC

P-CaCl2
 

FYM 4.1 ± 1.0b 22.7 ± 2.7b 284 ± 28a 644 ± 52a 762 ± 82a 1477 ± 91ab 932 ± 133ab 5.82 ± 0.19bc 1.23 ± 0.08cd 0.06 ± 0.02ab 

VFG 3.0 ± 1.0ab 16.7 ± 2.2a 268 ± 17a 612 ± 30a 733 ± 85a 1689 ± 80c 964 ± 151b 6.09 ± 0.08c 1.31 ± 0.03d 0.12 ± 0.04c 

CMC1 2.2 ± 0.6a 15.5 ± 1.9a 221 ± 18a 571 ± 38a 788 ± 71a 1475 ± 74ab 839 ± 118ab 5.67 ± 0.10ab 1.19 ± 0.07bcd 0.10 ± 0.04bc 

CMC2 2.5 ± 0.3a 16.6 ± 1.2a 242 ± 22a 602 ± 40a 764 ± 41a 1528 ± 113bc 854 ± 94ab 5.83 ± 0.12bc 1.25 ± 0.07cd 0.11 ± 0.04bc 

CSL 2.9 ± 1.1ab 17.4 ± 3.7a 230 ± 23a 571 ± 58a 769 ± 94a 1352 ± 61ab 898 ± 149ab 5.64 ± 0.12ab 1.11 ± 0.10abc 0.05 ± 0.03a 

MIN 2.7 ± 1.0ab 16.7 ± 2.8a 235 ± 23a 565 ± 63a 767 ± 119a 1342 ± 74a 756 ± 116ab 5.42 ± 0.09a 1.00 ± 0.09a - 

NF+ 2.2 ± 0.4a 16.0 ± 1.3a 238 ± 28a 586 ± 41a 860 ± 97a 1337 ± 87a 794 ± 65ab 5.46 ± 0.12a 1.06 ± 0.03ab - 

NF- 2.9 ± 0.7ab 16.7 ± 1.8a 228 ± 24a 578 ± 45a 783 ± 89a 1372 ± 71ab 737 ± 62a 5.58 ± 0.08ab 0.96 ± 0.05a - 

Year 
          

2005* - - 208 - - 1220 - 5.90 1.01 - 

2011 2.6 ± 0.9A 16.5 ± 2.7A 239 ± 30A 565 ± 36A 751 ± 94A 1405 ± 124A 915 ± 115B 5.72 ± 0.23B 1.15 ± 0.12A - 

2012 3.1 ± 1.0B 18.1 ± 3.3B 247 ± 30B 618 ± 51B 806 ± 77B 1488 ± 142B 778 ± 115A 5.66 ± 0.23A 1.13 ± 0.15A - 

* data adapted from Leroy (2008) 
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Table 4.4a Total dry matter crop yield in kg ha-1 ( ±SD) and relative crop yield calculated over the entire measurement period. Data are arithmetic 

means (±SD). Data with the same letter(s) in a column are not significantly different (Scheffé’s test, p<0.05) from each other. Treatments NF+ and NF- are 

not included in the statistical tests and in the calculation of the mean DM crop yield (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste 

compost; CMC1: farm compost with high C/N; CMC2: farm compost with low C/N; CSL: cattle slurry; MIN: only mineral fertilizers; NF+: no fertilizer; NF-: 

fallow). 

Year/ crop 

2005 2007 2008 2009 2010 2011 2012 2005-2012 

Fodder beet Red cabbage 
Perennial 

ryegrass 
Maize Fodder beet Red cabbage Potato 

Relative 

crop yield 

FYM 21 800 ± 3 300ab 14 200 ± 700a 6 000 ± 400ab 22 300 ± 800b 27 300 ± 3 800a 13 600 ± 800a 12 700 ± 2 100a 102 ± 11ab 

VFG 22 800 ± 500ab 14 300 ± 400a 5 200 ± 600ab 20 000 ± 1 100ab 27 800 ± 1 500a 14 600 ± 1 000a 12 600 ± 600a 100 ± 6ab 

CMC1 24 100 ± 2 200b 13 400 ± 1 000a 5 600 ± 500ab 21 000 ± 1 300b 26 400 ± 5 300a 14 300 ± 700a 12 900 ± 1 500a 101 ± 10ab 

CMC2 25 200 ± 1 100b 14 200 ± 600a 6 700 ± 200b 21 700 ± 800b 28 400 ± 5 000a 14 600 ± 700a 11 300 ± 500a 106 ± 11b 

CSL 18 600 ± 2 800a 14 500 ± 1 600a 5 100 ± 700ab 17 800 ± 1 300a 27 200 ± 4 600a 13 200 ± 700a 12 600 ± 1 800a 94 ± 13a 

MIN 24 700 ± 2 000b 13 800 ± 1 300a 4 600 ± 1 000a 20 300 ± 900ab 25 400 ± 2 300a 13 700 ± 900a 11 500 ± 900a 96 ± 11ab 

Mean crop yield 

kg DM ha-1 22 900 ± 3 000 14 000 ± 900 5 500 ± 900 20 500 ± 1 700 27 100 ± 3 700 14 000 ± 900 12 300 ± 1 400 100 

         

NF+ 16 200 ± 2 300 8 700 ± 900 2 700 ± 1 800 6 400 ± 600 12 400 ± 800 9 000 ± 1 300 9 200 ± 1 000 57 ± 19 

NF- - - - - - - - - 
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Table 4.4b The economical relevant fresh crop yield in kg ha-1 ( ±SD) and DM% of fodder beet in 2005 and 2010, red cabbage in 2007 and 2011 and 

potato in 2012. The economical relevant crop yield was defined as the defoliated fodder beet roots, the red cabbage without leaf detritus and potato tubers 

>35mm. The mean underwater weight of the potato tubers was 376 (±12) g (5kg)-1 and was statistically not different between groups. Data are arithmetic 

means (±SD). Data with the same letter(s) in a column are not significantly different (Scheffé’s test, p<0.05) from each other. Treatments NF+ and NF- are 

not included in the statistical tests (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste compost; CMC1: farm compost with high C/N; 

CMC2: farm compost with low C/N; CSL: cattle slurry; MIN: only mineral fertilizers; NF+: no fertilizer; NF-: fallow). 

 

Fodder beet - 2005 Red cabbage - 2007 Fodder beet - 2010 Red cabbage - 2011 Potato - 2012 

Crop yield 

kg ha-1 

DM 

% 

Crop yield 

kg ha-1 

DM 

% 

Crop yield 

kg ha-1 

DM 

% 

Crop yield 

kg ha-1 

DM 

% 

Crop yield 

kg ha-1 

DM 

% 

FYM 85 410 ± 12 000a 18.1 ± 0.7a 77 800 ± 5 100a 9.6 ± 0.3a 139 100 ± 8 100a 15.5 ± 1.1a 77 300 ± 5 500ab 10.3 ± 0.2a 56 400 ± 6 100a 21.6 ± 1.7a 

VFG 92 800 ± 7 500a 17.3 ± 0.8a 77 000 ± 1 200a 9.8 ± 0.1a 143 700 ± 7 700a 15.4 ± 0.6a 88 700 ± 8 300b 10.2 ± 0.3a 57 500 ± 3 300a 21.2 ± 0.3a 

CMC1 93 700 ± 11 800a 18.1 ± 2.4a 72 500 ± 8 700a 9.9 ± 0.3a 131 000 ± 15 700a 15.7 ± 1.0a 83 100 ± 3 600ab 10.2 ± 0.3a 57 200 ± 7 600a 21.8 ± 0.5a 

CMC2 96 500 ± 7 400a 18.4 ± 1.5a 78 400 ± 8 500a 9.5 ± 0.3a 140 000 ± 12 200a 15.7 ± 1.1a 89 100 ± 2 300b 10.2 ± 0.4a 50 500 ± 4 600a 21.8 ± 0.9a 

CSL 74 100 ± 12600a 17.8 ± 0.1a 76 200 ± 8 900a 9.8 ± 0.3a 139 400 ± 10 700a 15.8 ± 1.3a 71 200 ± 4 600a 10.5 ± 0.2a 54 500 ± 8 000a 22.2 ± 0.8a 

MIN 94 900 ± 10 200a 18.6 ± 0.7a 70 900 ± 3 000a 10.0 ± 0.1a 135 400 ± 12 700a 15.2 ± 0.5a 80 700 ± 7 900ab 10.2 ± 0.2a 52 400 ± 4 900a 21.4 ± 1.2a 

NF+ 60 600 ± 8 100 18.7 ± 0.6 28 900 ± 6 300 10.1 ± 0.1 70 500 ± 2 700 15.5 ± 0.3 38 700 ± 9 700 10.8 ± 0.2 34 800 ± 3 400 24.8 ± 0.9 

NF- - - - - - - - - - - 
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P-CaCl2 was the highest for the FYM treatment and this increase was significant (p<0.001) 

compared to CMC1, CMC2 and NF+ (Table 4.3). The HWP level in the FYM treatment was 

significantly increased (Table 4.3), confirming the results of P-CaCl2. Differences in soil pH 

between the organic fertilizer treatments were small, except for the treatment with 

VFG compost, which had a significantly (p<0.001) higher pH-KCl compared to all other 

treatments. There was no correlation (R²=0.02, p=0.26) between P-CaCl2 and pH-KCl. 

The FYM treatment had a significantly (p<0.001) higher P-AL level than the CMC1, CSL, 

MIN and NF- treatments. No significant differences were observed for Ptot between the 

treatments. The difference in Ptot between 2011 and 2012 was significant but small. 

Fe-AL levels were not significantly (p=0.22) different. After 8 years Ca-AL was increased for 

CMC1 compost and the farmyard manure treatments compared to all other treatments and 

significantly (p<0.001) increased for the CMC2 and VFG compost treatments compared to 

the mineral fertilized treatment, the cattle slurry treatment and the control treatments. These 

differences were expected since the organic fertilizers used typically have different 

Ca contents and there was no correction for Ca input in the field trial. Although the soil is not 

alkaline, we observed a weak, but significant positive correlation between Ca-AL and P-AL 

(R²=0.24, p<0.01) and no correlation between P-AL and Fe-AL (R²=0.09, p=0.22). 

The parameter ∆SOC/P-CaCl2 estimates the gain in SOC level in relation to the mineral 

fertilized treatment (MIN) per unit of P availability in the soil (P-CaCl2) after 8 years addition 

of exogenous organic matter. All three compost treatments (CMC1, CMC2 and VFG) led to a 

significantly (p<0.001) higher ∆SOC/P-CaCl2 ratio, compared to CSL (Table 4.3). VFG had a 

significantly higher ∆SOC/P-CaCl2 ratio than FYM. The C/P and ∆SOC/P-CaCl2 ratios for 

the two types of animal manure (FYM and CSL) are in the same range, the same holds for the 

two types of farm compost (CMC1 and CMC2). Although VFG compost led to the highest 

∆SOC/P-CaCl2 ratio, the C/P ratio of VFG compost is between those of animal manure and 

the other composts (Table 4.2). 

4.3.2 Crop yield and P export 

Significant differences in total DM crop yields among the fertilized treatments were only 

detected in 2005, 2008 and 2009 (Table 4.4a). However calculations of the relative DM crop 

yield averaged over 8 years (2005-2012) indicated only a significant (p<0.001) difference in 
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DM crop yield between CSL and CMC2 (Table 4.4a). The total DM crop yield of the control 

treatment NF+ fluctuated from 31% (maize, 2009) to 75% (potato, 2012) of the mean  

DM crop yield. We assume that the lower crop yields for CSL in 2005 were not a result of the 

fertilizer as such. In 2005 the soil of the CSL plots was very moist due to the combination of a 

wet spring season and the slurry application, resulting in soil compaction during tillage 

practices. The emergence of fodder beet on the CSL plots was hampered and during the whole 

growing season the development of these plants lagged behind, resulting in a significant lower 

crop yield. Except for the perennial ryegrass and forage maize crops, the total above ground 

DM crop yield is not economically relevant. Therefore we calculated also the economical 

relevant fresh matter crop yield for fodder beet (defoliated beet roots), red cabbage (cabbage 

without leaf detritus) and potato (tubers >35 mm) (Table 4.4b). We observed however only in 

2011 a significantly increased crop yield for red cabbage in the VFG, compared to the CSL 

treatment (Table 4.4b). 

We measured an average P export of 53 (±5) kg P ha-1 by red cabbage in 2011 and 

29 (±4) kg P ha-1 by potato in 2012, for all fertilized treatments. There were no significant 

differences in P export among the organic and mineral fertilized treatments. The P export of 

the control treatment NF+ was with 30 (±5) kg P ha-1 in 2011 and 21 (±2) kg P ha-1 in 2012 

significantly lower compared to all fertilized treatments in 2011 and compared to the FYM 

and VFG compost treatments in 2012. 

4.3.3 P leaching 

The TP, TDP and OP concentrations in the leachate were significantly (p<0.001) increased 

for the FYM treatment, but there were no significant differences in P leaching losses between 

the other fertilized and control treatments (Table 4.5). Figure 4.1 illustrates the cumulative 

TP leaching per ∆V/TPV, with the corresponding 95% confidence ellipses for FYM and all 

the other treatments. The TP, TDP and OP concentrations increased between the 1st and 2nd 

water sampling event for all treatments (data not shown). Afterwards, the P concentration 

remained constant over time at a treatment-specific level. The total P input (2005-2012) was 

indeed the highest in the FYM treatment (Table 4.1), but differences in total P input among all 

other treatments seem to have no effect on TP (Figure 4.2). 
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Table 4.5 TP, TDP, OP and TDC concentrations in the leaching water of the leaching 

experiments. Data are arithmetic means (±SD) of the cumulative leached P and C per unit of 

cumulative leached water. Data with the same letter(s) in a column are not significantly different 

(Scheffé’s test, p<0.05) from each other (FYM: dairy farmyard manure; VFG: vegetable, fruit and 

garden waste compost; CMC1: farm compost with high C/N; CMC2: farm compost with low C/N; 

CSL: cattle slurry; MIN: only mineral fertilizers; NF+: no fertilizer; NF-: fallow). 

Treatment 
TP 

mg P l-1 

TDP 

mg P l-1 

OP 

mg P l-1 

TDC 

mg C l-1 

FYM 1.87 ± 0.39b 1.69 ± 0.4b 1.18 ± 0.29b 74.0 ± 13.5a 

VFG 0.99 ± 0.11a 0.91 ± 0.16a 0.59 ± 0.11a 92.5 ± 5.7a 

CMC1 0.93 ± 0.03a 0.75 ± 0.07a 0.36 ± 0.07a 67.3 ± 10.8a 

CMC2 0.96 ± 0.27a 0.85 ± 0.23a 0.49 ± 0.19a 72.3 ± 8.3a 

CSL 0.97 ± 0.21a 0.81 ± 0.26a 0.52 ± 0.21a 80.9 ± 20.7a 

MIN 1.12 ± 0.30a 0.87 ± 0.27a 0.56 ± 0.17a 95.1 ± 35.4a 

NF+ 0.89 ± 0.15a 0.75 ± 0.12a 0.40 ± 0.10a 52.2 ± 16.9a 

NF- 1.08 ± 0.32a 0.84 ± 0.27a 0.50 ± 0.20a 64.5 ± 13.4a 

 

 

 

Figure 4.1 The cumulative leached TP (mg P) in function of the amount of eluted water per TPV 

(∆V/TPV). The ellipses correspond to the 95% confidence ellipses for FYM (full line) and all the other 

treatments together (dashed line). 
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Figure 4.2 The TP leaching concentration (mg P l-1) in the leaching experiment in relation to the 

total P input (kg P ha-1) from 2005 to 2012 (upper graph). The P availability measured as P-CaCl2 

(mg P kg-1) and HWP (mg P kg-1) in relation to the total P input (kg P ha-1) from 2005 to 2012 (lower 

graph). Data are arrhythmic means of the TP, P-CaCl2 and HWP per treatment, error bars represent 

±SD (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste compost; CMC1: farm 

compost with high C/N; CMC2: farm compost with low C/N; CSL: cattle slurry; MIN: only mineral 

fertilizers). 

The variability in proportion of TP, that leached as TDP or OP in the leaching experiment was 

high (Figure 4.3). Most of TP leached in form of TDP (TDP/TP ratio = 77-92 %). The 

OP/TP ratio of the FYM treatment (OP/TP = 63%) was significantly higher than the 
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treatments CMC1 (OP/TP = 39%) and NF- (OP/TP = 44%).The OP/TDP ratio varied from 

41 to 68% for CMC1 and FYM respectively (data not shown). 

 

Figure 4.2 The mean composition (±SD) of TP, calculated as TDP/TP and OP/TP over the whole 

leaching experiment. Groups with the same letter(s) are not significantly different (Scheffé’s test, 

p<0.05) from each other (FYM: dairy farmyard manure; VFG: vegetable, fruit and garden waste 

compost; CMC1: farm compost with high C/N; CMC2: farm compost with low C/N; CSL: cattle 

slurry; MIN: only mineral fertilizers; NF+: no fertilizer; NF-: fallow) 

Fe concentrations in the leachate always remained between 1 and 6 mg Fe l-1,depending on 

treatment and time of measurement, and no sudden increases in Fe concentration were 

detected (data not shown). Therefore we conclude that silting and/or anaerobic conditions did 

not occur. TDC concentrations in the water samples were approximately 74 mg C l-1 for all 

treatments and constant over time. The TDC leaching was lower in the control treatments NF- 

and NF+, compared to all other treatments. Remarkably, the TDC leaching was the highest in 

the MIN treatment and comparable to the TDC leaching in the VFG treatment. These 

differences were however not significant (p=0.06) (Table 4.5). 

4.3.4 Validation of the leaching experiment 

To validate the observations in the leaching experiment, HWP and P-AL were measured in 

the subsoil (30-40 cm) and were both analysed in a contrast analysis with contrasts C1 (FYM) 

and C2 (VFG, CMC1, CMC2, CSL, MIN, NF+, NF-). Both HWP (17 mg P kg-1) and P-AL 

(219 mg P kg-1) of C1 were significantly (HWP: p=0.01; P-AL: p=0.006) increased, compared 
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to HWP (11 mg P kg-1) and P-AL (155 mg P kg-1) of C2. The higher HWP and P-AL levels 

for C1 confirm the higher P leaching from the topsoil of the FYM treatments. 

4.4 Discussion 

4.4.1 P availability in the soil 

P-CaCl2 was higher when farmyard manure was used, but differences were not always 

significant, while HWP showed a significant distinction between FYM and all other organic 

fertilizers, mineral fertilizer and control treatments. This means that the amount of P in the 

soil solution and the easily available P are enhanced by fertilizing with farmyard manure. This 

is unlikely a pH effect or an effect of increased microbial activity. Although the  

P concentration in the soil solution is dependent on the soil pH (Jones, 1979), we did not 

observe any correlation between soil pH and P-CaCl2 in our study. Moeskops et al. (2012) 

studied the microbial soil quality of the field trial presented in this study in the winter of 

2009-2010 and reported that all organic fertilizers have a positive effect on microbial soil 

quality compared to mineral fertilizers. Differences in microbial biomass and microbial 

enzyme activity between farmyard manure and all other organic fertilizer treatments were 

however small (Moeskops et al., 2012). 

We suggest three possible explanations for the differences in P-CaCl2 and HWP between the 

organic fertilizer treatments : (i) organic acids released by the organic fertilizer, (ii) a 

combination of increased total P input and increased P-AL levels and (iii) the importance of 

Ca-P bindings. 

Jiao et al. (2007) revealed that in soils with farmyard manure addition there is not only an 

increased P release to the soil solution, but also a decreased P retention, compared to soils 

with TSP addition. The authors proposed that the increased P desorption is caused by release 

of organic acids from manure decomposition, (i) which can chelate Fe and Al oxides and 

bring them into soil solution and thus reducing the number of P binding sites and (ii) which 

can compete with orthophosphate for the binding sites. This is in line with Ehlert et al. (2004) 

who states that the multiple use of exogenous organic matter will lead in the long term to 

decreasing soil P sorption maxima. Since we observed an increased P-CaCl2 and HWP level 
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for farmyard manure, but not for the composts and cattle slurry, we assume that the amount 

and type of organic acids released is depending on the exogenous organic matter type. 

Djojic and Mattsson (2013) observed that in soils with high initial P-AL levels, increasing the 

P rate caused a stronger increase in P-CaCl2, compared to soils with lower initial P-AL levels. 

Since the farmyard manure treatment in our field trial had both an increased P-AL level and a 

higher total P input (2005-2010) compared to all other treatments, the increased 

P-CaCl2 could indeed be the result of a combination effect. Differences in total P input among 

all other treatments which had lower P-AL levels, had no effect on P-CaCl2 and HWP 

(Figure 4.2). 

Application of organic fertilizers resulted in differences in Ca input and Ca status of the soil 

(as measured in the AL extracts, Table 4.3). Steel et al. (2012) observed for several composts 

increased Ca concentrations in the AL extract in an incubation trial with a single compost 

dose. High soil concentrations of plant-available Ca, Na, Mg and K after incubation with 

compost corresponded to high concentrations of these elements in the composts, which were 

affected by concentrations in the feedstocks materials (Steel et al., 2012). The difference in 

Ca input by organic fertilizers may affect the P availability in the soil. We observed however 

only a weak correlation between P and Ca in the AL extract. Results of Vandecasteele et al. 

(2014) indicated that apatite P was the dominant P form in several organic fertilizers based on 

chicken manure and that P binding and availability in the products after manure processing is 

related to Ca. Possibly Ca-P bindings formed during composting, prevent P to become 

available in the soil solution when compost is applied, in contrast to farmyard manure. 

Despite higher P availability in the farmyard manure treatments, we did not observe an effect 

of fertilizer type on P export. This is similar to the observations of Krey et al. (2013). 

Probably because of the high initial P-AL levels, the soil provided already enough P for 

optimal crop growth. Therefore more P in the soil solution was available for leaching. The 

relative crop yields were slightly increased for compost and farmyard manure, compared to 

mineral fertilizers and cattle slurry. Although this might be caused by improved soil quality 

(Diacono and Montemurro, 2009; Krey et al., 2013; D’Hose et al., 2014), causal effects are 

difficult to prove and differences in crop yield could also be the result of a change in N 

mineralization capacity. 
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4.4.2 P leaching 

Based on the laboratory leaching experiment in 2011, we observed that higher P availability 

(measured as P-CaCl2 and HWP) in the treatment with farmyard manure lead to an increased 

P leaching loss. The reliability of the leaching experiment was checked and confirmed by 

measuring the P enrichment at 10 cm below tillage depth in 2012. Although the desorbable P 

(measured as P-AL) varied across the treatments (Table 4.3), with FYM having the highest  

P-AL value, but VFG also having a high P-AL value, the TP concentrations in the leachate 

(Table 4.5) is comparable in all treatments, except for the farmyard manure treatment. The  

TP concentrations in the leaching water of the farmyard manure treatment is almost twice as 

high as all other treatments, including the VFG compost treatment. This could be due to a 

change point in the relationship between the desorbable P fraction of the soil and the  

P leaching. Heckrath et al. (1995) observed such a change-point between Olsen-P 

measurements and the total P concentration of drainage water. Below this change-point the  

P concentrations in the drainage water were low. Above the change-point, the  

P concentrations in the drainage water were linearly related to the Olsen-P level. A similar 

change-point was observed by Hesketh and Brookes (2000) and Maguire and Sims (2002), 

although in their case P-CaCl2 was used as a proxy for P leaching. Since the farmyard manure 

treatment had the highest P fertilizer input in our study, it is possible that this change point is 

only crossed for the farmyard manure treatment. This would mean that the increased  

P leaching in the farmyard manure amended soils was (partly) an effect of increased  

P fertilization, compared to the other treatments, which makes it difficult to distinguish 

whether the higher P leaching is due to specific farmyard manure properties or to the fact that 

the change point has been exceeded. In Chapter 5 this is further discussed. 

A major part of TP leached as TDP (<0.45 µm). As expected the TDP and TP leaching are 

close to each other and provide the same information. Similar to McDowell and Sharpley 

(2004), we observed that all OP/TP ratios close to 50%. Not only the TP, TDP and OP 

leaching were the highest for the treatments with farmyard manure, this was also true for the 

OP/TP ratio. In other words, farmyard manure amended soils leach a greater proportion of P 

in the form of OP. This indicates that organic acids released from the farmyard manure are 

more able to facilitate P loss by blocking P sorption sites or are released in greater amounts, 

compared to compost and cattle slurry. The differences in OP/TP remain however small. This 

is not surprising since P addition mainly affects orthophosphate amounts in the soil and does 
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not lead to a build-up of soil organic P, regardless of form and amount of fertilizer  

(Ahlgren et al., 2013). Svanbäck et al. (2013) observed in several Swedish soils with animal 

manure or mineral fertilizers, that the percentage of dissolved reactive P (which is mainly OP 

according to McDowell and Sharpley (2004)) in TP in leachate is increased with increased 

P-AL levels and is more dependent from the soil P status than from the applied type of 

fertilizer. 

Since the OP/TDP-ratios were 41-68%, an important fraction of TDP leached in other soluble 

forms than OP, probably dissolved organic P forms. The OP/TDP ratios in our study are 

however in the same range as the OP/TDP ratios (OP measured as dissolved reactive P) in the 

leaching experiments of the study of McDowell and Sharply (2004) (45 to 60%) with 

application of manure, composted animal manure and superphosphate and the study of 

Fuentes et al. (2012) (60 to 70%) with application of dairy slurry and separation products of 

dairy slurry. 

4.4.3 Increase in SOC levels versus P availability 

Like Powlson et al. (2012), we observed higher SOC levels after 8 years of compost additions 

compared to cattle slurry addition at the same C input rate. Although the application of 

farmyard manure leads to a similar SOC level as the three compost types, farmyard manure 

resulted in a lower ∆SOC/P-CaCl2 ratio, compared to compost. This means that adding plant-

based compost is a better option than farmyard manure to enhance the SOC levels of arable 

land without increasing P availability and related P leaching. 

4.5 Conclusions 

We conclude that fertilizer type had a clear effect on the SOC level. Although C input of all 

treatments with organic fertilizers was equal, SOC levels measured after 8 years were as 

follows: VFG>CMC2>FYM>CMC1>CSL due to differences in the characteristics of the 

exogenous organic matter. The relative crop yield was little influenced by fertilizer type. 

We observed an increase in P availability (P-CaCl2 and HWP), when farmyard manure was 

used as an organic fertilizer. This increased P availability was not compensated by an 

increased P export. Since soil P levels in the field trial are high, it is unlikely that the crops 
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would suffer from P deficiency. It was shown in a laboratory leaching experiment with soil 

columns that this increased P availability in farmyard manure amended soils can be a source 

of P losses through leaching. This leaching experiment proved to be a reliable method to 

investigate differences in P leaching, as the results were confirmed by the P enrichment at 10 

cm below tillage depth in the treatments of the field trial. We conclude that in soils with a 

high P status the use of plant-based composts allows to increase SOC levels without 

increasing P leaching. Although farmyard manure has a potential to increase the SOC levels, 

comparable to these composts, P leaching is also increased by farmyard applications. The 

underlying mechanisms are further researched and discussed in Chapter 5. 

 



 

 

  



 

 

 

 

Illustration: 

Overview of the M05.01 field trial (Ghent University) at Melle (see Chapter 4 and 5) at the 

moment of incorporation of organic fertilizers, before maize sowing on May 11th 2009. In 

the foreground, a field plot with addition of dairy farmyard manure. 
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5 Chapter 5 

The long term use of farmyard manure and compost: effects on P 

availability, orthophosphate sorption strength and P leaching 
 

Adapted from: Vanden Nest, T., Ruysschaert, G., Vandecasteele B., Houot, S., Baken, S., 

Smolders, E., Cougnon, M., Reheul, D., Merckx, R., 2014. The long term use of farmyard 

manure and compost: effects on P availability, orthophosphate sorption strength and P 

leaching. AMBIO, submitted. 

5.1 Introduction 

Several types of exogenous organic matter amendments such as farmyard manure and 

composts can be applied to increase or at least maintain the SOC levels (Powlson et al., 

2012). However, in several studies, soil P sorption strength was decreased by application of 

poultry manure (Siddique and Robinson, 2003; Azeez and Van Averbeke, 2011), cattle 

manure (Jiao et al., 2007; Azeez and Van Averbeke, 2011), goat manure (Azeez and Van 

Averbeke, 2011), sewage sludge (Siddique and Robinson, 2003, Shasheen and Tsadilas, 

2013) and even humic substances derived from cattle manure (Agbenin and Igbokwe, 2006). 

Soil P isotherms are thus changed due to animal manure application, and the solid-liquid 

orthophosphate distribution coefficients (PO4-Kd), which are directly related to the soil 

P buffer capacity (Sato and Comerford, 2005), are reduced. This means that less P is retained 

by the soil and more P is solubilized, with potential higher P leaching losses as a result. It is 

speculated in these studies that organic acids, released by the applied manure will decrease the 

soil P sorption strength on mineral soil particles by (i) competition between organic acids and 

orthophosphate on Al and Fe oxide binding sites, or by (ii) reducing the numbers of binding 

sites by chelation and solubilisation of Al and Fe oxides with organic acids. 

In contrast to farmyard manure, additions of compost based on plant material do not change 

P-CaCl2 and HWP in the soil, and P concentrations in the leachates of a soil column 

experiment, compared to mineral and slurry P fertilized soils (see Chapter 4). The plant-based 
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compost types that were used in the long term field trial (M05.01) in Chapter 4, contained 

approximately 25 to 300% more Ca than farmyard manure, depending on compost type 

(Leroy, 2008). Possibly, Ca-P precipitates can be formed following an initial P adsorption on 

calcite (Frossard et al., 1995) during the composting processes as compost has normally a pH-

H2O>7. It is not known to which extent these Ca-P precipitates can influence the soil  

P availability when compost is applied to the soil. Siddique and Robinson (2003) observed an 

increase in P-CaCl2 and in resin extracted P due to poultry manure, poultry litter and sewage 

sludge amendments. This increase in P-CaCl2 and resin-P was negatively correlated to the  

Ca input through manure. Hence, the larger the input of available Ca with manure, the smaller 

the increase in P availability that could be achieved due to manure application. In accordance, 

Vandecasteele et al. (2014) indicated that P binding and availability in the products after 

chicken manure processing was related to Ca content. This means that the soil P availability 

after application of exogenous organic matter can be influenced both by release of organic 

acids that decrease soil P sorption and the Ca-P precipitates that reduce the release of P by the 

applied organic fertilizers. 

Seasonal trends induced by changes in precipitation, mean temperature, P uptake by crops and 

microbial activity involved in the P cycle can be observed in P availability levels (Saunders 

and Metson, 1971; Chen et al., 2003; Styles and Coxon, 2007). Although Saunders and 

Metson (1971) and Styles and Coxon (2007) indicated that these seasonal trends are site-

dependent, it is unknown whether they are also fertilizer dependent. If compost and farmyard 

manure amended soils follow different seasonal trends, this implies that P derived from 

farmyard manure or compost become available at different moments in time. In contrast, if 

seasonal trends in P availability are independent from the fertilizer type, this is an indication 

that increased P availability in the farmyard manure amended soils are caused by changes in 

soil P sorption strength as mentioned above, induced by long term application of organic 

fertilizers. 

The aims of this study were (i) to confirm if farmyard manure indeed induces increased 

P availability and leaching losses compared to compost applications by sampling a second 

long term field trial on silt loam soil (Qualiagro trial), (ii) to investigate whether differences in 

P availability among different sources of organic amendments, are independent from the 

sampling time by monitoring the M05.01 field trial over a 391 days period and 

(iii) whether these differences are related to differences in orthophosphate sorption by 
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determining orthophosphate distribution coefficient PO4-Kd with labelled orthophosphate 

(33PO4). 

5.2 Material and methods 

5.2.1 The M05.01 and Qualiagro field trial design 

The M05.01 long term field trial has been conducted in Melle (Belgium) on a silt loam 

(USDA) soil since 2005. The mean annual temperature and precipitation are 9.5°C and 

726 mm, respectively. The design and fertilization of the field trial is explained in Chapter 4 

and Appendix II. The total P input per treatment is indicated in Table 5.2. 

The Qualiagro long term field trial has been conducted in Feucherolles (Yvelines, France) on 

a Glossic Luvisol with silt loam texture (USDA soil texture classification) soil since 1998. 

The mean annual temperature and precipitation are 10.8°C and 647 mm, respectively. The 

experiment had a randomized complete block design with 4 replicates comparing 5 fertilizer 

treatments: BIO (a compost of green wastes and the source-separated organic fraction of 

municipal wastes), MSW (a municipal solid waste compost made from mechanically 

separated organic fractions after selective collection of dry and clean packaging), GWS (a 

compost of green wastes, wood chips and sewage sludge), FYM (dairy farmyard manure) and 

CONT (only mineral N fertilizers at a rate to fulfil crop N demands). The field was cropped 

with a winter wheat (Triticum aestivum L.) - corn maize (Zea mays L.) rotation. The organic 

fertilizers were applied at a rate of 4000 kg C ha-1 every two years on the wheat stubbles after 

harvest in September. Additional mineral N fertilizers were applied on every plot to fulfil crop 

demands. No extra PK mineral fertilizers were used, which resulted in differences in total  

P input (Table 5.3). We refer to Appendix II and the study of Chalhoub et al. (2013) for more 

information about the field trial design and the composition of the organic fertilizers. 

Both the M05.01 and Qualiagro field trials are comparable as they are situated both in the 

same climate zone, on the same soil texture (silt loam) and all the treatments of both field 

trials are within the same pH-KCl and SOC range. The pH-KCl range is 5.44 to 6.12 and 

5.65 to 6.96 for the M05.01 and the Qualiagro field trial, respectively. The SOC range is 

0.97 to 1.27 and 1.05 to 1.63 for the M05.01 and the Qualiagro field trial, respectively. 
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Soil samples were taken with an auger on every plot after harvest and before organic 

amendments were applied in 2011 (M05.01 field trial) or 2013 (Qualiagro field trial) to 

determine P-CaCl2, HWP, P-AL Fe-AL, Ca-AL, HWC, pH-KCl, SOC and Ptot. The methods 

of soil sampling and soil analysis are described in Chapter 2. 

5.2.2 M05.01: Seasonal trends in soil P availability and crop P uptake 

From September 2012 to October 2013, the P availability and the P uptake in the 

M05.01 field trial were observed to confirm differences in P availability induced by fertilizer 

type over time and to investigate variability in P availability and P uptake throughout the 

season. On September 12th 2012, rye (Secale cereale L.) was sown (300 seeds m-2) as a catch 

crop. On April 10th 2013 the above ground biomass was harvested and removed from the field 

trial. After fertilizer application (Table 5.1a) and tillage with a spading rotary, forage maize 

(Zea mays L.) was sown (100 seeds m-2) on April 30th and harvested on October 8th 2013. At 

10 moments between September 2012 and October 2013, soil samples were taken in each plot 

except for the NF- plots, to determine the P availability (P-CaCl2 and HWP), HWC and soil 

moisture content (Table 5.1). HWC was used as an estimate of microbial activity. HWC is 

positively correlated to the microbial C content of the soil (Ghani et al., 2003). There are no 

data available for HWP and HWC for the soil samples taken on 30th April 2013 

(day 231). The soil moisture content was determined by drying soil 48h at 70°C in a 

mechanically ventilated oven. The above ground biomass was determined at 6 moments by 

collection of a specific number of plants/area per plant sampling date (Table 5.1b) to 

determine the P uptake. The P uptake was calculated based on the P concentration of the 

above ground biomass and the dry matter yield of the above ground crop biomass. The total 

P uptake at harvest of rye and forage maize is referred to as the P export. Dry matter and total 

P concentration are determined following the methods described in Chapter 2. 

Since we assumed that a seasonal trend in soil P availability could be related to a seasonal 

trend in soil pH-H2O (Mengel and Kirkby, 1982), we measured pH-H2O on the dried (70°C) 

and sieved (<250µm) soil samples of 15th February and 3rd July 2013. pH-H2O was measured 

on soil subsample of 20 ml, placed in an open 200 ml polyethylene cup together with 100 ml 

of demineralized water. The suspension was shaken for 1h on a rotary shaker (150 rpm). After 

an additional 2h, the pH-H2O was measured with a pH electrode (Consort C832) immediately 

after stirring the soil suspension with a spatula. 
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Table 5.1a Overview of the soil and crop sampling dates and the plant sampling method in the 

M05.01 field trial. 

Crop Day Date Activity Plant 

sample 

Soil 

sample 

Plant sampling 

method 

Rye 

S. cereale 

1 12 Sep. 2012 rye sowing  x  

31 12 Oct. 2012  x x 20 plants plot-1 

80 30 Nov. 2012   x  

157 15 Feb. 2013   x  

211 10 Apr. 2013 harvest rye x x 12 m² plot-1 

Forage maize 

Z. mays 

231 30 Apr. 2013 
fertilization 

+tillage 

+maize sowing 
 x  

276 14 Jun. 2013  x x 10 plants plot-1 

295 3 Jul. 2013  x x 6 plants plot-1 

329 6 Aug. 2013  x x 3 plants plot-1 

392 8 Oct. 2013 harvest maize x x 6 m² plot-1 

 

Table 5.1b Amounts of organic matter and NPK applied per treatment in the M05.01 field trial 

before planting the forage maize (Z. mays) on 30th of April 2013 (FYM: dairy farmyard manure. 

VFG: vegetable, fruit and garden waste compost. CMC1: farm compost with high C/N. CMC2: farm 

compost with low C/N. CSL: cattle slurry. MIN: only mineral fertilizers. NF+: no fertilizer and NF-: 

unfertilized fallow). 

Treatment 

Organic 

matter 

Mg ha-1 

N 

kg N ha-1 
 

P 

kg P ha-1 
 

K 

kg K ha-1 

organic 

fertilizer 
NH4NO3

a organic 

fertilizer 
TSPb organic 

fertilizer 
KClc 

FYM 2217 100 131 

 

14 30 

 

72 176 

VFG 2217 164 142 41 3 158 90 

CMC1 2217 75 161 17 27 84 164 

CMC2 2217 99 178 21 23 68 180 

CSL 2217 233 44 46 0 151 97 

MIN 0 0 156 0 44 0 248 

NF+ 0 0 0 0 0 0 0 

NF- 0 0 0 0 0 0 0 
a13.5% NH4

+/ 13.5% NO3
- 

bTriple superphosphate (45% P2O5) 
c potassiumchloride (40% K2O) 
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5.2.3 Qualiagro: Leaching experiment and water analysis 

A laboratory leaching experiment with 15 leaching columns in controlled unsaturated 

conditions with fresh soil samples was conducted to estimate the P leaching losses from the 

top layer (0-30 cm) of the Qualiagro field trial (2013). This leaching experiment was 

conducted, following the methods described in Chapter 2. The leaching experiment lasted for 

35 days and 103 l m-² was added to the soil surface. Water samples were analysed for TP, 

TDP and TDC concentration (see Chapter 2). Since we assume that the TP and TDP 

concentrations in the column leachates are the cumulative result of soil properties, soil  

P stocks and P fertilizer input, we calculated both the TP/Ptot and TP/P input ratios to 

estimate (i) the P mobility per unit of total amount of P in the soil and (ii) the P mobility per 

unit of fertilized P. 

5.2.4 M05.01 and Qualiagro: P sorption 

The orthophosphate sorption of the soil was determined by measuring the orthophosphate 

distribution coefficient PO4-Kd in a selection of 7 treatments of both field trials: FYM, VFG, 

MIN and CONT, MSW, FYM, BIO from the M05.01 and the Qualiagro field trial, 

respectively. The experiment was performed on dried soil samples from three blocks per 

treatment, and measurements were performed in duplicate. Air dried soil samples were 

rewetted with demineralized water (17 w/w%, which is according to 60% water filled pore 

space in a soil with bulk density 1.4 kg dm-3) and incubated at 22°C for 7 days prior to the 

experiment. The equivalent of 2.0 g of dry soil was weighed in 50 ml plastic falcon tubes, and 

20 ml of artificial rainwater were added. Approximately 34 kBq of radiolabelled 

orthophosphoric acid (33PO4, Perkin Elmer) were added, and the suspensions were shaken 

end-over-end for 16 hours. After centrifugation (15 minutes, 3000 g), the supernatant was 

membrane filtered (Chromafil Xtra PET-45/25, 0.45 µm pore size), and the 33P radioactivity 

in 1 ml of filtered supernatant was measured by liquid scintillation counting (Perkin Elmer, 

TriCarb 2800TR) after addition of 2 ml of scintillation cocktail (Perkin Elmer, Optima Gold). 

The P concentrations in the filtered supernatants were determined by ICP-MS (Inductively 

Coupled Plasma-Mass Spectroscopy, Agilent 7700x). The 33P activity adsorbed to the soil 

was calculated as the difference between the added activity and that in solution. The PO4-Kd, 

which measures the solid-liquid partitioning of orthophosphate in the soil, was calculated as 

the ratio of the adsorbed 33P activity over the 33P activity in the supernatant (Maertens et al., 

2004): 



Chapter 5                                                                                                                                   73 

 

 

Kd=
CS

CL

 

Where CS and CL are respectively the H2
33PO4

- activity on the solid (cpm kg-1) and the liquid 

phase (cpm l-1). The PO4-Kd is directly related to the soil P buffering capacity (Sato and 

Comerford, 2005). Decreasing PO4-Kd corresponds with decreasing amounts of sorbed P, 

leaving more added P in solution (liquid phase) (Shasheen and Tsadilas, 2013). 

The concentration of isotopically exchangeable orthophosphate (the E-value, a measure for 

the loosely bound orthophosphate) was calculated from the PO4-Kd and the P concentration in 

the extract determined by ICP-MS, as described by Hamon et al. (2002) and Maertens et al. 

(2004). 

E-value=CS+CL

L

S
=CL(Kd+

L

S
) 

Where S and L are the weight of solid (0.002 kg) and volume of liquid phase (0.02 l), 

respectively. It was thereby assumed that most of the P in the extract was present as 

orthophosphate, and that the amount of organic P extracted was small. 

Soil samples that were selected for PO4-Kd determination were also analysed for anion 

exchange membrane extractable P (AEM-P). A 5-cm² anion exchange membrane (AEM) 

(BDH Laboratory Supplies, Poole, England, anion exchange capacity:0.037 meq cm-2), was 

added to a soil suspension of the equivalent of 2.0 g of dry soil in 20 ml artificial rainwater 

(leaching experiment, Chapter 2) in a 40 ml falcon tube. After 16h end-over-end shaking, the 

AEM-strip was removed and the amount of AEM-P was determined by extracting the 

AEM membranes with 10 ml 0.5M HCl (end-over-end shaking, 24h) and measuring 

P concentration with ICP-MS (Agilent 7700x). 

5.2.5 Statistical analysis 

The data were analysed using STATISTICA 11.0 software. Data of the soil properties, 

P availability, P mobility and the TP/Ptot and TP/P input ratios were analysed using a one-

way ANOVA and Tukey’s test (p<0.05) with fertilizer treatments as independent variables. 

We used a two-way ANOVA with factors ‘treatment’, ‘sampling time’ and the interaction 
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term ‘treatment x sampling time’, to determine if P-CaCl2, HWP and HWC in the M05.01 

field trials are dependent on sampling time and whether there are interactions between 

treatment and sampling time. The P uptake and P export at rye and forage maize sampling in 

the M05.01 field trial was statistically analysed using a one-way ANOVA and Tukey’s test 

(p<0.05) at every plant sampling date (Table 5.1). The crop P uptake of the control treatment 

NF+ without fertilizer application was not included in this analysis. 

5.3 Results and discussion 

5.3.1 P availability and leaching in farmyard manure and compost amended soils 

M05.01 field trial (Belgium) 

Farmyard manure clearly increased the soil P availability. HWP was significantly higher in 

the FYM treatment compared to all other treatments (Table 5.2). The FYM treatment had the 

highest P-CaCl2, which was significantly increased, compared to the CMC1, CSL, MIN and 

NF+ treatments (Table 5.2).. However the total P input in the period 2005-2012 was also the 

highest in the FYM treatment compared to the other treatments, suggesting that increased P 

availability was rather the result of a higher P fertilizer input. Likewise, there was also a 

larger accumulation of P in this FYM treatment as both P-AL and Ptot were the highest in this 

treatment. However, we observed no significant (p=0.08; R²=0.10) correlation between P-AL 

and the P input in the M05.01 field trial. This is probably due to the variability in P-AL of the 

zero P input treatments NF- and NF+ (Figure 5.1). Both TP and TDP concentrations in the 

column leachates are significantly increased for the FYM treatment compared to all other 

treatments (Table 5.2). As expected both the pH-KCl and SOC level were significantly 

increased for the treatments with application of farmyard manure (FYM) and compost (VFG, 

CMC1, CMC2), compared to the mineral fertilized treatments (MIN). 
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Table 5.2 Soil properties, P leaching and P sorption of the M05.01 field trial. Data are arithmetic means (±SD) of all replicates for every treatment 

(n=3 for soil properties and n=4 for P leaching and P sorption). Data with the same letter(s) in a column are not significantly different (Tukey’s test, p<0.05) 

from each other (FYM: dairy farmyard manure, VFG: vegetable, fruit and garden waste compost, CMC1: farm compost with high C/N, CMC2: farm compost 

with low C/N, CSL: cattle slurry, MIN: only mineral fertilizers, NF+: no fertilizer and NF-: unfertilized fallow). 

Treatment 

Type 

organic 

fertilizer 

Total 

P input* 

kg ha-1 

Soil properties P availability P mobility 

pH-KCl 
SOC 

% 

Ptot 

mg kg-1 

P-AL 

mg kg-1 

Ca-AL 

mg kg-1 

Fe-AL 

mg kg-1 

P-CaCl2 

mg kg-1 

HWP 

mg kg-1 

AEM-P 

mg kg-1 

E-value 

mg kg-1 

TP 

mg l-1 

TDP 

mg l-1 

PO4-Kd 

l kg-1 

FYM 
farmyard 

manure 
507 5.86b 1.24de 609a 279b 1399a 805a 3.40b 21b 50b 115b 1.87b 1.69b 42a 

   (0.16) (0.04) (30) (29) (65) (92) (0.58) (3) (8) (6) (0.34) (0.34) (2) 

VFG compost 402 6.12c 1.32e 588a 265ab 1456a 682a 2.51ab 16a 41ab 104ab 0.99a 0.91a 56b 

   (0.09) (0.01) (24) (7) (193) (62) (0.67) (3) (1) (4) (0.11) (0.16) (3) 

CMC1 compost 344 5.73b 1.21cd 544a 213a 1445a 721a 1.77a 14a ND ND 0.93a 0.75a ND 

   (0.09) (0.02) (36) (17) (194) (86) (0.14) (2)   (0.03) (0.07)  

CMC2 compost 433 5.86b 1.27de 582a 242ab 1419a 724a 2.38ab 16a ND ND 0.96a 0.85a ND 

   (0.11) (0.05) (32) (20) (71) (84) (0.16) (1)   (0.27) (0.23)  

CSL cattle slurry 396 5.66ab 1.13bc 541a 223a 1376a 772a 2.24a 16a ND ND 0.97a 0.81a ND 

   (0.09) (0.05) (19) (24) (155) (99) (0.55) (3)   (0.21) (0.26)  

MIN - 294 5.47a 1.03a 544a 229ab 1332a 782a 2.04a 16a 36a 92a 1.12a 0.87a 55b 

   (0.05) (0.05) (42) (28) (124) (35) (0.32) (1) (3) (8) (0.30) (0.27) (6) 

NF+ - 0 5.44a 1.05ab 562a 235ab 1364a 852a 1.97a 15a ND ND 0.89a 0.75a ND 

   (0.16) (0.02) (36) (27) (110) (79) (0.33) (1)   (0.15) (0.12)  

NF- - 0 5.62ab 0.97a 548a 227ab 1445a 671a 2.58ab 16a ND ND 1.08a 0.84a ND 

   (0.08) (0.01) (21) (28) (75) (99) (0.52) (2)   (0.29) (0.26)  

*from 2005 to 2011 

ND: Not Determined 
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Qualiagro field trial (France) 

Similar to the M05.01 field trial, the build-up of the P stocks in the Qualiagro field trial was 

increased, with increasing total P input during the experimental period (1998-2013) 

(Table 5.3). We observed a significantly positive correlation (p<0.001; R2=0.88) between the 

total P input and the P-AL levels in this field trial (Figure 5.1). The soils with GWS compost 

applications had both the highest total P input and significantly increased Ptot and P-AL 

levels, compared to all other treatments, which led to significantly increased P-CaCl2 and 

HWP levels, and subsequently also increased TP and TDP concentrations in the column 

leachates. The long term application of farmyard manure leads to significantly increased P-

CaCl2 and HWP levels, and TP (only between FYM and MSW) and TDP concentrations in 

the column leachates compared to the MSW and BIO compost treatments, although P-AL and 

Ptot in the FYM, MSW and BIO treatments were comparable (Table 5.3). 

Fe-AL and Ca-AL in the Qualiagro field trial were respectively lower and higher than in the 

M05.01 field trial. Both Ca-AL and Fe-AL were affected by the different organic fertilizers. 

Compared to the CONT treatment, the amendment of farmyard manure led to a smaller 

increase in Ca-AL than the compost treatments. The GWS compost amendment led to a 

significantly increased Fe-AL level. More Fe was probably introduced to the soil through 

GWS compost, since this is the product of co-composting of green wastes, wood chips and 

sewage sludge. Sewage sludge from water treatment plants frequently contains large amounts 

of Fe. In all treatments a significant increase in pH-KCl and SOC level was observed, 

compared to the CONT treatment. The BIO and GWS compost treatments had the highest pH-

KCl and SOC level, respectively. 
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Table 5.3 Soil properties, P leaching and P sorption of the Qualiagro field trial. Data are arithmetic means (±SD) of all replicates for every treatment 

(n=3 for soil properties and n=4 for P leaching and P sorption). Data with the same letter(s) in a column are not significantly different (Tukey’s test, p<0.05) 

from each other (BIO: compost of green wastes and source-separated organic fraction of municipal wastes, MSW: municipal solid waste compost, GWS: 

compost of green wastes, wood chips and sewage sludge, FYM: dairy farmyard manure, CONT: control treatment). 

Treatment 

Type 

organic 

fertilizer 

Total 

P input* 

kg ha-1 

Soil properties P availability P mobility 

pH-KCl 
SOC 

% 

Ptot 

mg kg-1 

P-AL 

mg kg-1 

Ca-AL 

mg kg-1 

Fe-AL 

mg kg-1 

P-CaCl2 

mg kg-1 

HWP 

mg kg-1 

AEM-P 

mg kg-1 

E-value 

mg kg-1 

TP 

mg l-1 

TDP 

mg l-1 

PO4-Kd 

l kg-1 

GWS compost 1696 6.11b 1.63d 785d 459c 2166abc 454b 6.51c 23c ND ND 2.74c 2.68c ND 

   (0.07) (0.07) (24) (33) (106) (59) (0.79) (1)   (0.48) (0.47)  

BIO compost 710 6.96e 1.58cd 572c 271b 2772c 353a 2.04a 8a 32b 90ab 0.59ab 0.58a 88b 

   (0.06) (0.04) (34) (75) (398) (14) (0.47) (1) (2) (17) (0.11) (0.11) (8) 

FYM 
Farmyard 

manure 
589 6.53c 1.51c 542bc 225ab 1951ab 338a 3.88b 14b 44c 93b 1.55b 1.52b 48a 

   (0.05) (0.05) (40) (24) (65) (15) (0.80) (3) (5) (7) (0.62) (0.59) (6) 

MSW compost 341 6.77d 1.30b 484ab 197ab 2501bc 378a 1.14a 6a 24a 73ab 0.31a 0.30a 116c 

   (0.06) (0.04) (22) (46) (615) (40) (0.18) (1) (1) (12) (0.08) (0.08) (1) 

CONT - 0 5.65a 1.05a 444a 142a 1664a 368a 1.24a 7a 22a 60a 0.42a 0.37a 80b 

   (0.11) (0.03) (12) (13) (161) (9) (0.15) (1) (1) (9) (0.05) (0.05) (6) 

*from 1998 to 2013 

ND: Not Determined 
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Figure 5.1 Ammonium lactate extractable P (P-AL) plotted versus the total P input to the soils of 

both the M05.01 and the Qualiagro field trial. The full line (R²=0.10; p=0.08) and the dashed line 

(R²=0.88; p<0.001) represent a linear regression for the M05.01 and Qualiagro field trial, 

respectively. 

5.3.2 Seasonal changes in P availability 

We observed seasonal trends in P availability by regularly measuring P-CaCl2 and HWP in 

the M05.01 field trial from September 12th 2012 to October 8th 2013. After conducting a two-

way ANOVA with factors treatment and sampling time, we observed evidence for a 

significant effect of sampling time for P availability (Table 5.4a), similar to the observations 

of Saunders and Metson (1971), Chen et al. (2003) and Styles and Coxon (2007). There is no 

significant interaction effect of treatment in this seasonal trend (Table 5.4a). The P availability 

can therefore be measured at any time to reveal differences between treatments. As the 

interaction term was not significant, we conducted also the two-way ANOVA without 

interaction term (Table 5.4b). Based on this second ANOVA analysis, we observed 

significantly increased P-CaCl2 and HWP levels for the FYM treatment, compared to all other 

treatments (Table 5.4b). Long term addition of farmyard manure leads to a constantly higher 

P availability throughout the whole sampling period. This confirms that the increased 

P availability in farmyard amended soil is not a temporary effect and is the result of changed 

soil properties. 
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Table 5.4a Results of the two-way ANOVA analysis with the treatments of the M05.01 field trial 

and sampling time as factors. The F-value of the statistical test is marked in bold. degrees of freedom 

(df) and p-value are in italic. 

 Sampling time Treatment 

Seasonal trend 

x 

Treatment 

P-CaCl2 14.519 20.839 0.497 

df 8 6 48 

p <0.001 <0.001 0.997 

HWP 10.397 20.53 0.607 

df 7 6 42 

p <0.001 <0.001 0.971 

HWC 54.99 10.68 0.93 

df 7 6 42 

p <0.001 <0.001 0.591 

 

Table 5.4b P-CaCl2. HWP and HWC in the M05.01 field trial from 12th September 2012 to 8th 

October 2013. Data are arithmetic means (±SD). Data with the same letter(s) in a column are not 

significantly different (Tukey’s test p<0.05) from each other (FYM: dairy farmyard manure. VFG: 

vegetable. fruit and garden waste compost. CMC1: farm compost with high C/N. CMC2: farm 

compost with low C/N. CSL: cattle slurry. MIN: only mineral fertilizers and NF+: no fertilizer). 

 P-CaCl2 

mg kg-1 

HWP 

mg kg-1 

HWC 

mg kg-1 

FYM 3.85 ± 1.1d 19 ± 3c 788 ± 127cd 

VFG 2.86 ± 0.80c 15 ± 2ab 842 ± 133d 

CMC1 2.18 ± 0.62ab 14 ± 2a 778 ± 126bc 

CMC2 2.56 ± 0.81abc 14 ± 2ab 780 ± 133bc 

CSL 2.66 ± 0.97bc 16 ± 4b 768 ± 132bc 

MIN 2.68 ± 1.10bc 15 ± 3ab 704 ± 116a 

NF+ 2.06 ± 0.69a 14 ± 2a 731 ± 108ab 

 

P-CaCl2 decreases from the beginning of autumn (September) 2012 until a minimum is 

reached at the end of wintertime (February) 2013 (Figure 5.2). P-CaCl2 increases again during 

springtime 2013. The fact that this increase (i) started before applying the fertilizers and (ii) 

occurred also in the unfertilized NF+ treatment (Figure 5.2), indicates that the increased  

P-CaCl2 during springtime and begin summertime are not solely induced by the springtime 

application of fertilizers. Similar to Styles and Coxon (2007), we assume that these seasonal 

trends are a combined effect of the mean air temperature, precipitation (surplus), seasonal  

pH-H2O effect and the P uptake by crops. Styles and Coxon (2007) suggested that decreasing 
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P availability levels can be explained by a ‘wash-out’ effect after periods of high precipitation 

(surplus) rates. Although the precipitation rates during autumn and winter 2012-2013 (annual 

precipitation surplus) are high, we assume that the amount of sorbed P in this soil is too high 

to detect a wash-out effect. P leached with the leaching soil water is probably directly 

replaced by P desorbed by mineral soil particles. If a wash-out effect occurred, the  

P concentrations in the leachates of the leaching experiments on this field trial (see Chapter 4) 

would decrease over time. This was not the case. Also Saunders and Metson (1971) did not 

consider a wash out effect, when they detected a decreasing P-CaCl2 level during autumn at 

some sites they studied. 

The increasing P-CaCl2 levels during spring and begin summer 2013 can be induced by 

enhanced microbial activity due to increasing mean temperatures and the ongoing high 

availability of soil moisture (Chen et al., 2003). Styles and Coxon (2007) observed a 

significantly positive correlation of mean temperature and the organic P in the soil solution. 

We did not distinguish between the organic and inorganic P in the soil solution. Application 

of the fertilizers amplified the increasing P-CaCl2 levels for the treatments FYM, MIN, CMC1 

and CMC2. For all treatments a maximum was reached mid-summer (July) 2013. From July 

to August 2013, i.e., the period of rapid stem elongation and flowering, the forage maize 

extracted a large amount of P from the soil solution over a short period. As a result P-CaCl2 

decreased. This is in agreement with Styles and Coxon (2007) who observed an effect of  

P uptake by crops on the P availability in the soil solution. In contrast Saunders and Metson 

(1971) observed no effect on P-CaCl2 in grassland in spring, when the soil moisture content, 

mean temperatures and grass growth were increasing. At the end of summer-beginning of 

autumn (August-September) 2013, the P uptake by forage maize slowed down, or became 

zero in the NF+ and CSL treatments. This was also reflected in the P-CaCl2 levels that 

became constant, or decreased more slowly. 

 



 

 

Figure 5.2  Seasonal 

trends in mean temperature, 

precipitation, hot water 

extractable C (HWC) and P 

(HWP), the 0.01M CaCl2 

extractable P (P-CaCl2) and 

the P uptake of rye (S. 

cereale) as catch crop and 

forage maize (Z. mays), 

during the sampling period 

(12th September 2012 – 8th 

October 2013) of the 

treatments FYM (dairy 

farmyard manure), VFG 

(vegetable, fruit and garden 

waste compost), CMC1 (farm 

compost with high C/N), 

CMC2 (farm compost with 

low C/N), CSL (cattle slurry), 

MIN (only mineral 

fertilizers), NF+ (no 

fertilizer) of the M05.01 field 

trial. In the P-CaCl2 graph, 

the mean moisture content is 

indicated per date of soil 

sampling. The vertical black 

line indicates the date of 

fertilizer application (30th 

April 2013) 
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Besides an effect of mean temperature, soil moisture, P fertilization and P uptake, the seasonal 

fluctuations in P availability are probably also a seasonal pH-effect. The soil pH(-H2O) is one 

of the main determining factors for availability of P in the soil solution (White, 1937; 

Baeyens, 1966; Mengel and Kirkby, 1982; Syers et al., 2008), and fluctuates throughout the 

season (Friesen et al., 1985; Edmeades et al., 1990; Slattery et al., 1992). Friesen et al. (1985) 

observed in a permanent pasture in New England N.S.W. (Australia), that the relative 

magnitude of the seasonal fluctuations in soil pH did not vary substantially between two 

fertilization treatments. Since this indicates that the seasonal effect on pH is similar for all 

treatments, P availability levels are expected to show similar seasonal fluctuations, regardless 

of the treatment. Both Edmeades et al. (1990) and Slattery et al. (1992) observed that pH-H2O 

increases during autumn, to peak near midwinter and to decrease slowly over the spring and 

summer months to the lowest values in late summer. To investigate this hypothesis, the pH-

H2O of all treatments was measured on the 15th of February 2013 (winter) and the 3rd of July 

2013 (summer), when P-CaCl2 was respectively the lowest and the highest during our 

observations (Figure 5.2). We analysed this data in a two-way ANOVA with ‘seasonal trend’ 

and ‘treatment’ as factors. There was no significant interaction between the seasonal and 

treatment effect. Both factors could therefore be separately analysed. Figure 5.3 illustrates the 

pH-H2O data. We observed no significant treatment effect. During spring and early summer, 

the pH-H2O decreased significantly for all treatments (Figure 5.3). Mengel and Kirkby (1982) 

defined a soil pH from 5.0 to 6.0 as the zone with the highest P availability in the soil 

solution. The soil P availability decreases from pH-H2O 6.0 to 7.5 (Mengel and Kirkby, 

1982). As the pH-H2O was 6.74 during winter and decreased to 6.55 in summertime, the  

pH level shifted towards the zone of maximal soil P availability during spring and early 

summer. The higher soil P availability during summer can at least partly be explained by a 

pH-H2O shift. 
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Figure 5.3 The treatment and seasonal effect on pH-H2O (±SD) in the M05.01 field trial. The 

treatment effect is indicated  on the left side of the graph. Treatments with different letters (lower 

cases) are different from each other according to Tukey’s test (p< 0.05) (FYM: dairy farmyard 

manure, VFG: vegetable, fruit and garden waste compost, CMC1: farm compost with high C/N, 

CMC2: farm compost with low C/N, CSL: cattle slurry, MIN: only mineral fertilizers, NF+: no 

fertilizers and NF-: fallow). The seasonal effect over all treatments is indicated on the right side of the 

graph. Different (upper case) letters are different from each other according to Tukey’s test (p< 0.05). 

Although there was a significant seasonal trend in HWP (Table 5.4a), we observed only a 

decrease in HWP during the autumn of 2012. This decrease was larger for the FYM treatment. 

During the whole sampling period HWP was significantly increased for the FYM treatment 

compared to all other treatments. Due to the small influence of sampling time on HWP, HWP 

is less suited to detect seasonal changes in the P concentrations in the soil solution. However, 

HWP can provide more robust data on soil P availability, that is less affected by the sampling 

date than P-CaCl2. Also HWC had a significant seasonal trend (Table 5.4a). HWC was 

constantly higher during autumn and winter, constantly lower during summer and showed a 

large increase in all treatments between August and October 2013. As expected HWC was 

significantly increased in the compost, farmyard manure and cattle slurry amended soils, 

compared to the mineral fertilized soils (Table 5.4b), indicating an enhanced microbial life 

and soil quality (Ghani et al., 2003). Since HWC in farmyard manure and compost amended 
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soils were not significantly different from each other, we cannot link the differences in  

P availability to changed microbial processes involved in the soil P cycle. 

Table 5 .5 P-export by rye (S. cereale) on 10th April 2013 and forage maize (Z. mays) on 8th 

October 2013 in the M05.01 field trial. Data are arithmetic means (±SD). Data with the same letter(s) 

in a column are not significantly different (Tukey’s test. p<0.05) from each other. Data of NF+ plots 

are not included in statistical analysis (FYM: dairy farmyard manure, VFG: vegetable. fruit and 

garden waste compost. CMC1: farm compost with high C/N, CMC2: farm compost with low C/N, 

CSL: cattle slurry, MIN: only mineral fertilizers and NF+: no fertilizer). 

 

P export 

kg P ha-1 

Rye Forage maize 

NF+ 2.6 ± 0.3 29.0 ± 3.2 

FYM 6.1 ± 1.1ab 47.9 ± 3.1b 

VFG 7.5 ± 1.0b 43.9 ± 4.4ab 

CMC1 5.0 ± 0.8ab 45.2 ± 6.3ab 

CMC2 5.9 ± 1.4ab 48.0 ± 2.5b 

CSL 4.9 ± 1.2ab 39.5 ± 1.2a 

MIN 4.1 ± 1.0a 46.0 ± 2.5ab 

 

Higher P availability in the farmyard manure amended soil did not lead to a significantly 

increased P uptake. Hence, we observed no significant differences in P uptake of rye and 

forage maize throughout their growing season among the compost, farmyard manure, cattle 

slurry and mineral fertilized treatments (Figure 5.2). However at harvest of both crops, we 

observed significant differences in P export, i.e., the P taken up at harvest (Table 5.5). The  

P export by catch crop rye remained very small (≤7.5 kg P/ha). As no fertilizers were added to 

grow rye, it is likely that the crop yield and consequently also the P export are influenced by 

the N mineralization, which is dependent on the properties of the organic fertilizer that is 

applied (Chalhoub et al., 2013). In line with this hypothesis, the MIN treatment which is 

expected to have a lower N mineralization potential than the treatments with annual 

applications of compost, farmyard manure or cattle slurry, had the lowest P export, which was 

significantly lower compared to the treatment with VFG compost. The P export by forage 

maize at harvest was the highest for the FYM and CMC2 treatment (Table 5.5). Although 

FYM had also the highest P availability throughout the season, this was not the case for 

CMC2. The P availability in the CMC2 compost and the cattle slurry amended soils (CSL) 

had a comparable P-CaCl2 and HWP, while the CSL treatment resulted in the lowest P export, 

compared to all other fertilized treatments. We observed no significant correlations between  
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P export by forage maize at harvest and P-CaCl2 (p=0.54; R²=0.10) or HWP (p=0.72; 

R²=0.03) and also no significant correlations between P content and these P availability 

parameters. 

5.3.3 P sorption strength in farmyard manure and compost amended soils 

In order to eliminate the effect of differences in P input and Ptot in the soil between the 

treatments in both field trials, we introduced both the TP/Pinput and the TP/Ptot ratios. The 

TP/P input ratio takes only the total amount of P that was fertilized since the beginning of the 

field trials into account. We observed that the TP/P input ratios in the M05.01 field trial were 

not significantly different among the treatments (Figure 5.4a), indicating that the differences 

in TP concentrations of the leachates can be explained by the total P input since the beginning 

of the field trial. Nevertheless we notice that the TP/P input ratios are the highest for the MIN 

and the FYM treatments. For the MIN treatments this is because the total P fertilization was 

smaller than for all other treatments, while the TP concentrations were comparable. Although 

the total P input was the highest in the FYM treatment, compared to all other treatments, the 

TP/P input ratio remained high. In the Qualiagro field trial, the TP/P input ratio in the FYM 

treatment was significantly higher compared to the TP/P input ratio in the MSW and BIO 

compost treatments (Figure 5.4a). In the Qualiagro field trial the increased TP concentrations 

in the leachates of the FYM treatment cannot be explained by differences in P fertilization 

since the beginning of the field experiment. This means that there is an effect of the fertilizer 

type. 

In Figure 5.4b, we compared the TP/Ptot ratios for both field trials. This ratio reflects the 

differences in total amount of P in the soil that were created before and during the field trial. 

This ratio has the advantage that he can also be calculated for the treatments with no P 

fertilization (NF+, NF- and CONT). We observed a significant increase in TP/Ptot for the 

FYM treatment in the M05.01 field trial, compared to all other treatments (Figure 5.4b). This 

TP/Ptot ratio was also significantly higher in the Qualiagro field for the FYM treatment, 

compared to the CONT, MSW and BIO treatments (Figure 5.4b). The observations in both 

field trials indicate that also the fertilizer type has an effect on P leaching. This is possibly due 

to a change in soil P sorption strength (see further). 
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As mentioned in paragraph 5.3.1, the soil P availability and TP concentrations in the leachates 

were clearly more increased in the GWS compost treatment than in the MSW and  

BIO compost treatments. On the one hand, this was due to the extremely increased P input in 

this treatment (Table 5.3). On the other hand, this compost was based on sewage sludge and 

has therefore clearly different properties compared to the composts based on vegetal debris 

(Chalhoub et al., 2013). As the TP/P input ratio is not significantly different from the other 

treatments (Figure 5.4a), the highly increased TP concentrations are mainly due to the high 

fertilization since the beginning of the field experiment. The TP/Ptot in these treatments 

remained significantly higher than in the other compost treatments of the Qualiagro field trial 

(Figure 5.4b). 

  

Figure 5.4a The ratio of TP concentration in the column leachates per unit of P input (±SD) in the 

field, since the start of the M05.01 (2005) and Qualiagro (1998) field trials. Treatments with different 

letters (lower cases for M05.01 and upper cases for the Qualiagro trial) are different from each other 

according to Tukey’s test (p< 0.05). The control treatments NF-, NF+ (M05.01) and CONT 

(Qualiagro) were not included as these treatments had no P input (M05.01: FYM: dairy farmyard 

manure, VFG: vegetable. fruit and garden waste compost, CMC1: farm compost with high C/N, 

CMC2: farm compost with low C/N, CSL: cattle slurry and MIN: only mineral fertilizers; Qualiagro: 

BIO: compost of green wastes and source-separated organic fraction of municipal wastes, MSW: 

municipal solid waste compost and FYM: dairy farmyard manure). 
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Figure 5.4b The ratio of TP concentration in the column leachates per Ptot (total P in soil) (±SD) 

for the M05.01 and the Qualiagro field trials. Treatments with different letters (lower cases for 

M05.01 and upper cases for the Qualiagro trial) are different from each other according to Tukey’s 

test (p< 0.05) (M05.01: FYM: dairy farmyard manure. VFG: vegetable. fruit and garden waste 

compost. CMC1: farm compost with high C/N. CMC2: farm compost with low C/N. CSL: cattle slurry. 

MIN: only mineral fertilizers, NF+: no fertilizer and NF-: fallow; Qualiagro: BIO: compost of green 

wastes and source-separated organic fraction of municipal wastes, MSW: municipal solid waste 

compost, GWS: compost of green wastes, wood chips and sewage sludge, FYM: dairy farmyard 

manure, CONT: control treatment). 

The MIN, VFG and FYM treatments in the M05.01 field trial and the CONT, MSW, BIO and 

FYM treatments in the Qualiagro field trial were selected to determine the orthophosphate 

distribution coefficient PO4-Kd with 33PO4. The PO4-Kd –which is the slope of the 

P sorption isotherm- can be considered as a measure of orthophosphate sorption strength in 

the soil at in situ P concentrations (Shasheen and Tsadilas, 2013). Both in the M05.01 and the 

Qualiagro field trial, the PO4-Kd in the soil of the FYM treatment was significantly smaller 

than in the soil of the compost and control treatments (Table 5.2 and 5.3). The PO4-Kd in the 

soil of the VFG compost treatment were comparable to those of the soil in the MIN treatment 

in the M05.01 field trial (Table 5.2) and the PO4-Kd in the soil of the BIO compost treatment 

were comparable to those in the soils of the CONT treatment in the Qualiagro field trial 

(Table 5.3). With increasing amounts of P input, the soil P sorption binding sites are 

increasingly loaded with orthophosphate, with decreased PO4-Kd and less ability to sorb 

orthophosphate as a result. Therefore it was expected that PO4-Kd would be decreased for 

FY
M

VFG

CM
C1

CM
C2

CS
L

M
IN

N
F+

NF-  

G
W

S
BIO

FYM
 

M
SW

CO
NT

T
P

/P
to

t 
ra

ti
o

0

1x10-3

2x10-3

3x10-3

4x10-3

5x10-3

B

B

A

A

A

b

a a

   a

a

a

   a

a

M05.01 Qualiagro



Chapter 5                                                                                                                                  88 

 

 

FYM and VFG, compared to MIN (lower P input rate) in the M05.01 field trial and BIO, 

FYM and MSW, compared to CONT (zero P input rate) in the Qualiagro field trial. However, 

in both field trials only the long term amendment of farmyard manure stimulated a decrease in 

PO4-Kd. This decrease in orthophosphate sorption strength caused increased P availability 

levels as measured by P-CaCl2 and HWP and increased TP and TDP concentrations in the 

column leachates in both field trials, as we observed earlier. Since we observed for both field 

trials significantly negative correlations between PO4-Kd and TP concentrations in the column 

leachates (Figure 5.5), we assume that increased TP concentrations of the column leachates 

are the result of a changed orthophosphate affinity of the soil, and not that of increased 

leaching of organic P. In the M05.01 field trial AEM-P is significantly increased for farmyard 

manure amended soils compared to soils amended with mineral fertilizers, but comparable to 

compost amended soils (Table 5.2). In the Qualiagro field trial AEM-P is significantly 

increased for farmyard manure amended soils, compared to zero P and compost amended 

soils (Table 5.3). The E-values of the farmyard manure treatments were significantly 

increased, compared to the mineral P fertilized treatment (M05.01, Table 5.2) and the zero P 

fertilized treatment (Qualiagro, Table 5.3). However, we observed no significant differences 

in E-values between the farmyard manure and compost treatments in both field trials (Table 

5.2 and 5.3). Both AEM-P and the E-value are P availability parameters that extract more P 

from the soil than P-CaCl2 and HWP. The more P that is extracted, the smaller the relative 

differences in P availability among the organic fertilizers. 
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Figure 5.5 Correlations between the TP concentrations in the column leachates and the 

orthophosphate distribution coefficients PO4-Kd for both the M05.01 (left) and the Qualiagro (right) 

field trial (M05.01: FYM: dairy farmyard manure, VFG: vegetable. fruit and garden waste compost, 

MIN: only mineral fertilizers; Qualiagro: BIO: compost of green wastes and source-separated 

organic fraction of municipal wastes, MSW: municipal solid waste compost, FYM: dairy farmyard 

manure, CONT: control treatment). 

 

Figure 5.6 The orthophosphate distribution coefficients PO4-Kd and AEM-P plotted versus Ca-AL 

of the soil for the Qualiagro field trial (BIO: compost of green wastes and source-separated organic 

fraction of municipal wastes, MSW: municipal solid waste compost, FYM: dairy farmyard manure, 

CONT: control treatment). 

Although amendments of BIO and MSW compost in the Qualiagro field trial had a higher 

P input compared to the CONT treatments, PO4-Kd did not decrease in the soils of the BIO 

and MSW compost treatments, relative to the soil of the CONT treatment. On the contrary, 
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amendments of MSW compost even increased PO4-Kd, compared to the CONT treatment. 

This means that despite the net P input with compost, compost apparently does not decrease 

the soil P sorption strength relative to the soils of the CONT treatment. Differences in PO4-Kd 

between soils, fertilized with different organic fertilizers can possibly be influenced by 

differences in the amount of Ca in the organic fertilizers. Siddique and Robinson (2003) 

revealed that in soils (pH-CaCl2 5.6-5.9) with addition of poultry manure, poultry litter or 

sewage sludge, soil solution P concentration was controlled by inputs of available Ca. They 

suggested that increasing amounts of Ca-P precipitates were formed, when these organic 

fertilizers contained increasing amounts of Ca. Although we observed some differences in  

Ca-AL of the treatments of the Qualiagro field trial, Ca-AL in the MSW compost treatment 

was however not significantly different from Ca-AL in the BIO and FYM treatments, which 

means that the Ca input via organic amendments was comparable. In contrast to Siddique and 

Robinson (2003), we observed no significant correlation between Ca-AL and PO4-Kd or 

AEM-P in the Qualiagro field trial (Figure 5.6). We did not include the data of the M05.01 

field trial in Figure 5.6, since we did not observe any significant differences in Ca-AL in this 

field trial (Table 5.2). 

Both Sato and Comerford (2005) and Shasheen and Tsadilas (2013) suggested that an 

increased soil-pH can explain a decrease in soil P sorption strength (PO4-Kd). Sato and 

Comerford (2005) tested a liming effect with a pH-H2O shift from 4.7 to 7.0 which reduced 

the soil P sorption. Shasheen and Tsadilas (2013) observed a decrease of approximately 40% 

in PO4-Kd by a pH-H2O shift from 5.19 to 6.92, induced by addition of 300 Mg ha-1 sewage 

sludge 13 years earlier. Although we created some differences in soil pH-KCl in both the 

M05.01 and Qualiagro field trials by amending compost, farmyard manure and mineral 

fertilizer, these differences cannot explain the discrepancies in PO4-Kd. In both field trials the 

differences in pH-KCl are relatively smaller than in the referred studies. Above, PO4-Kd did 

not necessarily decrease with decreased pH-KCl. For example in the M05.01 field trial, the 

pH-KCl in the MIN treatment was with 5.47, significantly lower than the pH-KCl of 6.12 in 

the VFG treatment, while the PO4-Kd were not different from each other. Jiao et al. (2007) 

tried to neutralize any pH-effect by determining the adsorption isotherm in a soil suspension 

at decreased pH (pH = 3) and increased pH (pH = 10). Even in this extremer situations, 

farmyard manure decreases soil P sorption strength (Jiao et al., 2007). Therefore, we assume 

that the differences we detected in PO4-Kd in the M05.01 field trial and in the Qualiagro field 

trial are more than a pH-effect. 
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Similar to Jiao et al. (2007), we propose that organic acids such as humic and fulvic acids, 

released during decomposition of farmyard manure, may contribute to a lower 

P sorption strength than for mineral fertilized soils. Organic acids can chelate Fe and Al, 

forming stable complexes, bring them from the surface of soil particles into solution and 

consequently block available P retention sites (Siddique and Robinson, 2003; Jiao et al., 

2007). Organic ligands and fulvic and humic acids have also been reported to compete 

strongly with P for sorption sites (positively charged Fe and Al oxides) on the surface of soil 

particles and inhibit P adsorption by soil colloids (Agbenin and Igbokwe 2006). The organic 

acids replace the loosely adsorbed P from the binding sites and thus enhancing the P release 

(Jiao et al., 2007). Both when compost or farmyard manure is added to the soil, we expect 

increased release of organic acids and consequently less P sorption strength. We speculate 

that the release of organic acids from compost is smaller than from farmyard manure, as 

compost is a further decomposed and more stable product than farmyard manure. Riffaldi et 

al. (1983) observed that farmyard manure contained 22.7% of total organic C in form of 

humic and fulvic acids, compared to 13.3% for municipal waste compost. In addition, it is 

possible that organic C in organic fertilizer amendments forms stable complexes with P and 

enhances P retention in organic fertilizer amended soils (Leytem et al., 2005). Possibly these 

stable complexes are more formed in compost than in farmyard manure amended soils, 

whereby compost probably releases humic and fulvic acids, but also P more slowly than 

farmyard manure. The organic/inorganic P ratio of both compost and farmyard manure are 

comparable. Compost and farmyard manure contain approximately 70 and 60% of the total P 

in inorganic P forms, respectively (Frossard et al., 2002 and Ehlert et al., 2004). We 

hypothesize that P amended with compost is retained in compost particles and solubilizes 

little, whereas P and organic acids are rapidly released by farmyard manure. This means that 

not only extra P from farmyard manure is solubilized in the soil solution, but also that organic 

acids compete with orthophosphate on the adsorption sites of the soil particles, further 

decreasing the potential of the soil to adsorb solubilized P. We did not measure PO4-Kd for 

cattle slurry amended and mineral P fertilizer amended soils in the M05.01 field trial, but we 

assume that the lower P availability and P leaching of cattle slurry and mineral P fertilizer 

amended soils compared to the farmyard manure amended soils, fit in this hypothesis. Since 

mineral fertilizers do not release organic acids, the decrease of PO4-Kd is only affected by the 

P added by mineral P fertilizer. 90% of the total P content of cattle slurry is in inorganic form 

(Ehlert et al., 2004), and since cattle slurry decomposes very fast, we assume that little 

organic acid is released by cattle slurry. For composts several mechanisms, such as retention 
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of P in compost particles, Ca-P precipitates and release of organic acids, might occur at the 

same time. Depending on the compost characteristics one mechanism or another will be 

predominant, resulting in lower or higher PO4-Kd values than for mineral fertilizers or slurry 

with comparable P additions. These are however hypotheses that need to be subject of further 

research. 

5.4 Conclusions 

In both the M05.01 (Belgium) and the Qualiagro (France) field trials on silt loam soils, it was 

observed that long term amendments of dairy farmyard manure increased soil P availability 

(P-CaCl2 and HWP) and P leaching, compared to amendments of composts based on plant 

material. In the M05.01 field trial we could not distinguish whether this was caused by (i) 

higher total P input rates for the farmyard manure, compared to the compost amended soil or 

(ii) a change in soil P sorption strength, induced by the organic fertilizers. In the Qualiagro 

field trial, compost and farmyard manure had a different effect on the orthophosphate 

distribution coefficient PO4-Kd, which cannot be explained by differences in P input rate. 

While the long term use of farmyard manure induced a decrease in PO4-Kd, compost additions 

at comparable P input rates did not change or even stimulated an increase in PO4-Kd, 

compared to a zero P fertilized control treatment. We hypothesize that P and organic acids are 

more released by farmyard manure than by compost, both decreasing PO4-Kd values as 

organic acids are also competing for orthophosphate adsorption sites. For compost we 

hypothesize that several mechanisms might occur at the same time such as retention of P in 

compost particles and release of organic acids, causing higher or lower PO4-Kd values than for 

mineral fertilizers or slurry with comparable P additions. The underlying mechanisms should, 

however, be subject of further research. 

We observed a clear seasonal trend in P-CaCl2 in the M05.01 field trial, which is independent 

of the fertilizer type. This trend seems to be the combined effect of mean temperature,  

pH-H2O and P uptake by crops. Although P-CaCl2 and HWP showed a similar seasonal trend 

in all treatments, they were significantly increased in the farmyard manure treatment 

compared to all other treatments throughout the whole experimental period from September 

2012 to October 2013. This indicates that the influence of farmyard manure addition on soil 

properties is more than a temporal effect. The higher P-CaCl2 and HWP throughout the whole 
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experimental period in the farmyard manure treatment had however no effect on the crops. 

The rye catch crop and the forage maize apparently did not benefit from the enhanced  

P availability. HWP is less influenced by seasonal trends. HWP is therefore less suited to 

measure small seasonal changes in the P availability. This implies however also that  

P availability estimations based on HWP are more robust and can be used regardless the 

season. 
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Illustration: 

Overview of the M10.01 field trial (VLACO – Ghent University) at Melle (see Chapter 6) at 

the moment of crop yield determination of the potato crop on September 23th 2011. 
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6 Chapter 6 

P availability and leaching as affected by decreased P fertilization 

and processed digestate in a silt loam soil with high P status 
 

Adapted from: Vanden Nest, T., Ruysschaert, G., Vandecasteele B., Cougnon, M., Merckx, R., 

Reheul, D., 2014. P availability and P leaching as affected by decreased P fertilization and 

processed digestate in a silt loam soil with high P status. Agriculture, Ecosystems and 

Environment, accepted. 

6.1 Introduction 

In the 1990s the EU Nitrates Directive (1991/676/EEC) was introduced to reduce N leaching. 

It also aims at reducing P leaching as well as increasing P use efficiency of organic and 

inorganic fertilizers (Velthof et al., 2014). In 2000 the Water Framework Directive (Directive 

2000/60/EC) was introduced to protect surface and groundwater from potentially harmful 

situations such as eutrophication via nitrates and phosphates. Implementation of these 

Directives at Member State and regional levels has led to the restriction of crop dependent 

total P fertilization levels of 28 to 41 kg P ha-1 in Flanders in 2014, and this will probably 

decrease further in the near future. These P fertilization levels are considered to be either 

balanced P fertilization levels, where P input = P output (P equilibrium fertilization) or 

slightly below the crop P export. Another effect of implementing these directives is the fast 

progress in manure processing techniques (Bos et al., 2013; Velthof et al., 2014). Manure 

processing can be as simple as separating slurry into a liquid fraction rich in N and a more 

solid fraction rich in P, which allows farmers to combine both fractions to fulfill N crop 

demand without increasing P accumulation in the soil (Schröder et al., 2011). Manure 

processing may also be combined with other waste streams or energy crops in anaerobic 

digestion processes to generate biogas (Velthof et al., 2014). Several plants in Flanders 

produce biogas with or without the input of manure. All these digestion processes result in 

nutrient-rich digestates as a by-product. 
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The goal of reducing P fertilizer use to equilibrium P application is to tackle the P losses. In 

several studies, P leaching and P-CaCl2 concentrations – the latter to be considered as an 

indirect indicator of P leaching losses (Maguire and Sims, 2002) - fell after lower 

P fertilization levels were introduced. Svanbäck et al. (2013) reported limited P leaching from 

fields with P equilibrium rates over a long term (> 45 years), but the relationship between soil 

P (P-AL) and P leaching was very soil dependent. However, even under these restrictive 

equilibrium P addition rates, soils with a high P status will continue to lose P (Verloop et al., 

2010). In such cases, P deficit fertilization may be needed (Koopmans, 2004). 

According to Schröder et al. (2011), farmers fear crop yield losses due to P equilibrium 

fertilization because fertilizers apparently have a low P use efficiency. However, organic and 

mineral P fertilizers that are not taken up by the crops in the year of application increase the 

soil P stock. Due to this residual effect, the long term availability of added P is for most 

mineral and organic P fertilizers close to 100% (Schröder et al., 2011). The initial soil P status 

at the start of P equilibrium or further decreased fertilization is important, however.  

Dodd et al. (2012) observed in silt loam soils in New Zealand that small decreases in P-CaCl2 

due to a halt in P fertilization already led to a decline in crop yield within a few years. In 

contrast, on a field in Austria with 20-year history of high fertilization at 44 kg P ha-1 year-1, 

Lindentahl et al. (2003) observed no effect on the P uptake by crops in the first 20 years after 

stopping P fertilization. Valkama et al. (2011) studied Finnish clay, coarse textured and 

organic (>20% organic matter) soils; their yield response models to P application revealed 

that P fertilization could be substantially reduced or even omitted for years on a majority of 

the Finnish fields without economic losses. Verloop et al. (2010) observed a slow but steady 

gradual decrease in soil P status from 328 to 245 mg P kg-1 (P-AL), over 17 years of  

P equilibrium fertilization in a sandy soil without any crop yield losses. They observed no 

effect on the P leaching, however, probably because P leaching is generally low at this 

research site. Van Wijk et al. (2013) did not detect any significant decline in crop yield in a 7-

year period with zero P application following a 21-year history of P fertilization at 31, 61 and 

122 kg P ha-1 year-1 on a soil with a high clay content. Djojic and Mattson (2013) observed in 

several field trials with different soil textures, that increasing P fertilization rates together with 

high initial soil P status (P-AL) resulted in much higher levels of easily soluble  

P concentrations and P leaching risks. Probably, the opposite is also true: a large decrease in  

P losses from soils with a high P status can possibly be achieved by decreasing the  

P fertilization below P equilibrium level or to zero P application. Indeed, van Wijk et al. 
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(2013) already observed in the first year after cessation of P fertilization a large (>50%) 

decrease in P concentration in the soil solution of a soil that had previously been heavily 

fertilized for 10 years at a rate of 122 kg P ha-1 year-1. Koopmans et al. (2004) detected a 93% 

decrease on average in CaCl2 and water extractable P contents of a non-calcareous sandy soil 

with an initial P-CaCl2 of 8.4 mg P kg-1 in a 978-day greenhouse pot experiment. 

Agriculture is simultaneously confronted with an array of new digestate and manure 

processing products on the market. It is likely that these nutrient-rich by-products will be 

difficult to market (Galvez et al., 2012) in nutrient-rich regions such as Flanders. Digestates 

need to be either further dewatered and/or separated to become more valuable products 

(Vaneeckhaute et al., 2013a) that can be exported to other regions. Mostly, their N/P/K ratio 

also needs to be more adapted to crop nutrition. The P availability of these processed 

digestates will be different from the P availability of other organic and mineral fertilizers. It is 

often stated that P availability will increase during anaerobic digestion, however the pH in the 

bioreactor and the presence of Mg and Ca can lead to the precipitation of solubilized P, which 

leads to lower P availability (Möller and Müller, 2012). The fertilizer value of crude and 

processed digestates has been tested in either incubation or field experiments  

(Haraldsen et al., 2011; Galvez et al., 2012; Vaneeckhaute et al., 2013b). However, if the 

applied amount of digestate is based on total N input or on fresh matter input without a 

correction for other plant nutrients, the interpretation of the results of crop yield and  

P availability is difficult. Galvez et al. (2012), for example, observed a strong increased  

P availability when digestate of anaerobic pig slurry digestion was added to the soil as 

compared to biochar, sewage sludge and compost after 3, 7 and 30 days of incubation. 

However, the P input for pig slurry digestate was also 10-fold higher than the other products 

due to the larger P content at the same application rate. Haraldsen et al. (2011) observed 

higher barley yields in a pot experiment for liquid anaerobic digestate and nitrified liquid 

anaerobic digestate compared to calcium nitrate and cattle manure at a total input rate of 80 

kg N ha-1. This was probably an effect of the potassium input, which was approximately 50 to 

54 kg K ha-1 for the digestate products, compared to 0 and 33 kg K ha-1 for calcium nitrate 

and cattle manure, respectively. In a field experiment with forage maize in a sandy loam soil, 

Vaneeckhaute et al. (2013b) observed little effect on crop yield after a 1-year application of 

processed digestate products as fertilizers. Besides the fertilizing value, it was observed in 

several studies that P leaching and P availability are also affected by the properties of organic 

amendments. For example, in the studies of McDowell and Sharpley (2004) and Brock et al. 
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(2007) P leaching is affected by animal manure type and animal manure composting. The 

fraction of immediate plant-available P and micronutrients in digestates from anaerobic 

digestion of dairy manure appear to be reduced, compared to dairy manure (Möller and 

Müller, 2012). Roboredo et al., 2012 observed that soil P availability had increased less after 

application of the solid P fraction of pig slurry separation, instead of crude pig slurry. More 

research is needed about the long term potential of repeated applications of digestate products 

to replace common N, P and K fertilizers and about their effects on P leaching and  

P availability. Such research should however be conducted with equal doses of N, P and K to 

ensure proper assessment of the fertilizer value of digestate products. 

In 2010, we started a field trial on a silt loam soil. Specific aims of the study were to 

investigate changes in P availability, P leaching and crop yields in the short term as induced 

by (i) zero to moderate mineral P fertilization (0-41 kg P ha-1) or (ii) yearly organic fertilizer 

application of 37 kg P ha-1 of vegetable, fruit and garden waste compost and dairy cattle slurry 

compared to several digestate products and biothermically dried organic waste. We 

hypothesized that (i) the P availability and P leaching can be reduced by reducing the  

P fertilization in the short term in soil with high nutrient levels and that (ii) organic fertilizer 

type will influence the P availability in the soil. 

6.2 Material and methods 

6.2.1 M10.01 Field trial design 

In 2010, the long term field experiment ‘M10.01’ was started in Melle (50°59’N, 03°49’E, 

11 m above sea level), Belgium. The lay-out of this field experiment is given in Appendix II. 

Prior to the experiment this field had been cropped with a forage maize (Zea mays L.) - Italian 

ryegrass (Lolium multiflorum L.) rotation for more than 20 years. At the start of the field trial, 

the SOC level, P-AL and pH-KCl were 1.4%, 200 mg P kg-1 and 6.2, respectively. The soil is 

an Eutric Endogleyic Retisol (Loamic) (WRB classification) (Dondeyne et al., 2014) with silt 

loam texture (USDA soil texture classification). The mean groundwater table (determined in 

2006-2009) on the Melle site was on 115 cm depth and varied from 30 to >175 cm. The 

experiment was a randomized complete block design with 3 replicates (8 x 8 m per plot) 

comparing 8 treatments fertilized with only mineral fertilizers and 7 treatments with only 

organic fertilizers. The mineral fertilizer treatments (TSP 45w/w% P2O5) differed in the 
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yearly P fertilization dose: P0 (0 kg P ha-1), P7 (7 kg P ha-1), P13 (13 kg P ha-1), P20  

(20 kg P ha-1), P26 (26 kg P ha-1), P33 (33 kg P ha-1), P37 (37 kg P ha-1), P41 (41 kg P ha-1). 

All mineral fertilizer treatments received 200 kg N ha-1 year-1 and 207 kg K ha-1 year-1  

(Table 6.1). Five organic fertilizer types were compared to vegetable, fruit and garden waste 

compost (VFG) and dairy cattle slurry (CSL): (i) biothermically dried organic waste (BIOW), 

(ii) the solid fraction (SF) and (iii) effluent (Eff) derived from mechanical separation of 

digestate resulting from the anaerobic digestion of organic waste, energy crops and animal 

slurry, (iv) dried digestate from anaerobic digestion of organic waste and energy crops (DD) 

and (v) dried digestate from anaerobic digestion of organic waste, energy crops and animal 

slurry (DDm). BIOW was the product of a fast composting process (<7 days), with minimum 

1h at 70°C to kill pathogenic organisms. Eff was treated in a waste water treatment plant 

before application, to partially remove N. There were large differences in NPK and organic 

matter content of these products (Table 6.1). The organic treatments comprised a yearly NPK 

input from the organic fertilizer until a maximum amount of 200 kg N ha-1, 37 kg P ha-1 or 

207 kg K ha-1 was reached. Table 6.2 shows an overview of the NPK input for the period 

between 2010 to 2014. Extra N, P or K is supplemented with NH4NO3 (27w/w% N), TSP 

(46w/w% P2O5) and potassium chloride (40w/w%), respectively, to equalize the total  

NPK input for every plot. In most years and for most organic products, the application dose 

was limited by P content. The NPK fertilizer input was slightly different in 2012 for the 

treatments CSL and VFG (Table 6.2), due to an error in the analysis report. Treatment P37 

can be considered as the control treatment for the organic fertilizer treatments, as it has the 

same P input as all organic fertilizer treatments. In 2010 this P input was close to the legally 

allowed maximum P fertilization of 39 kg P ha-1. The 4-year crop rotation consisted of forage 

maize (Zea mays L.) in 2010, potato (Solanum tuberosum L.) in 2011, fodder beet  

(Beta vulgaris L., ssp. vulgaris cv. crassa) in 2012 and oat (Avena sativa L.) in 2013. In 2011 

and 2013, rye (Secale cereale L.) and white mustard (Sinapis alba L.) were sown after harvest 

of potato and oats, respectively. Organic and mineral fertilizers were spread by hand on 

ploughed land and incorporated to a depth of 8-10 cm using a rotary harrow just before 

planting or sowing. In 2012, two months before ploughing the soil was limed with 1800 kg 

Dolokorn ha-1 (50w/w% CaCO3 and 35w/w% MgCO3) to maintain the pH of the field trial 

within the target zone (5.7 to 6.2 pH-KCl), prescribed by the Belgian Soil Service  

(Maes et al., 2012). 

  



Chapter 6                                                                                                                                 99 

 

 

Table 6.1 Properties of the applied organic fertilizers. Data are arithmetic means ( ±SD) of 4 

years per treatment (SF: solid fraction of digestate separation, Eff: effluent of digestate separation, 

DDm: dried digestate with manure, DD: dried digestate without manure, VFG: vegetable, fruit and 

garden compost, CSL: dairy cattle slurry, BIOW: biothermically dried organic waste). 

 

N 

g N kg-1 DM 

P 

g P kg-1 DM 

K 

g K kg-1 DM 

Organic matter 

g kg-1 DM 

Dry matter 

% w/w fresh matter 

SF 21 ± 5 15 ± 7 12 ± 3 563 ± 169 30.0 ± 8.4 

Eff 34 ± 19 15 ± 7 63 ± 29 365 ± 173 8.0 ± 5.8 

DDm 22 ± 4 14 ± 3 30 ± 12 603 ± 6 83.3 ± 0.8 

DD 28 ± 8 23 ± 6 27 ± 15 680 ± 51 80.1 ± 7.1 

VFG 22 ± 8 5 ± 2 17 ± 8 432 ± 33 58.1 ± 11.0 

CSL 46 ± 4 8 ± 1 52 ± 23 739 ± 50 8.5 ± 1.6 

BIOW 33 ± 6 19 ± 9 26 ± 2 583 ± 83 60.4 ± 9.6 
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Table 6.2 Cumulative amounts of fresh organic fertilizer, dry organic matter and total NPK applied per treatment from 2010 to 2013 (P0-P41: mineral 

fertilizer treatments, SF: solid fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with manure, DD: dried digestate 

without manure, VFG: vegetable, fruit and garden compost, CSL: dairy cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

Organic fertilizer 

2010-2013 

Mg ha-1 

Organic matter 

2010-2013 

Mg ha-1 

N 

kg N ha-1 

P 

kg P ha-1 

K 

kg K ha-1 

organic 

fertilizer 
total 

organic 

fertilizer 
total 

organic 

fertilizer 
total 

SF 40.7 6.4 248 800 148 148 145 826 

EFF 151.9 3.5 323 800 145 148 616 826 

DDm 13.3 6.7 244 800 148 148 335 826 

DD 8.6 4.7 209 800 148 148 175 826 

VFG 54.0 18.4 628 829 145 145 478 757 

CSL 211.0 10.2 803 815 145 152 908 919 

BIOW 13.1 4.6 267 800 148 148 208 826 

P0 0 0 0 800 0 0 0 826 

P7 0 0 0 800 0 26 0 826 

P13 0 0 0 800 0 52 0 826 

P20 0 0 0 800 0 79 0 826 

P26 0 0 0 800 0 105 0 826 

P33 0 0 0 800 0 131 0 826 

P37 0 0 0 800 0 148 0 826 

P41 0 0 0 800 0 166 0 826 
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6.2.2 Crop yield, soil and plant analysis 

Crop yield was determined by harvesting an area in the middle of each plot. The harvested 

area depended on the crop: 6 m² for forage maize (total above ground biomass), 12.24 m² for 

potato (tubers), 10 m² for fodder beet (roots and leaves) and 13.6 m² for oats (kernels and 

straw). Crop quality of the potato tubers and the oat kernels was determined by measuring the 

underwater weight of the potato tubers in 2011 and the hectolitre weight of the oat kernels in 

2013. To determine the underwater weight, a subsample of 5000 g water cleaned potato tubers 

was weighed in a barrel with tap water. The hectolitre weight of the oat kernels was 

determined by weighing 1 hl of oat kernels on an analytical balance. The DM%, total N% and 

total P% of the plant material was determined, following the procedures in Chapter 2. DM%, 

total N% and total P% content were determined separately for the fodder beet leaves and roots 

in 2012 and for the oat straw and kernels in 2013. DM yield of the whole plant was 

calculated. Crop P balances are defined as P fertilization minus P export. Total P fertilization 

and total P exported by the harvested biomass for the period of 2011-2013 were used, as  

P uptake was not measured in 2010. Soil samples were taken in 2010, 2011, 2012 and 2013 

after harvest on every plot, to determine P-CaCl2, HWP, P-AL, PNaOH, Ptot, Fe-AL, Ca-AL, 

K-AL, Mg-AL, pH-KCl, HWC and SOC (procedures, see Chapter 2). 

6.2.3 Leaching experiment 

A leaching experiment in controlled unsaturated conditions with fresh soil samples was 

conducted in the laboratory to estimate the P leaching losses from the top layer (0-30 cm) for 

the contrasting treatments P0, P37, VFG, CSL and SF. We choose these treatments, because 

for the P0 and SF treatments, the P-CaCl2 levels were respectively the lowest and highest in 

all years. P37, VFG and CSL can be considered as the reference treatments. Soil sampling 

(0-30 cm) of the leaching experiment in 2013 was done at the same time as soil sampling for 

the soil analysis after the oat harvest in 2013. The soil was sampled and the leaching 

experiment was conducted, following the procedures of Chapter 2. The leaching experiment 

lasted for 31 days and 100 l m-² was added to the soil surface. Water samples from the 

leaching experiment were analysed for TP, TDP, TDC and Fe (see Chapter 2). No peaks in  

Fe leaching were detected and Fe concentration was not affected by the treatments (results not 

shown). 
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6.2.4 Statistical analysis 

The data was analysed using STATISTICA 11.0 software. The soil parameters P-CaCl2, 

HWP, P-AL, Fe-AL, Ca-AL, K-AL and Mg-AL (years 2010, 2011, 2012 and 2013) were 

analysed using Repeated Measures ANOVA and Tukey’s test (p<0.05) with factors 

‘treatment’ and ‘year’. There were no significant interaction effects. SOC, SOC-evolution 

(2013 results minus 2011 results), pH-KCl, PNaOH and Ptot, were analysed using one-way 

ANOVA and Tukey’s test (p<0.05) per sampling year. 

The relative DM crop yields were expressed annually relative to the mean DM yield of 

treatment P37. The relative DM yield of the 4 sampling years cannot be analysed in one 

statistical test, due to a significant interaction effect between ‘year’ and ‘treatment’. The DM 

yield was therefore analysed for every year in a Dunett-test (p<0.05), with treatment P37 as 

the reference group. The Dunnett-test compares every treatment with the reference treatment 

separately and indicates which treatments have a significantly lower or higher DM yield than 

the reference treatment. The crop quality parameters, P export and the water parameters TP, 

TDP and TDC were analysed using a one-way ANOVA and Tukey’s test (p<0.05). 

6.3 Results 

6.3.1 Soil characteristics 

We did not observe any significant differences in pH-KCl and SOC among the treatments in 

both 2011 and 2013. The overall mean field trial pH-KCl decreased in 2011 to 5.89 (±0.17) 

compared to the initial pH-KCl (6.20) at the start of the field trial in 2010, but increased due 

to the addition of lime to 6.12 (±0.12) in 2013. The overall mean SOC level of the field trial 

tended to decrease from the initial 1.4% at the start of the field trial in 2010, to 1.31% (±0.04) 

in 2011 and to 1.26% (±0.05) in 2013. The initial SOC level was probably rather high because 

of the crop rotation of forage maize with temporary grassland and is currently still stabilizing 

to a new, lower level. Despite the large differences in amount of organic matter applied  

(Table 6.2) between treatments, we observed no significant differences in SOC evolution 

from 2011 to 2013. At the end of the first four-crop rotation (2013), the overall mean PNaOH 

and Ptot of the field trial was 457 mg P kg-1 (±31) and 474 mg P kg-1 (±28), respectively. This 
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translates to 1988 and 2062 kg P ha-1 in the top layer (0-30 cm, bulk density 1.45 kg dm-³), 

respectively. No significant differences were detected among treatments for soil PNaOH or Ptot. 

Table 6.3 Year and treatment effect for P availability, measured in the 0-30 cm soil layer. Data 

are arithmetic means ( ±SD) of all treatments sampled in 2010-2013. Data with the same letter(s) 

(factor treatment: lower case letters, factor year: upper case letters) in a column are not significantly 

different (Tukey’s test, p<0.05) from each other (P0-P41: mineral fertilizer treatments, SF: solid 

fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with 

manure, DD: dried digestate without manure, VFG: vegetable, fruit and garden compost, CSL: dairy 

cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 
P-CaCl2 

mg P kg-1 

HWP 

mg P kg-1 

P-AL 

mg P kg-1 

SF 1.6 ± 0.4c 12.6 ± 1.7d 213 ± 34a 

Eff 1.2 ± 0.2ab 12.3 ± 1.8cd 201 ± 16a 

DDm 1.1 ± 0.2ab 12.0 ± 1.6bcd 201 ± 29a 

DD 1.1 ± 0.2ab 11.7 ± 1.8bcd 198 ± 34a 

VFG 1.1 ± 0.1ab 12.2 ± 1.5cd 197 ± 22a 

CSL 1.2 ± 0.2ab 12.3 ± 2.1cd 206 ± 22a 

BIOW 1.1 ± 0.2ab 11.8 ± 2.1bcd 194 ± 14a 

P0 0.9 ± 0.2a 10.0 ± 1.6a 206 ± 44a 

P7 1.0 ± 0.2ab 10.6 ± 1.6ab 206 ± 46a 

P13 0.9 ± 0.2a 11.2 ± 1.3abcd 223 ± 47a 

P20 1.1 ± 0.2ab 11.4 ± 2.2abcd 202 ± 36a 

P26 1.1 ± 0.3ab 10.9 ± 1.3abc 205 ± 50a 

P33 1.1 ± 0.2ab 12.1 ± 1.2cd 214 ± 28a 

P37 1.3 ± 0.3bc 12.0 ± 1.8bcd 193 ± 18a 

P41 1.2 ± 0.2ab 11.8 ± 1.6bcd 202 ± 27a 

Year 
  

 

2010 1.0 ± 0.2A 12.9 ± 1.5C 212 ± 32A 

2011 1.3 ± 0.3B 12.6 ± 1.5C 200 ± 36AB 

2012 1.1 ± 0.2A 11.1 ± 1.2B 195 ± 27A 

2013 1.2 ± 0.2B 9.9 ± 1.1A 210 ± 33B 

 

Analysis of P-CaCl2 revealed that P0, P7 and P13 had the lowest P availability. However, this 

was only significant for P0, compared to P37 and SF treatments (Table 6.3). P-CaCl2 of the 

SF treatment was significantly higher than all other treatments. HWP revealed the highest  

P availability for the SF treatment and the lowest P availability for treatments P0 and P7 

(Table 6.3). However, HWP in the SF treatment was only significantly higher when compared 

to P0, P7 and P26. Apparently, P-CaCl2 is more influenced by the growing season than HWP. 
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For both parameters we observed significant differences between years, but HWP shows a 

gradual and significant decrease in the course of the years (Table 6.3). Figure 6.1 illustrates 

the evolution in P-CaCl2 and HWP for the treatments P0 and SF with the lowest and the 

highest P-CaCl2 and HWP levels, respectively, and P37, VFG and CSL as the reference 

treatments. These are also the treatments included in the leaching experiment (see further). 

We observed that reducing the P fertilization to zero fertilization (P0), immediately reduced 

P-CaCl2 (Figure 6.1) and HWP (Figure 6.1) in 2010, compared to the continued P fertilization 

in the SF, VFG, CSL and P37 treatments. We observed however no further decrease in  

P-CaCl2 in the P0 treatments in the following 3 years (Figure 6.1). Although a gradual 

decrease in HWP is observed in the P0 treatment from 2010 to 2013, this was also the case for 

all other treatments (Figure 6.1 and Table 6.3). The SF treatment had in 2010, 2011 and 2012 

the highest P-CaCl2 and in 2012 and 2013 the highest HWP level. The P availability in 

September 2013, measured as P-CaCl2 or HWP, was significantly correlated with the crop  

P balance of the three preceding growing seasons (Figure 6.2). Figure 6.2 illustrates the 

correlations between arithmetic mean crop P balances and arithmetic mean P-CaCl2 and HWP 

per treatment. Although the organic amendments influenced P-CaCl2, HWP and crop  

P balance, the relation between P availability and crop P balance was comparable for all 

treatments with organic fertilizers and P37 (Figure 6.2). We observed no significant effects of 

the different treatments on P-AL, Fe-AL, Ca-AL, K-AL and Mg-AL (Table 6.3 and  

Appendix III Table III.2). From 2010 to 2013 K-AL decreased and Mg-AL increased 

significantly (Appendix III table III.2). Because we observed a significant positive correlation 

between both P-AL and Fe-AL (R²=0.58) and between P-AL and Ca-AL (R²=0.55), we could 

not distinguish whether P-AL in the soil is mainly linked to Fe or to Ca. We observed no 

correlations between P-CaCl2 and Ca-AL (R²=0.01; p=0.13) and between P-CaCl2 and Fe-AL 

(R²=0.01; p=0.06). 
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Figure 6.1 Evolution (2010-2013) of P-CaCl2 (left) and HWP (right) measured in the 0-30 cm soil layer for the SF, VFG, CSL, P0 and P37 treatments. 

Data are arithmetic means (±SD) (P0 and P37: mineral fertilizer treatments, SF: solid fraction of digestate separation, VFG: vegetable, fruit and garden 

compost, CSL: dairy cattle slurry, P-CaCl2: 0.01M CaCl2 extractable phosphorus, HWP: Hot Water extractable Phosphorus). 
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Figure 6.2 The relationship between P availability measured as P-CaCl2 (upper graph) and 

HWP (lower graph) in 2013 and the calculated crop P balance for the period of 2011-2013 per 

treatment. The determination coefficient R² and the level of significance are calculated on the 

arithmetic mean in every treatment. Data for both P availability and P balance are the arithmetic 

mean (±SD) of 3 replicates per treatment. (P0-P41: mineral fertilizer treatments, SF: solid fraction of 

digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with manure, DD: 

dried digestate without manure, VFG: vegetable, fruit and garden compost, CSL: dairy cattle slurry, 

BIOW: biothermically dried organic waste). 
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Table 6.4 Crop P balance and P export in the harvested produce (potato: tubers, fodder beet: roots and leaves, oat: kernels and straw) as affected by 

fertilizer treatments. The balances are calculated as the total P fertilizer input minus the total P crop export for the period of 2011-2013. Data are arithmetic 

means ( ±SD) per treatment. Data with the same letter(s) in a column are not significantly different (Tukey’s test, p<0.05) from each other (P0-P41: mineral 

fertilizer treatments, SF: solid fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with manure, DD: dried digestate 

without manure, VFG: vegetable, fruit and garden compost, CSL: dairy cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

Total P input 

2011-2013 

kg P ha-1 

Potato 

P export 2011 

kg P ha-1 

Fodder beet 

P export 2012 

kg P ha-1 

Oat 

P export 2013 

kg P ha-1 

Total P export 

2011-2013 

kg P ha-1 

P crop balance 2011-2013 

kg P ha-1 

SF 111 34 ± 3a 53 ± 2c 25 ± 2a 112 ± 1b -1 ± 1ef 

Eff 111 31 ± 3a 45 ± 3abc 26 ± 2a 102 ± 1ab 9 ± 1fg 

DDm 111 28 ± 2a 48 ± 5bc 28 ± 5a 103 ± 4ab 8 ± 4fg 

DD 111 30 ± 1a 48 ± 1bc 24 ± 5a 102 ± 7ab 10 ± 7fg 

VFG 109 29 ± 3a 34 ± 3a 31 ± 3a 95 ± 4a 12 ± 4fg 

CSL 115 31 ± 3a 38 ± 2ab 29 ± 3a 98 ± 4ab 17 ± 4g 

BIOW 111 27 ± 1a 45 ± 3abc 32 ± 3a 103 ± 4ab 8 ± 4fg 

P0 0 27 ± 3a 45 ± 7abc 26 ± 6a 97 ± 13ab -97 ± 13a 

P7 20 29 ± 4a 44 ± 7abc 24 ± 4a 97 ± 6ab -78 ± 6b 

P13 39 27 ± 0a 48 ± 2bc 29 ± 2a 104 ± 2ab -65 ± 2bc 

P20 59 34 ± 6a 48 ± 4bc 28 ± 1a 110 ± 7ab -51 ± 7c 

P26 79 27 ± 3a 47 ± 3abc 27 ± 3a 101 ± 3ab -23 ± 3d 

P33 98 27 ± 3a 50 ± 5bc 30 ± 5a 107 ± 10ab -9 ± 10de 

P37 111 28 ± 2a 47 ± 4abc 28 ± 1a 102 ± 7ab 10 ± 7fg 

P41 124 28 ± 1a 48 ± 8abc 28 ± 4a 103 ± 3ab 21 ± 3g 
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6.3.2 Crop yield and crop P balances 

The mean DM crop yield of treatment P37 (control group in Dunett’s test) for forage maize 

(2011), potato (2011, only tubers), fodder beet (2012, roots and leaves) and oat (2013, kernels 

and straw) was 19 500 kg ha-1 (±600), 15 200 kg ha-1 (±300), 24 000 kg ha-1 (±1 400) and 

10 900 kg ha-1 (±400), respectively. In 2012 the VFG application resulted in a significantly 

lower fodder beet crop yield of 19 700 kg ha-1 (±1 300). This is probably a N mineralization 

effect. N mineralization from compost products is generally low (Chalhoub et al., 2013) and 

since VFG compost has a higher N/P and N/K ratio than the processed digestate products 

(Table 1), a bigger share of the total N input in the VFG treatment was provided by compost 

instead of mineral N fertilizer, compared to the processed digestate products (Table 2). We 

assume that there was less N  available for the fodder beet in the VFG treatment. Also in the 

CSL treatments, the largest share of N input is applied as organic fertilizer. However, the  

N mineralization of cattle slurry is much faster, compared to compost. In 2010, 2012 and 

2013, none of the treatments resulted in total DM yields that differed significantly from the 

control group P37 (Appendix III table III.3a). The underwater weight of potato in 2011 and 

the hectoliter weight of oat kernels in 2013 were 385 g (5kg)-1 (±24) and 48 g hl-1 (±1), 

respectively. Except for the CSL treatment with a hectoliter weight of 53 g hl-1 (±1) in 2013, 

no significant differences were observed in crop quality between the P37 control group and all 

other treatments (Appendix III table III.3b). Except for the forage maize crops, the total above 

ground DM crop yield is not economically relevant. Therefore we calculated also the 

economical relevant fresh matter crop yield for potato, fodder beet, and oats (Appendix III 

table III.3b). We observed however only in 2011 a significantly higher fresh crop yield for 

potato (potato tubers >35 mm) in the SF, and in 2012 a significantly lower fresh crop yield for 

fodder beet (defoliated beet roots) in the VFG compared to the P37 treatment (Appendix III 

table III.3b). 

We observed no significant differences in the N and P export by potato (2012) and oat (2013) 

(Table 6.4 and Appendix III table III.4) and also not in the P concentrations of the plant 

material (results not shown). However, the P export by fodder beet (2012) in the VFG 

treatment was with 34 kg P ha-1 significantly lower than  the treatments SF, DDm, DD, P13, 

P20 and P33 with a P export of 48 to 53 kg P ha-1. In 2012, the N export in the VFG treatment 

was with 166 kg N ha-1 also significantly lower than in all mineral fertilized (P0-P41) and the 

SF treatments (274 – 309 kg N ha-1) (Appendix III, Table III.4). This lower N and P export by 
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fodder beet in 2012 in the VFG treatment was due to the lower crop yield (see above). The 

small differences in total P export, indicate that the differences in the crop P balance were 

mainly due to the P input by fertilizers, therefore, the crop P balances (2011-2013) from  

P0 treatment (-97 kg P ha-1) up to P41 treatment (21 kg P ha-1), increased with increasing  

P fertilization (Table 6.4). Among the organic fertilizer treatments and P37, only CSL and SF 

were significantly different from one another. Except for the SF treatment, the crop P balance 

was positive in all treatments with a fertilizer rate of 37 kg P ha-1 year-1. 
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Figure 6.3 The relationship between the total P concentration (TP) in the leaching water and the 

P availability measured as P-CaCl2 (upper graph) and HWP (lower graph) in 2013 per treatment. The 

determination coefficient R² and the level of significance are calculated on the arithmetic mean in 

every treatment. Data for both P availability and total P concentration are the arithmetic means 

(±SD) of 3 replicates per treatment. (P0: mineral fertilizer, 0 kg P ha-1; P37: mineral fertilizer, 37 kg 

P ha-1; SF: solid fraction of digestate separation, 37 kg P ha-1; VFG: vegetable, fruit and garden 

compost, 37 kg P ha-1; CSL: dairy cattle slurry, 37 kg P ha-1). 

6.3.3 P leaching 

Analysis of the water samples of the leaching experiment revealed that TP and TDP 

concentrations were significantly higher for the SF treatment and significantly lower for the 
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P0 treatment as compared to the VFG, CSL and P37 treatments (Table 6.5 and Appendix III 

Figure III.1). Approximately 86% of TP leached in the form of TDP. There were no 

significant differences in this TDP/TP ratio between the treatments (results not shown). We 

also did not observe any significant differences in the TDC leaching (Table 6.5). In Figure 

6.3, the correlations between arithmetic mean TP concentrations and arithmetic mean P-CaCl2 

and HWP levels are indicated per treatment. These correlations illustrate that  

TP concentrations increase with increasing P availability measured as P-CaCl2 (p=0.079) and 

HWP (p=0.007). 

Table 6.5 TP, TDP and TDC concentrations in the leached water of the leaching experiment 

(2013) as affected by fertilizer treatments SF, VFG, CSL, P0 and P37. Data are arithmetic means 

(±SD) per treatment. Data with the same letter(s) in a column are not significantly different (Tukey’s 

test, p<0.05) from each other (P0 and P37: mineral fertilizer treatments, SF: solid fraction of 

digestate separation, VFG: vegetable, fruit and garden compost, CSL: dairy cattle slurry). 

Treatment 
TP 

mg P l-1 

TDP 

mg P l-1 

TDC 

mg P l-1 

SF 0.51 ± 0.02c 0.46 ± 0.04c 71.37 ± 15.65a 

VFG 0.40 ± 0.06b 0.35 ± 0.05b 85.34 ± 15.95a 

CSL 0.42 ± 0.06b 0.36 ± 0.06b 70.13 ± 2.00a 

P0 0.30 ± 0.08a 0.25 ± 0.04a 82.59 ± 37.19a 

P37 0.43 ± 0.04b 0.36 ± 0.06b 67.54 ± 6.30a 

 

6.4 Discussion 

6.4.1 Effect of lower and zero P fertilization 

In the course of the four-year experiment, we did not detect any differences in the PNaOH and 

Ptot stocks of the soil. This was as expected. Even in the zero P application treatment, the 

amount of P mined between 2011 and 2013 was still approximately 20-fold smaller than the 

PNaOH and Ptot stocks in the soil. Similar to van Wijk et al. (2013) who stopped P fertilization 

during 7 years in an arable crop rotation after a continuous 17-year period of P fertilization at 

31 kg P ha-1 year-1 or 61 kg P ha-1 year-1, we observed no decrease in P-AL in the lower-P or 

zero P fertilizer treatments. The initial P-AL at the time when P fertilization was stopped in 

the study of van Wijk et al. (2013) was comparable (within 175 to 220 mg P kg-1  

(van Wijk et al., 2013)) to the P-AL levels in our field trial. In another study, Verloop et al. 

(2010) observed a slow and gradual decrease in P-AL during a 17-year period of  
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P equilibrium fertilization. However, the initial P-AL level of that field trial was 

approximately 50% higher than in our field trial. We assume that prolongation of the field 

experiment will lead to decreasing P-AL, PNaOH and Ptot stocks for the zero and decreased P 

fertilization levels if crop yield and P export remain at the current level. Pizzeghello et al. 

(2011) and Pizzeghello et al. (2014) observed on three Italian alkaline soils a significantly 

increase in PNaOH and Ptot when farmyard manure and mineral fertilizer were applied  

(44 kg P ha-1 year-1), compared to a non-fertilized treatment. However this was observed  

44 years after the start of the three field trials, which indicates that changes in PNaOH and Ptot 

stocks are only observed on the very long term. Since the P-AL determination implicates a 

less destructive soil extraction method than PNaOH and Ptot determination, we expect that 

changes in P-AL will be detected faster than changes in PNaOH and Ptot. 

In accordance with the studies of Verloop et al. (2010) and van Wijk et al. (2013), we 

observed no effects of lower P or zero P fertilization on crop yields. We observed in our study 

that reducing the P fertilization below the reference P fertilization level of 37 kg P ha-1 year-1, 

reduced the P availability parameters P-CaCl2 with 0.2 to 0.4 mg P kg-1 and HWP with 0.6 to 

2.0 mg P kg-1. No effects were observed in the agronomic soil test P-AL. van Wijk et al. 

(2013) also detected decreased P availability, but no effect on P-AL within 4 years after 

stopping the P fertilization in a soil with an initial P-AL level, comparable to our soil. We 

detected little effect of lower P or zero P fertilization on the total P export, but we did observe 

a clear P mining effect as observed by Lindentahl et al. (2003), Verloop et al. (2010) and van 

Wijk et al. (2013). Reduction of the P fertilization to zero fertilization immediately reduces 

the P availability. However no further gradual decrease is expected during the first years after 

stopping the P fertilization. The leaching experiment showed that four years of zero  

P application had already decreased the potential for P leaching. Despite the remaining high 

P-AL, PNaOH and Ptot stocks, it is possible to achieve a decrease in P losses in the short term 

by completely ending P fertilization. According to van Wijk et al. (2013), the higher the 

former P application rate, the more drastic the decrease in P availability. It seems that the 

agronomic P-AL soil test levels and the P availability parameters P-CaCl2 and HWP will 

evolve differently over time. If P-CaCl2 and HWP decrease faster than P-AL, the zero  

P application may ultimately lead to a situation where the soil still has a high P-AL status, but 

contains only a low amount of readily available P. It is not known whether and on which 

timescale this would affect crop yield. However, it is clear that this will take longer in the 

studied crop rotation. 
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Since crop P balances are still positive in most treatments at a P fertilizer rate of 

37 kg P ha-1 year-1, we suggest that P fertilizer rate needs to be lowered to achieve P mining. 

No decrease in P availability was observed after four years of lower fertilizer rates 

(20-33 kg P ha-1 year-1). 

6.4.2 Effect of organic fertilizers 

The four-year experimental period was too short to detect differences in pH-KCl and SOC 

among the treatments. However, the conversion from a crop rotation of grass-maize to an 

arable crop rotation resulted in a decrease in SOC in all treatments. We expect that in the 

coming years a discrepancy will be created between the treatments and that SOC will change 

to a new level, depending on organic fertilizer composition and the differences in organic 

matter input. We assume that this will also be the case for pH-KCl.  

We detected few differences in crop yield across the four years when partly replacing mineral 

fertilizers with digestate products, biothermically dried organic waste, VFG compost or cattle 

slurry. Vaneeckhaute et al. (2013) obtained similar results. One exception was the crop yield 

of fodder beet in 2012 in the compost treatment. Because N mineralization of compost is 

limited in the short term in comparison to other organic and mineral fertilizers (Diacono and 

Montemurro, 2009) and fodder beet typically reacts strongly to extra available N, we assume 

the restricted growth was caused by a lower N availability. We calculated the mineral  

N fertilization based on the total N content, whereas in the study of Vaneeckhaute et al. 

(2013b) the percentage effective N was taken into account. The effect of compost on yield 

will probably disappear with time as the cumulative compost addition may lead to an increase 

in soil organic N, and therefore increase the net N mineralization level (Diacono and 

Montemurro, 2009; Chalhoub et al., 2013). 

Similar to McDowell and Sharpley (2004) and Brock et al. (2007) we observed that organic 

fertilizer type may affect P availability and P leaching. Our study showed that the solid 

fraction of digestate separation enhanced the P availability and P leaching, while in all other 

treatments both availability and leaching remained at the same level as in the reference 

P fertilization of 37 kg P ha-1 year-1. In fact we observed the same P availability enhancing 

effect in the soil amended with solid fraction, as in the soils with dairy farmyard manure 

addition in Chapters 4 and 5. Although Roboredo et al. (2012) observed that solid fraction of 



Chapter 6                                                                                                                                 114 

 

 

pig slurry separation leads to a lower P leaching risk compared to non-separated pig slurry, it 

should be mentioned that pig slurry and crude digestate have different characteristics. 

Although it is often stated that biodegradation processes during anaerobic digestion improve 

the P availability, the pH of the batch also strongly influences the solubility of P in the 

product (Möller and Müller, 2012). Raising the pH for example moves the chemical 

equilibrium toward formation of Ca-P and Mg-P precipitates, enhances the formation and 

crystallization of struvite and thereby reduces the availability of P in digestate products 

(Möller and Müller, 2012). This struvite forming can also be influenced by many ionic 

species such as K+ and CO2
3-, present in the batch. Therefore the solubility of P in digestate 

products and the subsequent release of P will be product dependent. This can explain the 

differences in P availability and P leaching between de solid fraction of mechanical digestate 

separation and the effluent and two dried digestate products. Similar to what we suggested in 

Chapter 5, it is also possible that the amount of released organic acids that chelate 

orthophosphate adsorption sites and compete with orthophosphate on these adsorption sites 

are increased in the solid fraction product, compared to the other digestate products, cattle 

slurry and VFG compost. However, the amount of organic substances in this field trial will 

not only be dependent on the composition of the organic fertilizers, but also on the amount of 

organic fertilizer (and organic matter) that is applied (Table 6.2). 

In our study, increased P availability led to (non-significant) increased P export for the solid 

fraction treatment compared to all other treatments at the same P fertilization level. However, 

since there is no yield response, the data provide evidence that this extra available P is not 

needed for optimal crop growth. Using SF resulted in a significantly higher P leaching. As the 

soil P status is high, it was expected that crops did not suffer from any P shortage. 

6.4.3 Indicators for P leaching 

Svanbäck et al. (2013) suggested P-AL as a good indicator to predict P leaching losses. In 

contrast, in our study we observed no effects of P fertilizer rate and organic amendments on 

P-AL, while P leaching was clearly affected. The range of P-AL levels in the study of 

Svanbäck et al. (2013) was 18 to 236 mg P kg-1; this indicates that P-AL can be used to detect 

fields with higher P leaching risks in a set of fields with a wide range of P-AL. But 

P-AL is not appropriate to detect effects of lowered P fertilizer rates on soils with a narrow  

P-AL range, nor can it detect short term effects of organic amendments. 
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We suggest, in accordance with the studies of Maguire and Sims (2002) and Djojic and 

Mattson (2013), that P-CaCl2 is more suited to evaluate P leaching risks than P-AL. However, 

HWP might even be a better indicator for P leaching than P-CaCl2. In our study, HWP was 

characterised by a lower variability than P-CaCl2, both across years and among the replicates 

in the field trial. Furthermore, the P leaching showed a stronger correlation with HWP than 

with P-CaCl2. 

6.5 Conclusions 

We conclude that introducing zero P fertilizer application on a soil with high P status can 

reduce P availability (P-CaCl2 and HWP) and consequently the potential for P leaching in an 

arable crop rotation in the short term (four years) without decreasing crop yields. Crop 

P balances showed that the reference fertilization rate of 37 kg P ha-1 year-1 was still above 

P equilibrium level for this field, leading to positive P balances and therefore further build-up 

of soil P stocks. Further restrictions are needed to achieve a P equilibrium fertilization level 

on soils with high P status. Reducing the P fertilization to zero fertilization immediately 

reduced P-CaCl2 and HWP in the first year, compared to the continued P fertilization. 

However we observed no further decrease in P-CaCl2 in the zero P treatments in the following 

3 years. Although a gradual decrease in HWP is observed in the zero P fertilization treatment 

during the 4 years of observation, this was also the case for all other treatments. 

All tested digestate products could partly replace the mineral fertilizers without any losses in 

crop yield in the short term. The same was true for vegetable, fruit and garden waste compost 

– except in 2012 - and cattle slurry. However, the solid fraction of digestate separation clearly 

leads to higher P availability rates and higher P leaching with no enhancement of crop yield. 

We revealed that besides P-CaCl2, HWP is a suitable indicator to predict potential P losses. 

More prolonged observations of crop yield, crop P balances, soil P availability and P-AL in 

this field trial are needed to fully understand the long term agronomic and environmental 

impact of a continuous restricted P fertilizer application. 
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Illustration: 

View on the solid fraction of mechanical separated digestate, just before application in the 

M10.01 field trial (VLACO – Ghent University) at Melle (see Chapter 6) on April 18th 2013. 
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7 Chapter 7 

Prediction of P concentrations in soil leachates based on soil 

testing: 

 a survey of 5 long term field trials 
 

7.1 Introduction 

We sampled several long term field trials throughout the present study to reveal relationships 

between fertilizer type, soil P availability, soil P stocks and P leaching losses in soils in 

Flanders, that are highly susceptible for P leaching losses due to the historically high 

fertilization. Many of these soils in Flanders have decreasing SOC levels or are stabilized at a 

suboptimal SOC level. Therefore it is of common interest to apply those organic fertilizers 

that contribute significantly to the organic matter levels of the soil (see Chapter 1). However, 

the use of organic fertilizers also leads to build-up of the P stocks in the soil and may 

therefore further contribute to P leaching. According to van der Zee et al. (1990) and 

Lookman (1995), the P leaching is determined by the phosphate saturation degree, which can 

be calculated based on the amount of P sorption binding sites and the amount of P sorbed on 

these sites. In Flanders, the excessively fertilized acid sandy soils are considered as the main 

source for P leaching losses, in which 90% of the P sorption sites consist of Al and  

Fe (hydr)oxides (Lookman, 1995). The method of determination of the phosphate saturation 

degree was exclusively developed for these soils, but can also be used with some 

modifications in other types of soils (Schoumans, 2004). This means that the phosphate 

saturation degree is determined by the amount of P sorption binding sites, which is dependent 

on the soil properties, and the (total) P input to the soil. This implies that the form in which P 

is provided to the soil is not taken into account to determine the phosphate saturation degree 

and the P leaching. However, in several studies on the short term (after application of 

fertilizers) and the long term (several years of applying a fertilizer type) an effect of fertilizer 

type on P leaching was detected. In the studies of Brock et al. (2007), Tarkalson and Leytem 
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(2009), Ashjaei et al. (2011) and Kang et al. (2011), the effect of several fertilizer types on  

P leaching shortly after application was investigated in column leaching experiments. It was 

observed that the properties of the fertilizers can have a significant effect on the P leaching 

losses, however this effect is thought to be short-lived. On the long term, the soil P stocks 

seem to be more important for potential P losses than the P fertilizer source (Liu et al., 2012). 

We observed in several long term field trials (M05.01, Qualiagro and M10.01 in chapter 4, 5 

and 6) however, that changing the fertilizer type at a comparable P fertilizer rate, clearly 

influenced the soil P availability and the P leaching on the long term. This indicates that long 

term applications of a given fertilizer type (>4 years) can influence soil properties and 

influence P leaching losses. 

In order to investigate the influence of fertilizer type on P leaching losses on the long term, it 

is necessary to first have an idea of which soil parameters influence the P concentrations in 

the leachates. Afterwards, it should be assessed how these parameters can be influenced by 

fertilizer type. Several studies were conducted to develop or to test an indicator for risk of 

P leaching. These studies can be roughly divided in two groups: (i) studies that were based on 

soil parameters that describe the desorbable soil P stocks based on chemical extractions such 

as Olsen-P, P-AL and Mehlich-3, and (ii) studies that were based on soil parameters that 

describe the P availability based on chemical extractions with demineralized water or 

0.01 M CaCl2. Both (desorbable) soil P stocks and P availability parameters (see Chapter 1, 

Figure 1.2) are thus used to predict P leaching losses. 

Svanbäck et al. (2013) reported a good relationship between the P-AL and the  

P concentrations of the leachates in a soil column experiment in Sweden in soils of both light 

and heavy texture and with a large range of P-AL levels (15-236 mg P kg-1). Also Liu et al. 

(2012) observed increasing P leaching losses with increasing P-AL levels 

(140-280 mg P kg-1). Maguire and Sims (2002) stated that a change point can be defined in 

the relationship between Mehlich-3 extracted P and the P concentrations in the leachates. 

Below this change point there is hardly any P leaching loss, whereas above the change point 

the P concentration in the leachate very rapidly increases with increasing soil P stocks. Based 

on these studies, it seems that the P concentrations of the leachates are mainly determined by 

the (desorbable) soil P stocks. The P concentrations increase very fast when the soil P stocks 

further increase, once a certain threshold value (the change point in the relationship between  

P leaching and (desorbable) soil P stocks) is crossed. However we assume that the data in the 
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study of Svanbäck et al. (2013) and Maguire and Sims (2002) are less representative for the 

Flemish situation. The study of Svanbäck et al. (2013) contains only 3 out of 40 soils with a 

P-AL > 180 mg P kg-1, while more than 80% of the soils in Flanders have a  

P-AL >180 mg P kg-1 (see Chapter 1). The P-AL level of almost all soils sampled in our study 

exceeded 180 mg P kg-1 (see Chapter 4, 5 and 6). Due to the very high soil P stocks in our 

study, all soils possibly are already above the change point reported by Maguire and Sims 

(2002). 

In contrast to the studies above, Djojic et al. (2004) reported that P-AL and Olsen-P were not 

appropriate to predict P leaching losses and suggested that these agronomic soil tests should 

not be used alone for risk assessment of P leaching. In a later study of Djojic et al. (2013), 

P-CaCl2 was reported as a good predictor of P leaching losses. Hesketh and Brookes (2000) 

observed the same change point in the relationship between P-CaCl2 and Olsen-P and between 

the P concentrations in drainage water and Olsen-P, suggesting that P-CaCl2 is a good 

predictor of P leaching. It seems that both the (desorbable) soil P stocks and the availability 

can be important to predict the P leaching concentrations. In Chapters 4, 5 and 6, we clearly 

observed that soil P stocks (measured as P-AL) hardly changed when different fertilizer types 

were used at the same P fertilization rate. In contrast, P availability (measured as P-CaCl2 and 

HWP) was clearly influenced by fertilizer type. 

McDowell and Sharpley (2002) observed that P-CaCl2 was a good predictor for P leaching 

concentrations, but this is however not an appropriate parameter to estimate the absolute 

amount of P that can be leached out of the soil (McDowell and Sharpley, 2004). P availability 

parameters such as P-CaCl2 are considered as good indicators for P leaching concentrations, 

although scientific evidence is not always conclusive on how to interpret these P availability 

parameters (Glæsner et al., 2013). Therefore, we assume that the prediction of P leaching 

concentrations in leachates is best determined by a combination of both P availability and 

(desorbable) soil P stocks. 

In order to verify the results of 5 individual long term field trials on silt loam soils, we made 

one large dataset of all column leaching experiments and conducted a data analysis on the 

pooled dataset. The objective of the data analysis was to investigate whether (i) P availability, 

(desorbable) soil P stock and other soil descriptive parameters of silt loam soils are able to 

predict the TP concentrations in the leachates of column experiments across all long term 
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field trials, and whether (ii) P availability is dependent of the fertilizer type that was used on 

the long term. 

We hypothesized (i) that the TP concentrations in the leachates are determined both by the 

(desorbable) soil P stocks and the P availability; and (ii) that P availability, measured as 

P-CaCl2 and HWP is not only dependent on the P fertilization rate and soil P stocks, but also 

by the type of fertilizer that is used on the long term. 

7.2 Database 

From 2010 to 2013, 5 long term field trials on silt loam soils (USDA soil texture 

classification) were sampled to conduct leaching experiments, i.e., (i) M97.01, (ii) Qualiagro, 

(iii) ORG G9/G10, (iv) M05.01 and (v) M10.01. All 5 field trials are within the maritime 

temperate climate zone (Köppen climate classification). The Qualiagro site is at Feucherolles, 

close to Paris, France (48° 53’ N; 1° 58’ E) and has an annual precipitation and mean 

temperature of 647 mm and 10.8°C, respectively (KMI, 2014). All other field trial sites are at 

Melle, close to Ghent, Belgium (50° 58’N; 3° 49’E) and have an annual precipitation and 

mean temperature of 726 mm and 9.5°C, respectively (KMI, 2014). Data of the soil 

P descriptive parameters (P-CaCl2, HWP, P-AL, PNaOH and Ptot), the main soil descriptive 

parameters (Fe-AL, Ca-AL, SOC, HWC and pH-KCl) and the TP, TDP and TDC 

concentrations in the column leachates of the leaching experiment were used to establish one 

pooled dataset. Soil and water analyses and the leaching experiment are explained in detail in 

Chapter 2. Table 7.1 shows a short description of the field trials. Appendix II displays the 

layout of the field trials. The M05.01, Qualiagro and M10.01 field trials were already 

discussed in detail in chapters 4, 5 and 6, respectively. We decided not to include data of the 

GWS compost treatment of the Qualiagro treatment, since this type of compost contained 

sewage sludge and is therefore very different from the composts based only on plant materials 

that were used in all the other field trials. Data of the M97.01 and ORG G9/G10 field trials 

were included to enlarge both the range and the amount of data. 

The M97.01 field trial is on an Eutric Endogleyic Retisol (Loamic) (WRB classification) 

(Dondeyne et al., 2014) and has a block design in 3 replicates, with 3 factors: (i) mineral  

N fertilization (0, 100 and 200 kg N ha-1 year-1), (ii) dairy cattle slurry (0 and approximately 
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35 Mg ha-1 year-1) and (iii) compost application (0, 22.5 Mg ha-1 year-1 or 22.5 Mg ha-1 every 

3 years). Only the treatments with a mineral N fertilization of 200 kg N ha-1 were sampled. 

The treatment where compost was applied every 3 year, was not included in the leaching 

experiment (Appendix II). The field trial was designed to test the potential of vegetable, fruit 

and garden waste compost (VFG compost), to improve soil quality and crop yield.  

VFG compost is produced from the organic fraction of municipal organic waste in industrial 

composting installations. This type of compost was also applied in the M05.01 and  

M10.01 field trials, as described in chapters 4, 5 and 6. The BIO and MSW composts, used in 

the Qualiagro field trial are also products of industrial composting, but are produced from 

other feedstock materials, as described by Chalhoub et al. (2013). 
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Table 7.1 Start and sampling years, location, replicates per treatment, crop rotation and number of treatments per fertilizer category of the 5 long term 

field trials included in the dataset. 

Field 

experiment 

Start 

year 

Sampling 

year 
Site 

Replicates 

per 

treatment 

Crop rotation 

Number of treatments per fertilizer category 

Zero P 

fertilization 

Mineral P 

fertilizer 

Cattle 

slurry 

Farmyard 

manure 
Compost 

M97.01 1997 2010 
Ghent University 

Melle, Belgium 
3 Forage maize - 1 1 - 2 

Qualiagro 1998 2013 
INRA 

Feucherolles, France 
4 

Corn maize 

Winter wheat 
1 - - 1 2 

ORG G9/G10 2005 2010 
ILVO 

Melle, Belgium 
4 

Forage maize 

Potato 

Spring barley 

Red clover 

- - 2 - 2 

M05.01 2005 2011 
Ghent University 

Melle, Belgium 
4 

Fodder beet 

Winter wheat 

Red cabbage 

Perennial ryegrass 

Forage maize 

Fodder beet 

Red cabbage 

2 1 1 1 3 

M10.01 2010 2013 
Ghent University 

Melle, Belgium 
3 

Forage maize 

Potato 

Fodder beet 

Oat 

1 1 1 1 1 
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Table 7.2 Summary of the main soil and leaching characteristics per fertilizer category of the 5 long term field trials included in the dataset. The 

number of data points per fertilizer category are indicated with n. 

 

 

Zero P fertilization 

(n=15) 
 

Mineral P fertilizer 

(n=10) 
 

Cattle slurry 

(n=18) 
 

Farmyard manure 

(n=12) 
 

Compost 

(n=37) 

 Range Mean  Range Mean  Range Mean  Range Mean  Range Mean 

P fertilization kg P ha-1 year-1 0 - 0 0  29 - 42 37  7 - 57 28  37 - 73 51  21 - 93 56 

SOC % 0.96 - 1.22 1.06  0.98 - 1.46 1.19  0.82 - 1.67 1.15  1.19 - 1.56 1.35  1.07 - 1.91 1.40 

HWC mg C kg-1 655 - 1172 832  719 - 1033 866  515 - 1175 793  919 - 1136 1030  589 - 1148 922 

pH-KCl  5.25 - 6.35 5.68  5.05 - 6.10 5.54  4.15 - 6.25 5.16  5.68 - 6.56 6.19  4.53 - 7.02 5.93 

P-CaCl2 mg P kg-1 0.75 - 3.03 1.73  0.97 - 3.07 1.95  0.97 - 7.00 2.76  1.24 - 4.95 3.03  1.00 - 8.74 3.45 

HWP mg P kg-1 6 - 18 12  9 - 26 17  10 - 31 15  10 - 24 16  5 - 36 17 

P-AL mg P kg-1 123 - 270 206  181 - 251 221  139 - 255 193  186 - 322 246  160 - 375 237 

PNaOH mg P kg-1 332 - 497 429  408 - 526 476  404 - 555 465  401 - 533 469  366 - 618 479 

Ptot mg P kg-1 424 - 605 503  444 - 605 511  419 - 559 494  442 - 638 550  435 - 618 534 

Fe-AL mg Fe kg-1 362 - 1262 702  750 - 1053 842  385 - 1025 642  316 - 925 630  322 - 1035 578 

Ca-AL mg Ca kg-1 1251 - 1889 1506  1236 - 1550 1392  503 - 1749 1066  1347 - 1999 1647  699 - 3393 1656 

TP mg P l-1 0.22 - 1.29 0.67  0.40 - 2.09 1.12  0.37 - 2.79 1.32  0.49 - 2.21 1.31  0.25 - 5.59 2.09 

TDP mg P l-1 0.20 - 1.03 0.55  0.29 - 1.92 0.96  0.30 - 2.67 1.20  0.43 - 2.14 1.22  0.24 - 5.38 1.96 

TDC mg C l-1 41 - 125 64  44 - 136 67  40 - 105 59  57 - 178 85  54 - 108 79 
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The ORG G9/G10 organic field trial is on a Haplic Luvisol (Colluvic, Loamic) (WRB 

classification) (Dondeyne et al., 2014) and has a split plot design with 4 factors: (i) 

conventional tillage + dairy cattle slurry (20 Mg ha-1 year-1), (ii) conventional tillage + dairy 

farmyard manure (30 Mg ha-1 year-1), (iii) reduced tillage + farm compost (50 Mg ha-1 year-1) 

and (iv) reduced tillage + double dose of farm compost (100 Mg ha-1 year-1). The field trial 

was divided in two subtrials: one started in 2005 and one in 2006, both in 4 replicates. Only 

the treatments conventional tillage + dairy cattle slurry and reduced tillage + double dose of 

farm compost, were included in the leaching experiments. Farm compost is the product of 

stock piled composting of grass clippings, bark and wood chips, wheat straw and vegetable 

and green crop wastes. Two types of this farm compost (different C/N ratio) were also applied 

in the M05.01 field trial (see Chapter 4). 

The treatments in the 5 field trials were divided in 5 categories: (i) zero P fertilization, 

(ii) mineral P fertilizer, (iii) dairy cattle slurry, (iv) dairy farmyard manure and (v) compost. 

The compost category includes treatments with several types of compost such as: farm 

composts, municipal waste compost and green waste compost. All these composts were 

produced from vegetal debris, and did not include any form of sewage sludge, digestate 

products or animal manure. The zero P fertilization category included both unfertilized 

treatments and treatments that were only fertilized with mineral N and/or K. In some 

treatments in the categories dairy cattle slurry, dairy farmyard and compost, extra mineral  

P was added, according to the field trial. The fertilization management of the M05.01, 

Qualiagro and M10.01 field trials are fully discussed in chapters 4, 5 and 6. In the M97.01 

field trial mineral P and K fertilizers were added, when this was required to fulfil crop 

demands. In the ORG G9/G10, no mineral fertilizers were used. A description of means and 

range of the dataset per category is shown in Table 7.2. 

7.3 Prediction of TP concentration in leachates 

7.3.1 Results 

Due to the different types of fertilizers and fertilizer rates that were applied in the 5 long term 

field trials, it was possible to create a dataset with a broad range of several soil parameters 

(Table 7.2). We performed a data analysis over this whole dataset in an attempt to link the soil 

descriptive parameters to the TP concentrations in the leachates. 
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Figure 7.1 Scatter plots of the relation between TDC concentrations (mg C l-1) and the TP and 

TDP concentrations (mg P l-1) in column leachates of the leaching experiments and the C soil 

descriptive parameters SOC (%) and HWC (mg C kg-1). SOC and HWC are calculated on dry soil 

basis. Spearman correlation coefficients (r) are indicated. Correlation coefficients significant at 

p<0.05 are shown in bold, at p<0.01 are underlined and at p<0.001 are underlined and indicated 

with an asterisk. 

TDC concentrations in the leachates were correlated to the C contents of the soil (SOC and 

HWC), but not correlated to the TP and TDP concentrations in the leachates (Figure 7.1). This 

indicates that the P leaching losses are not linked with organic P forms. The arithmetic mean 

TDP/TP ratio of the leaching P concentrations in the column leachates was as high as 

89.4% ± 7.0% (SD) (data not shown), which illustrates that the mean P losses were not in 

form of particulate P losses (particulate P = TP – TDP) but rather as dissolved P losses. This 

is important information when building a model to predict TP leaching losses. Such a model 

should be focused on the factors that could influence the P mobility in the soil, i.e., the 

P availability (P-CaCl2 and HWP), the desorbable and total soil P stocks (P-AL, PNaOH and 

Ptot) and the soil parameters that could influence the P sorption/desorption processes in the 

soil (such as Fe-AL and Ca-AL content and pH-KCl). 
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Figure 7.2 Scatter plots of the soil P descriptive parameters P-CaCl2, HWP, P-AL, PNaOH and Ptot (mg P kg-1) and the main soil descriptive parameters 

Fe-AL (mg Fe kg-1), Ca-AL (mg Ca kg-1), SOC (%), HWC (mg C kg-1) and pH-KCl. All parameters are calculated on dry soil basis. Spearman correlation 

coefficients (r) are indicated. Correlation coefficients significant at p<0.05 are shown in bold, at p<0.01 are underlined and at p<0.001 are underlined and 

indicated with an asterisk.  
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Figure 7.3 Scatter plots of the relation between TP and TDP concentrations (mg P l-1) in column leachates of the leaching experiments and the soil P 

descriptive parameters P-CaCl2, HWP, P-AL, PNaOH and Ptot (mg P kg-1) and the main soil descriptive parameters Fe-AL (mg Fe kg-1), Ca-AL (mg Ca kg-1), 

SOC (%), HWC (mg C kg-1) and pH-KCl. All soil parameters are calculated on dry soil basis.Spearman correlation coefficients (r) are indicated. Correlation 

coefficients significant at p<0.05 are shown in bold, at p<0.01 are underlined and at p<0.001 are underlined and indicated with an asterisk. 
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In Figure 7.2, a scatterplot matrix illustrates the relations between these parameters in our 

dataset. P availability parameters P-CaCl2 and HWP are significantly correlated and have a 

high correlation coefficient (r = 0.82). This means that these parameters are better not 

combined in the model to predict TP leaching. As expected the P availability parameters are 

also significantly correlated to all 3 soil P parameters: P-AL, PNaOH and Ptot. Except for the 

correlation between HWP and PNaOH, the variances are however quite high. Increasing soil 

P stocks will stimulate increases in P availability, but P availability is probably more than a 

reflection of the soil P stocks. Figure 7.3 illustrates that TP leaching concentrations are 

significantly correlated with both P-CaCl2 and HWP. The correlation coefficient between 

HWP and TP is somewhat lower, due to the two groups that appear when the HWP is 

 >20 mg P kg-1. This is probably due to the properties of the dataset and will be discussed 

further in the text in the section of ‘repercussions of the dataset’. 

The parameters P-AL, PNaOH and Ptot are all significantly correlated to each other (Figure 

7.2). This means that they cannot be included in the same model (multicollinearity). We 

suggest that the prediction model for TP leaching should therefore only contain one of these 

three parameters. 

SOC and HWC were also not included in the model. Figure 7.2 illustrates that all P 

parameters are correlated with SOC. This is probably a non-causal correlation. This will be 

discussed further in the text in the section of ‘repercussions of the dataset’. 

Based on these observations, we suggested two linear regression models to predict the 

TP concentration in the leachates: 

Model A: TP = intercept + a (P-CaCl2) + b (X) + c (Ca-AL) + d (Fe-AL) + e (pH-KCl) 

Model B: TP = intercept + a (HWP) + b (X) + c (Ca-AL) + d (Fe-AL) + e (pH-KCl) 

in which X is P-AL, PNaOH or Ptot. This means that in fact 6 different models were tested. 

Model simplification was carried out with the ‘backward removal’ building model step of the 

general regression model function in STATISTICA 11.0 software. Following this strategy, 

each factor that is not significant for the prediction model is removed. Model A.1 and B.1 are 

the result of this simplification step (Table 7.3). In none of the tested prediction models P-AL, 
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PNaOH and pH-KCl were retained. Ca-AL was retained in model A.1 and Ptot and Fe-AL were 

retained in model B.1, respectively. The mean squared error (MSE), the adjusted 

determination coefficient (R²adj.) and the model efficiency were included in Table 7.3, to 

compare the models. The model efficiency was calculated, according to the following 

equation (Nash and Sutcliffe, 1970): 

Model efficiency=1-
∑ (y

i
-y�

i
)²n

i=1

∑ (y
i
-y�)²n

i=1

 

In which yi and ��i are the observed and modelled values in field trial plot i, and �� is the mean 

of the observed values (n=78). The Nash-Sutcliffe efficiencies can range from -∞ to 1, with 

model efficiency = 1 being the optimal value. Model efficiency = 0, indicates that the model 

predictions are as accurate as the mean of the observed data, whereas a model efficiency less 

than zero occurs when the observed mean is a better predictor than the model (Moriasi et al., 

2007). 

Table 7.3 Multiple linear regression relations for TP for all samples of the dataset. 

 MSE 

(p-value) 

R²adj Model 

efficiency 

Model A.1 

TP = 0.2810 (±0.1953) + 0.6457 (±0.0310) P-CaCl2  

– 0.0003 (± 0.0001) Ca-AL 

 

0.25 

(p<0.001) 

 

0.86 

 

0.84 

Model A.2 

TP = -0.3821 (±0.1095) + 0.6552 (±0.0319) P-CaCl2 

 

0.27 

(p<0.001) 

 

0.85 

 

0.85 

Model B.1 

TP = 2.4374 (±0.6785) + 0.2218 (±0.0186) HWP  

– 0.0056 (±0.0014) Ptot – 0.0020 (±0.0003) Fe-AL 

 

 

0.31 

(p<0.001) 

 

0.73 

 

0.86 

Model B.2 

TP = -0.8393 (±0.2173) + 0.1493 (±0.0126) HWP 

 

0.63 

(p<0.001) 

 

0.65 

 

0.65 
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Since we observed in Figure 7.3 that the relation between Ca-AL of the soil and the TP 

concentrations in the leachates is largely influenced by 4 data points of the Qualiagro field 

trial (without those 4 data points, no correlation is observed), which have a largely increased 

Ca-AL level compared to all other Ca-AL levels, we deleted Ca-AL as independent factor and 

retained model A.2 (Table 7.3). The R²adj. and model efficiency hardly changed for model 

A.2, compared to model A.1. 

In model B.1 HWP, Ptot and Fe-AL were retained in the model. We suggest in Table 7.3 

model B.2 as an arbitrary simplification of model B.1. However, deletion of Fe-AL and Ptot 

leads to a doubled MSE, and a decrease in R²adj..The model efficiency of model B.2 was also 

decreased, compared to model B.1 (Table 7.3). 

7.3.2 Discussion 

Since P-AL is in Flanders anno 2014 the most used agronomic soil P test, it would be 

interesting to use this parameter as a soil test to predict TP leaching concentrations. Although 

Svanbäck et al. (2013) reported a strong relationship between P-AL of several long term 

fertilization field experiments (>40 years) in Sweden and the P concentrations in leachates of 

leaching experiments per soil type, we observed in contrast in long term field trials on silt 

loam soils only a very poor correlation of R²<0.09 between P-AL and TP. Similar to  

Djojic et al. (2004), who observed no general correlation between P-AL and P leaching 

losses, we suggest that P-AL values measured in the topsoil should not be used alone for risk 

assessment of P leaching. 

Based on the model building, P-CaCl2 and HWP seem to be more suitable indicators for 

P leaching losses. This is in line with the studies of Hesketh and Brookes (1995), Maguire and 

Sims (2002) and Djojic and Mattson (2013), who suggested P-CaCl2 as a good indicator for P 

leaching losses. In leaching experiments based on a long term field trial (>35 years) with zero 

to moderate P fertilization levels (0 - 30 kg P ha-1 year-1) on a sandy loam soil, also  

Glæsner et al. (2013) suggested that P concentrations in the leachates are linked to the labile 

P content of the soil of the soil such as P-CaCl2 and water extractable P. 

In Figure 7.4 it can be observed that TP leachate concentrations increase with increasing 

P-CaCl2 and HWP. Low P-CaCl2 and HWP levels implicate low TP concentrations in the 

leachates. This relation allows to divide soils in categories of susceptibility to P leaching, 
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based on P-CaCl2 and HWP, for example to advice decreasing P fertilization levels with 

increasing susceptibility to P leaching. It is possible to define a threshold value for 

P-CaCl2 and HWP, above which P fertilization should be lower than P equilibrium level, to 

prevent severe P leaching losses. Further research is needed to determine this threshold value. 

In contrast it is not possible to define a threshold value for P-AL. Low P-AL levels do not 

necessarily implicate lower TP concentrations. The other way round, increased P-AL levels 

do not necessarily implicate higher TP concentrations (Figure 7.4). 

 

Figure 7.4 Scatter plots of the relation between P-CaCl2, HWP and P-AL (mg P kg -1) and the TP 

concentrations (mg P l-1) in column leachates of the leaching experiments. P-CaCl2, HWP and P-AL 

are calculated on dry soil basis. The dashed lines illustrate the medians of TP, P-CaCl2, HWP and P-

AL. 
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In Figure 7.5a, we illustrate the fraction of observations in our dataset that exceeds a 

TP concentration of 0.5, 1, 2 or 4 mg P l-1 for increasing P-CaCl2, HWP and P-AL levels. 

Figure 7.5b illustrates the percentage of data points with a P-CaCl2, HWP and P-AL level 

equal or below the X-value that exceed the predefined TP concentration limit. It is clear from 

Figure 7.5a that a threshold value can be defined for all three parameters. For example if the 

maximum accepted TP concentration would be 1 mg P l-1, we know from this graph that less 

than 10% of soils with a P-CaCl2, HWP and P-AL level of respectively 2.00, 15 and 200 mg P 

kg-1 will exceed this TP limit. However, in Figure 7.5b it is clearly illustrated that P-AL is less 

suited to detect the soils that cause an exceeding of the predefined TP concentrations in the 

leachates, than P-CaCl2 and HWP levels. Hence, soils with increasing P-CaCl2 and HWP 

levels, have an increasing risk to exceed the predefined maximum TP concentration, whereas 

in soils with low P-AL levels the risk to exceed the TP concentration in the leachates is 

comparable to the soils with more elevated P-AL levels. Categorizing the soils, based on  

P-AL alone, means that soils which cause an exceeding of the maximum TP concentration, 

can still be incorrectly categorized as soils with low P losses as they have low P-AL levels. 

The other way round, not all soils with high P-AL levels will automatically exceed the 

maximum TP concentration. 
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Figure 7.5a Fraction of soils in the dataset exceeding a TP concentration of 0.5, 1, 2 

or 4 mg P l-1 in function of P-CaCl2, HWP and P-AL. 
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Figure 7.5b Risk to exceed a TP concentration of 0.5, 1, 2 or 4 mg P l-1 in function of P-CaCl2, 

HWP and P-AL. The Y-value is calculated as the percentage of data points with respectively a  

P-CaCl2, HWP and P-AL level equal or below the X-value, that exceed the predefined TP 

concentration limit. 
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P concentrations in the leachates was observed (Hesketh and Brookes, 1995; Maguire and 

Sims, 2002; McDowell and Sharpley, 2004; Wang et al., 2012). However, we did not detect 

any change point between the desorbable soil P stocks (measured as P-AL) and the TP and 
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hand this indicates that P leaching losses in our dataset are probably less determined by the 

amount of P in the soil, but rather by the rate that P comes available in the soil solution. We 

assume that the soils of our dataset have highly elevated P-AL levels (123 to 375 mg P kg-1) 

and that probably all data points are above the change point. Possibly the soil P load is that 

high by elevated historical fertilization rates, that P leaching losses are only determined by the 

rate that P is desorbed by the soil and released into the soil solution. On the other hand, this 

means that measures to decrease P-CaCl2, will reduce the TP concentrations in the leachates 

even in these soils where it will take several years to decades of P fertilization rates below  

P equilibrium level to reduce the P leaching losses to non-harmful amounts for the 

environment. 

Both model A.1 and model B.1 that are respectively based on P-CaCl2 and HWP, seem to be 

suited to predict TP concentrations in the leachates. However, they have the disadvantage that 

also Ca-AL has to be included in model A.1 and Ptot and Fe-AL in model B.1. This means 

that prediction of TP concentration needs to be based on more than one soil parameter, which 

will make the prediction more time and money consuming. Therefore we suggested the 

arbitrary simplification step to model A.2 and model B.2. 

Although the Ca-AL factor was deleted in model A.2, the model efficiency of model A.2 was 

even slightly increased, compared to model A.1. Model A.2 seems to be suited to predict the 

TP losses, and practical in use as it is based on only one parameter (P-CaCl2). However, 

determination of P-CaCl2 was always executed right before the leaching experiments, whereas 

P-CaCl2 levels show large seasonal variations over time (see Chapter 6). This means that 

further research is necessary to determine whether the amplitude of these variations 

throughout time are comparable in all fields, and to which extent this information needs to be 

included in the model. Due to the seasonal variations, it is also necessary to determine a time 

interval for the soil sampling. In Flanders, soil samples from October 1th to November 15th are 

taken to determine the nitrate-N content of the soils. It is assumed that all the nitrate-N that is 

available in this period in the soil profile, is susceptible for leaching during winter due to the 

precipitation surplus. It is also assumed that little extra nitrate becomes available for leaching 

as the N mineralization process is expected to be low during late autumn and winter. This 

reasoning can however not be used in case of P, as the amount of P in the soil solution  

(P-CaCl2) is mainly caused by abiotic sorption and desorption equilibria. Since model B.2 is 

based on HWP, and HWP shows smaller seasonal variations, model B.2 seems to be a more 
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appropriate model to use throughout the whole year. HWP is an easy method that can be 

analysed on dried soil samples, whereas P-CaCl2 was determined on moist soil samples that 

need to be stored at 0-4°C and need to be measured as fast as possible after soil collection. 

Although 0.01 M CaCl2 extraction can also be conducted on dried soil samples, this will result 

in other P-CaCl2 levels than extractions of moist soil samples. However, we did not 

investigate the effect of drying of soil samples on P-CaCl2. The model efficiency of model 

B.2 was however smaller than the model efficiency of model A.2. This is probably because 

two subgroups of data appear in the relationship between TP and HWP when HWP is 

>20 mg P kg-1 (Figure 7.4). This will be discussed further in the section of ‘repercussions of 

the dataset’. 

Models A and B are calibrated, but not yet validated by data of other field trials. Extra field 

trials should therefore be sampled to determine P-CaCl2, HWP and to conduct a leaching 

experiment. Before the models are used, the maximum allowed TP concentration in leachates 

should be determined. Based on the models, it can then be calculated to what P-CaCl2 and 

HWP levels this TP concentration corresponds. These P-CaCl2 and HWP levels can then be 

used as a threshold value to divide soils in categories of maximum allowed P fertilization. For 

example, if this threshold value is exceeded, the P fertilization needs to be further restricted 

than P equilibrium level. 

It should also be noticed that in model A.1 and model A.2, P-CaCl2 is expressed in mg P per 

kg of dry soil, while TP leaching is expressed as mg P per litre of leaching water. If P-CaCl2 

is conversed to mg P per litre of 0.01M CaCl2 extract, it is clear that there is a large 

discrepancy between the P concentrations in the 0.01M CaCl2 extract (P-CaCl2) and the TP 

concentrations in the leaching water. The P concentrations in the 0.01M CaCl2 extract are 

approximately 5 times smaller than the P concentrations in the leaching water from the same 

soil sample. 

Since we propose a soil test as an indicator for leaching losses, P-CaCl2 is expressed in  

mg P per kg of dry soil in model A.1 and A.2, to predict TP concentrations in mg P per litre of 

leaching water. If P-CaCl2 is expressed in mg P l-1, it can be noticed that the P concentration 

in the 0.01M CaCl2 extract is much lower than the TP concentrations in the leaching water. In 

Figure 7.6 (left) the TP concentrations in the leaching water and P-CaCl2 expressed in mg P l-1 

from the VFG, FYM and MIN treatments of the M05.01 field trial, and the FYM, CONT, 



Chapter 7                                                                                                                                 137 

 

 

MSW and BIO treatments of the Qualiagro field trial are plotted against each other. Although 

we observed a good (R²=0.77) and significant correlation (p<0.001) between TP and P-CaCl2, 

the TP concentrations were >5 times higher, compared to the P concentrations in the  

0.01M CaCl2 extract. To investigate the influence of the extraction solution, the soil samples 

of the same plots in the M05.01 and Qualiagro field trial were extracted (16h of end-over-end 

shaking) with artificial rainwater (composition, see Chapter 2) at a S:L ratio of 1:10. The P 

extracted with artificial rainwater approximated the TP concentrations in the leaching water 

(Figure 7.6, right). Since Sánchez-Alcalá et al. (2014) did not observe  any increase in  

0.01M CaCl2 extracted P by increasing the extraction time from 30 min to 3 days, we assume 

that P in solution is already in equilibrium with P sorbed on soil particle after less than  

30 min. Increasing the extraction time to >2h (extraction time in our procedure, see Chapter 

2) probably will not influence the amount of extracted P. However, similar to Fuhrman et al. 

(2005) and Sánchez-Alcalá et al. (2014), we assume that less P is extracted if the ionic 

strength of the extraction solution is increased. Indeed, with 0.01M CaCl2 (20 meq l-1 cations 

and 20 meq l-1 anions), we extracted 5 times less P than with artificial rainwater (0.09 meq l-1 

cations and 0.08 meq l-1 anions, see Chapter 2). Both Fuhrman et al. (2005) and Sánchez-

Alcalá et al. (2014) observed that less P was extracted from the same soils and at the same 

S:L ratios, when the ionic strength of the extraction solution increased. 

 

Figure 7.6 Correlation between the TP leaching concentrations and P-CaCl2, measured as P 

concentration in the 0.01M CaCl2 extract (left), and Correlation between the TP leaching 

concentrations and the P concentration in an 1:10 (S:L) extract with artificial rainwater (composition, 

see Chapter 2) (right). The dotted line indicates the bisector of the first quadrant. 
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Although our observations indicate, similar to Sánchez-Alcalá et al. (2014) that a 0.01M 

CaCl2 extract underestimates the P concentration of the soil solution, we conclude that  

P-CaCl2 is still a good proxy to predict TP concentration in leaching waters. 

7.4 Impact of fertilizer type on P-CaCl2 and HWP 

In Chapter 4, 5 and 6 we observed several indications that the fertilizer type has an influence 

on the TP concentrations in the column leachates. Since we demonstrated also that 

TP concentrations are largely determined by the P availability (measured as P-CaCl2 and 

HWP) in these soils (see above), we investigated whether P availability levels are besides the 

amount of P in the soils, also determined by the type of fertilizer that was applied on the soil. 

Via analysis of covariance (ANCOVA) it was possible to determine the influence of the 

fertilizer type as a categorical factor on P-CaCl2 and HWP, with several covariates that 

possibly are numerical determining factors for P availability. The dataset has, however, some 

repercussions, which had some repercussions for data analyses. In the subsection below, we 

discussed the repercussions of our dataset, before we described the ANCOVA analyses. 

7.4.1 Repercussions of the dataset 

SOC levels and P fertilization levels 

Figure 7.7 illustrates that there is a correlation between SOC and P-AL, but this is a non-

causal correlation. The set-up of the M97.01 and ORG G9/G10 field trial resulted in 

increased P fertilization rates in treatments with higher inputs of organic matter. In the 

Qualiagro, M05.01 and the M10.01 field trials there were higher P fertilizer rates for the 

cattle slurry, farmyard manure and compost category, compared to the mineral fertilized 

category, where no organic matter was added. Hence, soils in our dataset with elevated 

SOC levels also mostly have elevated P-AL, PNaOH and Ptot levels (Figure 7.7). 
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Figure 7.7 Scatterplots of the dataset for the P-AL versus SOC (r = 0.41; p<0.001) per fertilizer 

category (upper graph) and per long term field trial site (lower graph). 

It was not possible to take differences in P fertilization into account as it was affected by 

the field trial duration i.e., how long the fertilizer treatment was performed, and the field 

trial duration was not equal for the studied field trials (4 to 16 years, depending on the field 

trial). On the one hand, the relative importance of the historical P fertilization management 

(before the field trial started), is specific for each field trial. On the other hand, the 

parameters P-AL, PNaOH and Ptot are partially determined by the historical P fertilization 

management, which means that information about the historical P fertilization is included 

in the dataset. 
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Data range per field trial and fertilizer category 

The relationships between Ptot and P-CaCl2 and between Ptot and HWP are clearly site-

specific (Figure 7.8). On the one hand the field trials all have a different fertilizer 

application history before the field trial started, different fertilizer types were used at 

different P fertilization rates, other crops were grown and all sites have their own site-

specific soil properties. On the other hand soils were sampled at different moments (2010-

2013), while P-CaCl2 and to a lower extent HWP are time dependent. We conducted 

therefore two ANCOVA analyses (type III Sum of Squares), with P-CaCl2 and HWP 

respectively as dependent variables, and field trial (site) as categorical independent 

variable and Ptot as numerical independent variables (covariates). In both ANCOVA 

analyses, Ptot and field trial (site) had a significant effect on P-CaCl2 and HWP. 

Due to the differences in field trial set-up, the fertilizer categories were defined as very 

general fertilizer categories. Figure 7.9 illustrates that the relationships between Ptot and 

P-CaCl2 and between Ptot and HWP are not fertilizer-dependent. Fertilizer categories are 

spread over the whole range of the dataset and variations within the fertilizer categories are 

large (Figure 7.9). 
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Figure 7.8 Scatterplots of the dataset for P-CaCl2 and HWP versus Ptot per long term field trial 

site. There was no data for Ptot available for the M97.01 field trial. 

 

Figure 7.9 Scatterplots of the dataset for P-CaCl2 and HWP versus Ptot per fertilizer category. 

There was no data for Ptot available for the M97.01 field trial. 
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The compost category 

We have illustrated in the section ‘Prediction of TP leaching’ that model A was a better 

prediction model than model B. This is probably because there seem to be two groups in 

the relationship between TP and HWP, above a HWP of 15 mg P kg-1. Both groups mainly 

originate from the compost fertilizer category (Figure 7.10). Since the composts that were 

used in the field trials had variable properties, we divided the compost category in two 

subcategories: (i) Compost with C/N>15 and (ii) compost with C/N<15. Above a critical 

threshold HWP of 15 mg P kg-1, the TP concentrations in the leachates increase more per 

unit of HWP increase in the C/N>15 subgroup. Although there was a clear effect of 

compost type (Figure 7.11), both groups of data above the critical threshold value originate 

from two different field trials (ORG G9/G10 and M97.01) (Figure 7.12). The compost 

subgroup with C/N ratio >15 above the critical threshold value originated entirely from the 

ORG G9/G10 field trial where farm compost was amended during 4 years at a dose of  

100 Mg ha-1 yr-1. In contrast, on the M97.01 field trial, the compost plots received a dose 

of 22.5 Mg ha-1 yr-1 during 14 years. This means that in the ORG G9/G10 field trial, larger 

amounts of P were applied in short period, compared to the compost treatment in the 

M97.01 field trial. We assume therefore, that this is not an effect of compost type, but an 

effect of the total amount of P applied with the organic fertilizer. However, we conducted 

the ANCOVA analyses that we discussed further in this section, also on the dataset where 

the compost category was divided in these subgroups. The conclusions of the ANCOVA 

analyses were, the same as the ANCOVA analyses on the original dataset. Therefore, we 

eventually skipped the division of the compost category. 

The data of the compost category were distributed over a much larger area than the other 

fertilizer categories. In the relationship between P availability levels (P-CaCl2 and HWP) 

and the TP concentration in the leachates, composts were presented in both the lower and 

the higher P availability levels, while all other fertilizer categories were more presented in 

one part of the dataset (Figure 7.11). 
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Figure 7.10 Scatterplots of the dataset for the TP concentrations in the column leachates versus 

the P-CaCl2 and HWP per fertilizer category. 

 

Figure 7.11 Scatterplots of the dataset for the TP concentrations in the column leachates versus 

the P-CaCl2 and HWP per compost type defined by C/N ratio. 
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Figure 7.12 Scatterplots of the dataset for the TP concentrations in the column leachates versus 

P-CaCl2 and HWP per field trial site. 

7.4.2 Results 
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Table 7.4a Results of ANCOVA analyses (type III Sum of Squares), with P-CaCl2 as dependent 

variable, fertilizer category as categorical independent variable and P-AL, PNaOH, Ptot and pH-KCl as 

numerical independent variables (covariates). 

  F-value p-values MSE 

Covariance model 1 Fertilizer category 6.983 (p<0.001) 2.35 

pH-KCl 19.589 (p<0.001)  

Covariance model 2 Fertilizer category 2.507 (p=0.05) 2.65 

P-AL 7.715 (p<0.01)  

Covariance model 3 Fertilizer category 2.384 (p=0.06) 1.70 

PNaOH 56.295 (p<0.001)  

Covariance model 4 Fertilizer category 2.029 (p=0.10) 1.44 

 Ptot 3.091 (p=0.08)  

 

Table 7.4b Results of ANCOVA analyses (type III Sum of Squares), with HWP as dependent 

variable, fertilizer category as categorical independent variable and P-AL, PNaOH, and Ptot as 

numerical independent variables (covariates). 

  F-value p-values MSE 

Covariance model 1 Fertilizer category 1.408 (p=0.24) 36.87 

P-AL 23.856 (p<0.001)  

Covariance model 2 Fertilizer category 0.019 (p=0.99) 14.67 

PNaOH 181.334 (p<0.001)  

Covariance model 3 Fertilizer category 0.668 (p=0.62) 15.11 

 Ptot 28.365 (p<0.001)  
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Table 7.4c Average value of the covariates (pH-KCl, P-AL, PNaOH and Ptot) per fertilizer 

category. Fertilizer categories are indicated with different letters are significantly different from each 

other (Tukey’s test, p<0.05). 

Fertilizer category 
Covariates 

pH-KCl P-AL PNaOH Ptot 

Zero P fertilization 5,68ab 206ab 429a 503a 

Mineral P fertilizer 5,54ab 221ab 476ab 511a 

Cattle slurry 5,16a 193a 465ab 494a 

Farmyard manure 6,19b 246b 469ab 550a 

Compost 5,93b 237b 479b 534a 

 

In Table 7.4a and 7.4b the results of the ANCOVA analyses (type III sum of squares) are 

presented for P-CaCl2 and HWP, respectively. ANCOVA analysis with dependent variable 

HWP, covariate pH-KCl and independent variable fertilizer category could not be conducted, 

as we observed interaction between pH-KCl and fertilizer category. In Table 7.4a it can be 

observed that pH-KCl, P-AL, PNaOH and Ptot are all significant covariates of P-CaCl2. The 

effect of the fertilizer category on HWP could clearly be explained by the covariates P-AL, 

PNaOH and Ptot (p>0.24). These covariates also explained the effect of fertilizer category on  

P-CaCl2, but less clearly (p=0.05-0.1). As a consequence, we cannot confirm our hypothesis 

that fertilizer type has an effect on the soil P availability. 

To illustrate the relations between the fertilizers categories and the covariates, the results of 

the ANOVA analyses with the covariates as dependent factor were added in Table 7.4c. 

pH-KCl and P-AL were significantly increased for the farmyard manure and compost 

fertilizer categories, compared to the cattle slurry category. PNaOH of the compost treatment 

category was significantly increased, compared to the zero P fertilizer category. This 

illustrates that the soils included in the dataset amended with farmyard manure and compost 

application contain a higher amount of Ptot. We observed, however, no significant differences 

in Ptot. That means that also the historical fertilization (before the start of the experiments) is 

an important factor in our analysis. 

7.4.3 Discussion 

Several studies with leaching columns were designed to investigate the P leaching after recent 

application of manure, compost or inorganic fertilizer. These studies can reveal the direct 
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impact of fertilizer properties on the direct P leaching and the P leaching fractions. Kang et al. 

(2011) observed for example that P leaching, following application of several types of animal 

manure or inorganic fertilizers at a rate of 75 and 150 kg P ha-1 was highly correlated with the 

water extractable P content of these fertilizers. Tarkalson and Leytem (2009) observed that at 

a rate of 166 kg P ha-1, the P leaching in a dairy liquid slurry treatment was significantly 

higher in the first 4 weeks following application, compared to a mono ammonium P fertilizer 

and dairy solid manure treatment at the same P fertilizer rate. However, in the study of 

Tarkalson and Leytem (2009) the fertilizer type effect faded within 30 days. This indicates 

that the fertilizer effect of one application is only a short term effect. On the long term, the 

build-up of soil P because of long term repeated manure applications seems to be more 

important for potential P losses than a single manure application (Liu et al., 2012). Based on 

the pooled dataset of 5 long term field trials, the effect of fertilizer type on P availability could 

be explained by differences in desorbable and the total soil P stock, measured as P-AL, PNaOH, 

Ptot. 

Similar to Ashjaei et al. (2010), who used a dataset of soils that were fertilized annually with 

urea, or fertilized at two different rates with cattle manure or swine manure, we used a dataset 

of soils that specifically were fertilized with one type of fertilizer for several years, in an 

attempt to obtain a model that is dependent on the fertilizer type. Ashjaei et al. (2010) 

described similar to Hesketh and Brookes (1995) and Maguire and Sims (2002), a change 

point in the relationship between desorbable soil P stocks and P leaching losses and  

P availability (measured as P-CaCl2). Although both our results (see previous section) and the 

results of Ashjaei et al. (2010) prove that a one model approach for all types of fertilizers can 

be used to link soil P descriptive soil parameters to P concentrations in the leachates, it is not 

necessarily true that different fertilizer types applied in the field influence the soil  

P descriptive parameters in the same way. McDowell and Sharpley (2004) reported  

TP concentrations in leachates of a column leaching experiment that were dependent on both 

the total P fertilizer rate and on the P fertilizer type that was used on the long term. McDowell 

and Sharpley (2004) suggested that despite the fertilizers were used at the same total P input 

rate, the discrepancy between the different fertilizers was probably related to the different 

quantities and types of organic materials applied and their influence on P sorption-desorption 

processes. Nevertheless, we observed no significant effect of the fertilizer category on the  

P availability levels. Based on ANCOVA analyses, P availability levels in our dataset were 

determined by P-AL, PNaOH and Ptot as indicators for the amount of P in the soils as affected 
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by fertilization history. This means that the P availability levels we measured are determined 

by the fertilizer history of the last decades –in fact since intensive organic and inorganic 

fertilizer applications occurred in these fields, before they were converted in field trials- and 

that the effect of fertilizer type of the last 4 to 16 years under field trial conditions is too small 

to detect in our dataset. However, within one field, where fertilizer history is the same for 

every treatment, the effect of the fertilizer category is still significant (see Chapters 4, 5 and 

6). We expect that the effect of fertilizer category over the whole dataset will would become 

detectable, when the P content in the field trials would be comparable. In three long term field 

trials at Rothamsted (UK), comparable Ptot and Olsen P levels were established after  

>50 years of farmyard manure application compared to continuous inorganic P fertilizer 

application. However, P availability levels, measured in an 0.01M CaCl2 extract were two to 

four times higher for farmyard manure treated soils than for inorganic P fertilized soils 

(Johnston, 2000). It is clear that in this long-term field trial the importance of fertilizer history 

before the field trial started is of minor importance, while fertilizer type has a significant 

influence on P availability. 

7.5 Suggestions for future research 

We suggest that the dataset is extended, especially with data of soils with low SOC levels, 

combined with high soil P stocks. These data are needed to determine whether the amount of 

organic matter in the soil can influence the P availability and P leaching. Arable soils with 

low SOC levels, combined with extremely high soil P-AL levels such as the soil used in 

appendix I (P-AL: 600 mg P kg-1) are representative for the problem soils in Flanders, that 

have the largest chance to be a source of P losses. Data from soils of other soil textures and 

arable field soils where combinations of several organic and inorganic fertilizers can be 

included in the dataset to improve TP prediction models A and B. 

When designing future long term field trials for this research it should be considered to 

equalize the P fertilization rate for all types of fertilizers that are investigated. Since fertilizing 

below P equilibrium level to decrease soil P stocks is the most common strategy to reduce 

P losses, the applied P fertilizer rate should be below P equilibrium level in soils that are 

considered to have an excessively high soil P stock. We also suggest that more information 
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can be obtained from long term field trials, by recording the evolutions in soil properties 

during the trial, instead of only comparisons of treatments after several years of fertilization. 

We built the dataset with data of 5 long term field trials where compost and farmyard manure 

treatments received every year or every two years a compost or farmyard manure application. 

This set up was chosen this way to rapidly create differences between the treatments. 

However in practice in Flanders, compost and farmyard manure are mostly applied only once 

in two, three or more years. Dairy and pig slurry are the most used P containing organic 

fertilizers, and this usually on a yearly basis before planting/sowing crops in springtime. 

Therefore, fertilizer strategies used in practice should also be further investigated. Arable 

fields from different soil texture classes, with an excessive P-AL and a yearly pig or cattle 

slurry application can be selected for this research. The fields should be divided in four 

treatments: (i) continuous slurry application, (ii) zero P input, (iii) replacing 50 to 100% of the 

slurry by compost (once every 2-3 years) and (iv) replacing the slurry by (dairy) farmyard 

manure. N and K mineral fertilizers should be applied on top of the organic fertilizers to fulfil 

N and K crop demands. By monitoring the evolution in P availability from right before slurry, 

compost or farmyard manure application, it will be possible to estimate the impact of 

farmyard manure, compost or stopping the P fertilization on the potential P leaching losses, 

compared to business as usual. 

7.6 Conclusions 

In the data analysis, we observed that in silt loam soils with a P-AL ranging between 123 and 

375 mg P kg-1 the P concentrations in the leachates are not determined by the soil P stocks, 

but rather by the amount of available P, as indicated by HWP and P-CaCl2. Although the 

model for TP prediction that is based on P-CaCl2 (model A) has the highest model efficiency, 

this model has some drawbacks. P-CaCl2 shows large seasonal variations, which implicates 

that model A is possibly time dependent. Further research is therefore needed to determine in 

which period the soil samples should be taken. Furthermore, P-CaCl2 was measured on fresh 

soil samples. Although 0.01 M CaCl2 extraction can also be conducted on dried soil samples, 

and dried soil samples are easier to handle and to stock, we suggest that the effect of drying of 

soil samples on P-CaCl2 should be investigated. The TP prediction model based on HWP 

(model B) has a lower model efficiency than model A, but HWP is less dependent on seasonal 
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trends. It will be, however, necessary to extend the dataset with (i) soils where combinations 

of fertilizer are applied, which is representative for the field situation and (ii) soils that even 

have higher P-AL levels than the current dataset, since these soils have the highest chance to 

be a source of diffuse P leaching losses. 

Based on the results of the ANCOVA analyses on our dataset, the effect of fertilizer type on  

P availability could be explained by differences in P-AL, PNaOH and Ptot. This means that  

P availability is the result of the long term fertilizer history before these fields were converted 

into field trials (4 to 16 years ago). The effect of fertilizer category over the whole dataset was 

clearly smaller than the effect of fertilizer history and probably too small to be significant 

over the whole dataset. However, within one field, where fertilizer history is the same for 

every treatment, the effect of the fertilizer category is still significant (see Chapters 4, 5 and 

6). 

 



 

 



 

 

  



 

 

 

 

 

Illustration: 

View on the compost turner on the compost site of the Institute for Agricultural and 

Fisheries Research (ILVO). In the background in the red trailer, the farm compost end 

product. 
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8 Chapter 8 

General conclusions 
 

Many agricultural soils in Flanders contain large amounts of P and are therefore an important 

source of large diffusive P losses. Restricting the total P fertilizer application below the  

P equilibrium fertilization (P fertilization = P export by crops), is the most commonly 

followed strategy to reduce the P content of the soil. Since all commonly applied organic 

fertilizers such as animal slurry, farmyard manure, municipal solid waste composts, raw and 

processed digestate products contain P, this implies a restricted supply of organic material to 

the soil. Since SOC levels decreased in many agricultural soils in Flanders, this is an 

important issue. Farmers should apply those organic fertilizers that have the highest ability to 

increase the SOC level per unit of P content. However, this strategy implies that only the total 

amount of P in the organic fertilizer is taken into account, and not the properties of the 

specific organic fertilizer. We investigated whether the long term application of organic 

fertilizers can influence the soil P adsorbing processes differently, and have directly an 

influence on both P availability and P leaching. Incorporation of catch crop residues is also a 

measure to enhance or at least maintain the SOC levels. However from several studies in the 

literature we observed indications that decomposition of crop residues in the soil could lead to 

increased P availability levels. At the moment of catch crop incorporation, the next crop is not 

yet installed and no P uptake is yet achieved. If P availability is increased in soils with high  

P contents, but however not extracted by crops, this can lead to elevated P losses. We 

investigated whether decomposition and mineralization of catch crop residues, incorporated in 

soils with excessive P contents, can influence the P availability and P leaching. 

In the introduction (Chapter 1), we formulated eight research questions that each covered one 

specific part of the main research question. These research questions were used as a guidance 

through the conducted research. In the previous chapters, the results we obtained were already 

discussed. In this last chapter, we present a brief answer to all eight research questions. 
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8.1 Research questions 

Q1: Are P leaching losses increased by decomposition of catch crop residues, incorporated 

during winter or early spring in (historical) excessively fertilized soils? 

In contrast to our expectations, we observed in Chapter 3 that incorporation of catch crop 

residues from white mustard, Italian ryegrass and perennial ryegrass/white clover at the end of 

wintertime, reduced the P leaching, compared to the fallow soil. P leaching after incorporation 

of black oats crop residues was comparable to the fallow soil. The C/P, C/N, biodegradability 

and the amount of easily soluble P in the plant material determine the P leaching indirectly, by 

influencing the P mineralization and immobilization processes. Catch crop residues are very 

differing in their composition at the end of wintertime, when they normally are incorporated. 

Yellow mustard and black oats are frozen during wintertime and consisted of brown dead 

plant material, while Italian ryegrass and perennial ryegrass/white clover consist still of green, 

living plant material. 

Based on the composition of the catch crop residues we concluded that (i) decomposition of 

Italian ryegrass and perennial ryegrass/white clover reduced the P leaching by  

P immobilization processes, compared to the fallow soil, and that (ii) decomposition of black 

oats and white mustard quickly ceased due to N immobilization combined with a lack of 

mineral N at the end of wintertime. Little P was mineralized from catch crop residues of black 

oats and white mustard. However, crop residues of black oats returned more P to the soil 

compared with other treatments and had a significantly larger Ps/Ptot ratio. P from black oats 

crop residues could easily be solubilized and eventually leaked out of the plant tissue during 

the leaching experiment, leading to P leaching comparable to that of the fallow soil. The 

differences in P leaching are clearly an effect of a complex interaction between C/N, C/P, 

water soluble and total P concentration, and biodegradability of the catch crops. It is however 

too early to detect the main process that drives the P leaching. 

 

Q2: What is the effect of long term (>4 years) application of common organic fertilizers such 

as cattle slurry, farmyard manure and plant-based composts on the SOC level, the soil P 

availability and P leaching? Which organic fertilizer types have the largest potential to 
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increase SOC levels, without increasing P leaching from soils with low SOC levels and a high 

P content? 

From the observations of two long term field trials (M05.01 and Qualiagro), which we 

discussed in Chapter 4 and 5, we conclude that dairy farmyard manure and composts based on 

plant material have a comparable potential to increase the SOC level when they are applied at 

the same C input rate. However, whereas the long term application of farmyard manure 

significantly increases the soil P availability, compared to mineral fertilized, zero P fertilized 

and cattle slurry amended soils, compost applications do not influence the soil P availability. 

We remark that this conclusion is only valid for composts based on plant materials only, and 

not for the GWS-compost in the Qualiagro field trial, that contains large amounts of sewage 

sludge, or for composted animal manure, which was not included in this research. In both 

M05.01 and Qualiagro field trials, the increased P availability levels of the farmyard manure 

amended soils lead likewise to a significantly increased P leaching. Remarkably we observed 

no differences in the P leaching of the non-fertilized, mineral P fertilized, cattle slurry and 

compost amended soils in the M05.01 field trial, and the non-fertilized, BIO and MSW 

compost amended soils in the Qualiagro field trial. 

 

Q3: Are the discrepancies in soil P availability and P leaching that are created by long term 

applications of different organic fertilizers, related to changed orthophosphate sorption in the 

soil? 

In the Qualiagro field trial (see Chapter 5) the orthophosphate distribution coefficient of the 

soil decreases significantly in farmyard manure amended soils, compared to soils with no  

P fertilization. This means that the orthophosphate sorption capacity in the farmyard manure 

amended soils decreases. This was expected as the soil is uploaded by the P addition through 

the farmyard manure additions. Although compost was applied at a comparable P input level 

to the soil than the farmyard manure treated soils, the orthophosphate distribution coefficient 

in compost amended soils was comparable or even tended to increase, compared to a non  

P fertilized control. More P is available and more P leaching occurs in the farmyard amended 

soils, because the orthophosphate sorption strength decreased due to farmyard applications, 

while the application of compost did little or not affect the soil orthophosphate sorption 
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strength. We hypothesized that the underlying mechanism is related to the release of organic 

acids from the organic fertilizers, and the forming of P containing stable organic complexes. 

We speculated that more of these complexes are present in compost, and less organic acids 

are released by compost. This means that not only extra P from farmyard manure is 

solubilized in the soil solution, but simultaneously also that organic acids that decrease the 

potential of the soil to adsorb solubilized P. The mechanism should however be further 

researched. 

 

Q4: Does soil P availability fluctuate throughout the season? What are the reasons for this 

fluctuations, and are these fluctuations fertilizer dependent? 

Soil P availability fluctuates throughout the seasons, but the amplitude of the fluctuations is 

dependent from the P availability parameter (Chapter 5). We observed larger fluctuations in 

the P-CaCl2 parameter than in the HWP parameter. We suggest that the fluctuations in  

P availability are the combined result of temperature, precipitation, pH-H2O and P take-up by 

crops. In the long term field trial (M05.01) where we monitored these fluctuations during a 

one year period, we observed that these fluctuations were independent from the type of 

fertilizer that was used on the long term. P-CaCl2 and HWP in the farmyard manure amended 

soils were at any time during the sampling period significantly increased, compared to the 

non-fertilized, mineral fertilized, farm compost, vegetable, fruit and garden waste compost 

and cattle slurry amended soils. In conclusion we can state that although seasonal fluctuations 

in soil P availability are similar regardless the fertilizer type, the fertilizer type determines the 

level of P availability in the soil. 

 

Q5: What is the effect of application of processed digestate products on the soil P availability 

and P leaching? 

We observed that annual application of dried digestate (with or without manure in the 

feedstock), effluent from mechanical digestate separation and biothermically dried organic 

waste during a 4-year period (see Chapter 6), resulted in similar soil P availability levels as 



General conclusions (Chapter 8)                                                                                             155 

 

 

the annual application of vegetable, fruit and garden waste compost, cattle slurry and mineral 

P fertilizers. However, we observed also that the annual application of the solid fraction of 

mechanical digestate separation resulted in increased P availability levels and P leaching, 

compared to all other fertilizer types. This indicates that next to dairy farmyard manure, also 

some processed digestate products have the ability to increase the P availability more per unit 

of total fertilized P, than inorganic fertilizers and other organic fertilizer types such as 

compost based on plant material for example. Since processed digestate products have a very 

different composition, we expect that this effect on soil P availability will be dependent from 

one digestate product to another digestate product.  

 

Q6: What are the short term (<4 years) effects of reducing the P fertilization below P 

equilibrium fertilization and zero P fertilization, on soil P availability and P leaching from 

soils with a high P content? 

In a soil with an initial P-AL of 212 mg P kg-1 (above the target zone of 120-180 mg P kg-1), 4 

years of zero P application, but continued NK fertilization, had no detectable effect on P-AL, 

on the crop yield or P export (see Chapter 6). The soil P availability (both P-CaCl2 and HWP) 

decreased however significantly by zero P fertilization compared to continuous P fertilization 

at a rate of 37 kg P ha-1 per year. Likewise the P leaching from soils with 4 years of zero  

P fertilization were significantly lower than in the continued P fertilized soils. In soils with 

reduced P fertilization, we observed no effects or only small effects on P availability. So more 

time is needed to reduce P availability when the P fertilization is reduced, but not dropped. 

We conclude that dropping the P fertilization in arable crop rotations in soils with slightly 

elevated to excessive P-AL levels, can already lead on the short term to a decrease in soil  

P availability and P leaching, without any effect on crop yield or P export. 
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Q7: Can we provide in an improved prediction of P concentrations in leachates, if soil P 

availability data is combined with other soil characteristics? 

P leaching can be predicted by models based on the soil P availability, measured as P-CaCl2 

or HWP. Including extra information about soil properties and soil P stocks does not improve 

the model (see Chapter 7). A prediction model based on P-CaCl2 measurements had a higher 

model efficiency than a prediction model based on HWP measurements. Although P-CaCl2 

measured on fresh soil showed larger seasonal fluctuations throughout time than HWP (see 

Chapter 5), both P-CaCl2 or HWP fluctuate throughout the seasons. This means that P-CaCl2 

or HWP can only predict the P leaching short after the soil sampling, or that the parameters 

that induce the seasonal trends in P-CaCl2 or HWP such as pH-H2O, need to be included in 

the model. 

We furthermore observed that P-CaCl2 or HWP are suitable parameters to define a threshold 

value to prevent that P concentrations in the leachates from the tillage layer exceed a limit that 

is considered to be environmentally harmful. P-AL, which is the most commonly used 

agronomic soil P test in Flanders, is less suitable. Hence, soils with increasing P-CaCl2 and 

HWP levels, have an increasing risk to exceed the predefined maximum TP concentration, 

whereas in soils with low P-AL levels the risk to exceed the TP concentration in the leachates 

is comparable to the soils with more elevated P-AL levels. This means that soils which cause 

an exceeding of the maximum TP concentration, can still be incorrectly categorized as soils 

with low P losses as they have low P-AL levels. The other way round, not all soils with high 

P-AL levels will automatically exceed the maximum TP concentration. 

P-CaCl2 and HWP can be used to classify agricultural soils in categories that are directly 

related to the P leaching risk. These categories can be used to adapt the P fertilization 

standards to the soil P availability and P leaching risk, rather than P fertilization levels that are 

determined by the P uptake of the corps. A practical approach could be to (i) limit the 

P fertilization to P uptake by crops in all agricultural soils within and above the target zone for 

P-AL. In these soils the maximum allowed P fertilization should then further be decreased, 

with increasing soil P availability, measured as P-CaCl2 or HWP. This implies however, that 

further research is first needed to determine the optimal soil sampling period for measuring 

soil P availability or which extra soil parameters that need to be determined, to make P-CaCl2 

or HWP independent from the sampling time. Furthermore it could be interesting to make 
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more restrictions for light textured soils that are more susceptible to P leaching, than for 

heavy textured soils. Possibly, exceptions to the P fertilization limitations are necessary in 

soils below the target zone to maintain crop yields. 

 

Q8: Is the soil P availability on long term (>4 years), besides the historical P fertilization, 

also determined by the organic fertilizer? 

Our results (Chapter 4, 5 and 6) support the hypothesis that fertilizer type has an effect on the 

availability of P in the soil. However based on a pooled dataset of 5 long term field trials 

(Chapter 7), the effect of fertilizer type on P availability could be explained by differences in 

desorbable and the total soil P stock. This indicates that the soil P availability over the range 

of soils, treatments and differences in soil properties studied is largely determined by the 

amount of P in the soil, measured with parameters such as P-AL and Ptot. However, since we 

observed differences in P availability between fertilizer types in 3 long term field trials, apart 

from each other, we conclude that within a group of soils with comparable P-AL and Ptot 

range, or within one field, the P availability (and consequently the P leaching) will still be 

determined by fertilizer type. We suggest that in soils with high P-AL and Ptot levels, 

composts produced from plant material are preferred over dairy farmyard manure to prevent a 

further increase of P availability levels, while the use of farmyard manure is preferred to 

provide in more available P for crops in soils with (very) low P-AL and Ptot levels. 

8.2 Suggestions for future research 

This thesis highlighted several aspects of P leaching, and how these diffusive P losses are 

influenced by incorporation of catch crops and organic fertilizers. However, the results from 

this research indicate several unresolved issues. In this section, we give some perspectives for 

future research. 

We indicated that P leaching, following the incorporation of catch crop residues was very 

depending on the composition of the plant material and the P mineralization/immobilization 

processes. This means that other catch crop residues than we investigated in this thesis, or the 

same catch crop residues in different conditions (frozen, not frozen) can influence the  
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P leaching differently. We suggest therefore that similar experiments are conducted with plant 

residues with a larger range in composition, biodegradability and P content to reveal the 

underlying mechanism, how plant decomposition influences the P leaching. For example 

treatments with the same catch crop, but at different input levels and at different growth 

stages are interesting to link biodegradability and composition of catch crop residues to the  

P leaching. The leaching experiment in Chapter 3 was conducted under ideal indoor 

conditions and with relatively high temperatures (18°C) to enhance mineralization. The 

results may therefore not be directly transferable to natural conditions. We suggest therefore 

that similar experiments are conducted with catch crop residues, added to intact soil columns 

and only mixed in the upper 5-10 cm layer where rainfall is simulated in events (once every 

few days) at a rate realistic for outside conditions (for example 10-20 mm) and in an 

environment with temperature comparable to soil temperature for late winter-early spring  

(4-10°C). The use of soil columns with a larger surface allows for mixing catch crop residues 

that are chopped in larger pieces, similar to the field situation. 

Differences in soil P availability and P leaching between farmyard manure and compost 

amended soils were assigned to changes in orthophosphate sorption strength of the soil. The 

underlying mechanism is however not clear and needs to be subject of further research. We 

suggest that the focus of future research should be on the composition of the organic 

fertilizers, and the relation between composition and soil P intensity. A large range of 

composts, farmyard manures and other organic fertilizers should be analysed. A detailed 

description of composition should certainly include C/P, C/N, Ps/Ptot, biodegradability, 

oxygen use, C stability, Ca and inorganic P content, organic acids and pH. This large range of 

organic fertilizers should be compared in their influence on the soil P sorption strength, by 

adding them at an equal P input rate to the same soil(s) in an incubation or field experiment, 

in order to determine the link between composition of organic fertilizers and P availability 

and P leaching. 

In Flanders, farmers have more and cheaper access to farmyard manure than to plant-based 

composts. Therefore it would be interesting to process the raw farmyard manure to a product 

that still has a large potential to increase the SOC level, but with less or no increasing effect 

on P leaching. Composting of raw farmyard manure in pure form or in combination with other 

biowaste streams, straw, woody products etc. could be such a processing technique. Although 

the absolute amount of P is not reduced, the composition of the organic fertilizer is possibly 
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changed to make P from farmyard manure less readily available and therefore less susceptible 

for leaching. 

When we investigated the orthophosphate sorption strength in the soil, we focussed on the 

applications of dairy farmyard manure and composts produced from plant material as they 

both are interesting organic fertilizers to increase the SOC levels. However we observed that 

cattle slurry, mineral P fertilizer (TSP), farm compost and vegetable, fruit and garden waste 

compost applications all resulted in a comparable soil P availability and P leaching in the 

M05.01 field trial, while these three fertilizers have very different properties. Therefore it 

should be further investigated whether long term cattle slurry and TSP applications also result 

in comparable orthophosphate sorption strength in the soil. If this is not the case, research is 

needed to indicate what other (composition) factors influenced the P availability and leaching. 

Furthermore, we observed that pH-KCl is dependent on the long term on the organic fertilizer 

that is used (Chapter 4 and 5). Since P availability is also linked to the pH conditions  

(see Chapter 5), we suggest that orthophosphate sorption experiments should also be done in 

soil suspension were the pH is adjusted to an equal level for all treatments. 

We suggest that the M10.01 field trial (Chapter 6), which was designed to investigate 

processed digestate products and decreased P fertilization, is further continued. This field trial 

is suited for a number of research questions: (i) how much time does it take before the zero 

P fertilization or reduced P fertilization has a detectable effect on the P-AL levels? (ii) Can we 

achieve a further reduction in P leaching over time, when the zero P fertilization is continued? 

(iii) How long can zero P or reduced P fertilization be continued before an effect on crop yield 

and/or P export by crops is detected? (iv) This field trial is also suited on the long term, to 

investigate to which extent the crop yield is determined by the soil P availability and to which 

extent by P-AL. (v) The M10.01 field trial can also be used to validate an updated P fertilizer 

advice system. 

Based on 5 long term field trials, we showed that the soil P availability parameters P-CaCl2 

and HWP can be used both to compile a model to predict the P in leachates of the tillage 

layer. P-CaCl2 or HWP fluctuate however throughout the season. This means that the 

parameters that induce the seasonal trends in P-CaCl2 or HWP need to be included in the 

model. P prediction models could be optimized by including information about pH-H2O, as 

we observed indications that the fluctuations in P-CaCl2 and HWP are probably also the result 
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of a seasonal pH-effect. The 0.01 M CaCl2 extraction method was in this study always 

conducted on fresh soil samples. We did not investigate the effect of drying soil samples on 

the P-CaCl2. Since dried samples are easier to handle and to stock, we suggest to investigate if 

and how P-CaCl2 is affected by drying and if the prediction model can be adapted to P-CaCl2 

determination on dry soil samples. The dataset of the prediction model should also be 

extended with soils of other soil textures and arable field soils where combinations of several 

organic and inorganic fertilizers were used, to validate the prediction model. Furthermore, 

Since in our dataset P-AL increased with increasing SOC levels, we suggest that especially 

data of soils with low SOC levels, combined with high soil P stocks are included in the 

dataset. This data is needed to determine whether the amount of organic matter in the soil can 

influence the soil P availability and P leaching. 

We sampled long term field trials where per treatment the same fertilizer type was used year 

after year. This made it possible to distinguish between the effects of the fertilizer types on P 

availability and P leaching. However in the field situation, compost and farmyard manure are 

usually not amended every year, but rather every once every 2, 3 or more years. Dairy and pig 

slurry are the most used P containing organic fertilizers, and this usually on a yearly basis 

before planting/sowing crops in springtime. Therefore, the conclusions of this research should 

also be translated to field trials closer to the field situation. It would be interesting to select 

several arable soils from different soil texture classes, with an excessive P-AL, where the 

yearly pig or cattle slurry application is replaced by a compost or a farmyard manure 

application at the same P input rate once every 2 or 3 years. By monitoring the soil P 

availability and P leaching, it can be investigated how the results of this thesis can be 

translated in the field situation. 
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Appendix I 

P leaching experiment with incorporation of plant residues 
 

Background 

In several studies, the amendment of organic material or incorporation of catch crops to soils 

poor in P was tested as a strategy to increase P availability and subsequently to enhance crop 

growth (see Chapter 2). During decomposition of plant material, organic acids are released 

that (i) compete with orthophosphate on Al and Fe oxide binding sites, and (ii) reduce the 

number of binding sites by chelation and solubilisation of Al and Fe oxides. Additionally, P 

can be released during decomposition of plant material due to P mineralization. In north 

western Europe, farmers are stimulated to grow catch crops in autumn as a good agricultural 

practice (i) to avoid N leaching during winter, and (ii) to maintain SOC levels by 

incorporating the catch crop residues in early spring. However, many soils in this region 

contain large amounts of soil P stocks and it is not known whether incorporation of catch crop 

residues will further increase P availability levels in these P rich soils. Often this is unwanted, 

as crops do not profit from extra P availability in these P rich soils (see Chapter 3). 

Furthermore, this extra solubilized P can be a source of P leaching losses (see Chapter 3, 4 

and 5). 

In preparation of a leaching experiment with incorporation of catch crop residues in soils 

susceptible to P leaching (see Chapter 2), we conducted a smaller leaching experiment in an 

excessive P rich sandy soil (i) to check if incorporation and decomposition of plant residues 

has an impact on P leaching, and (ii) to find the optimal settings for conducting such an 

experiment. 
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Material and methods 

We selected a loamy sand (USDA soil texture classification) soil (81.9% sand, 13.4% silt, 

4.7% clay) with an excessive high P stock (P-AL>500 mg P kg-1; Maes et al., 2012) of  

600 mg P kg-1 and a low SOC level (SOC<1.2%; Maes et al., 2012) of 0.70%, which 

represents a soil that is very susceptible for nutrient leaching. Soil was collected (0-30 cm) in 

early spring 2011, before fertilizing and planting, from a horticultural field site near 

Meulebeke (50°95’N 3°29’E), Belgium. This region is known for very intensive horticulture 

with high risks for nutrient losses to the environment. 

Table I.1 Composition of the above ground biomass of rye, Italian ryegrass and white clover. 

Parameter  White clover Italian ryegrass Rye 

DM % 12.3 15.4 13.6 

N g N kg-1 DM 46.8 33.4 55.6 

P g P kg-1 DM 4.07 3.93 5.53 

P input kg ha-1 37 36 22 

C/N - 9 13 8 

C/P - 108 113 79 

Lignin %/DM 4.7 2.5 1.6 

Hemicellulose %/DM 19.7 30.6 33.2 

Cellulose %/DM 11.6 18.5 12.2 

Biodegradability* - 6.7 19.6 28.2 

*biodegradability = 	 (�������������	�	���������)
��!"�"�  

After mixing and sieving (<2 cm) the collected soil, three subsamples of the Meulebeke soil 

were taken for soil analysis. 15 subsamples with the equivalent of 1.374 kg dry soil each were 

taken for the leaching experiment. This quantity was chosen considering the soil bulk density 

and the dimension of the soil columns for the leaching experiment (see Chapter 1). Each soil 

subsample was mixed with the equivalent of 4.91 g DM (corresponding to 4000 kg DM ha-1) 

of different types of freshly harvested and manually chopped (<1 cm) above ground green 

plant biomass. 4 subsamples were mixed with rye (Secale cereale L.), 4 subsamples with 

Italian ryegrass (Lolium multiflorum L.), and 4 subsamples with white clover (Trifolium 

repens L.). Plant samples were analysed for composition (Table I.1). Three soil subsamples 

were not mixed with plant biomass, and served as a fallow treatment. The subsamples were 

stored in closed plastic bags for 15 days (0-4°C), and were afterwards pre-incubated in thin 

walled polyethylene bags for 7 days at 10 ± 0.5°C. This pre-incubation period was included to 
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stimulate mineralization of the plant residues, before the actual leaching experiment was 

started. After pre-incubation the entire samples were placed in soil columns for the leaching 

experiment. The water flow rate in the leaching experiment was 3.47 ml h-1. After 7 days, the 

first water sample in the filtrate bottles was collected. From then on water samples to 

determine TP, TDP, TDC and OP were collected twice a week. The experiment lasted 

54 days, and a rainfall of 366 l m-2 was simulated over this period. Four soil samples were 

taken before addition of the plant material, and one soil sample from each leaching column at 

the end of the experiment were taken to determine P-CaCl2, HWP, HWC, pH-KCl and SOC 

levels (Table I.2). We refer to chapter 1 for a description of the leaching experiment set-up 

and equipment, and the plant, soil and water sample analysis. 

Table I.2 Soil parameters, before and after the experiment. Data are arithmetic means ( ±SD) of 

3 samples of the Meulebeke soil before the experimental incorporation of plant material, 3 samples of 

the fallow treatment and 4 samples of the treatments with incorporation of white clover, Italian 

ryegrass and rye. Groups with the same letter(s) within one column are not significantly different 

(Scheffé’s test, p<0.05) from each other. 

 P-CaCl2 HWP P-AL pH-KCl HWC SOC 

 
mg P kg-1 mg P kg-1 mg P kg-1 

 
mg C kg-1 % 

Meulebeke soil 4.56 ± 1.80a 30 ± 1a 600 ± 17a 5.60 ± 0.02a 363 ± 33a 0.70 ± 0.01a 

Treatment       

Fallow 7.02 ± 2.50ab 32 ± 2a 616 ± 5a 5.46 ± 0.13a 416 ± 37ab 0.70 ± 0.01a 

White clover 11.99 ± 3.55b 34 ± 2a 594 ± 23a 5.37 ± 0.15a 454 ± 34ab 0.79 ± 0.02b 

Italian ryegrass 4.51 ± 1.33a 35 ± 4a 576 ± 15a 5.38 ± 0.06a 417 ± 28ab 0.75 ± 0.01b 

Rye 5.05 ± 2.21a 36 ± 5a 590 ± 61a 5.43 ± 0.06a 476 ± 47b 0.74 ± 0.01b 

Evolution of soil parameters during the leaching experiment 

During the leaching experiment, P-CaCl2 was significantly increased in the treatment with 

white clover addition (Table I.2). However, addition of Italian ryegrass and rye did not lead to 

an increase in P-CaCl2. This indicates that the P in soil solution is not only influenced by the 

soil P stocks and the amount of plant material that was added, but also by the composition of 

the plant material. Remarkably, P-CaCl2 in the fallow treatment tended to increase, although 

there was no P input. Probably the increase of soil moisture to field capacity level causes to a 

shift in the equilibrium from adsorbed P to P in soil solution. HWP tends to increase in all 

treatments, but are not significantly changed during the leaching experiment. As expected, the 
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amounts of leached P and added P via plant material are too small, to detect any change in 

P-AL. 

Stoichiometric factors concerning the decomposition of the plant materials (Cong and 

Merckx, 2005) and the addition of acidic artificial rainwater (pH 5.45) in the leaching 

experiment determine whether there is a change in soil pH. The pH-KCl was slightly 

decreased for all treatments during the leaching experiment, but this was however not 

significant. Changes in P-CaCl2 and P leaching in this experiment are thus not induced by a 

pH change. HWC tends to increase by addition of plant material, but were only significantly 

increased in the rye treatment. HWC was also increased in the fallow treatment. The latter is 

probably caused by a higher microbial activity, due to the environmental soil conditions 

(18°C and increased soil moisture). Addition of the plant material leads to an increased SOC 

level, compared to the fallow treatment. The increase was the highest for the white clover 

treatment, for which the material also had the lowest biodegradability. 

Influence of incorporated plant material on P leaching 

TDP and OP cumulative leaching curves are close to the TP cumulative leaching curves in all 

4 treatments (Figure I.1). Since most P leaches as orthophosphate in both the fallow treatment 

and the treatments with incorporation of plant material, the composition of the leached P is 

probably not influenced by the composition of the plant material. The TP cumulative leaching 

curve fits to a linear regression, which indicates a constant P leaching from the soil during the 

leaching experiment (Figure I.1 and I.2). The cumulative TP leaching curves of the treatments 

with plant material addition fit however to a quadratic regression. Both the addition of rye and 

Italian ryegrass have a lower cumulative TP leaching than the fallow treatment until 6 times 

the amount of TPV leached through the soil. This means that P in soil solution, available for 

leaching, can be trapped when plant material is added to the soil. Probably the decomposition 

of this plant material leads to a temporarily P immobilization. After this initial P 

immobilization period, the TP cumulative leaching curves of the treatments with 

incorporation of plant residues increase fast, probably due to a transfer to net 

P mineralization of the plant materials. The period of P immobilization was longer for the 

white clover treatment; this is probably related to the lower biodegradability of white clover 

compared to rye and Italian ryegrass (Table I.1). On the contrary, the P concentration of the 
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plant material seems to be of less importance, as Italian ryegrass and white clover have a 

comparable P content (Table I.1) but however different dynamics in TP leaching. Since the 

rate of plant decomposition and P immobilization/mineralization processes during the 

leaching experiment is dependent on the composition of the plant material, it is hard to link 

cumulative leached TP with the P-CaCl2 at the end of the leaching experiment. 

 

Figure I.1 The cumulatively leached total P (TP), total dissolved P (TDP), orthophosphate (OP) 

and organic P (Porg) fractions in the water samples of the leaching experiment and their 

corresponding fits to a linear regression (y = a+bx) for the fallow treatment and a quadratic 

regression (y= a+bx+cx²) for the white clover, rye and Italian ryegrass treatments (∆V/TPV: eluted 

water per Total Pore Volume). 
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Figure I.2 The cumulatively leached total P (TP) in the water samples per treatment and their 

corresponding fits to a linear regression (y = a+bx) for the fallow treatment and a quadratic 

regression (y= a+bx+cx²) for the white clover, rye and Italian ryegrass treatments (∆V/TPV: eluted 

water per Total Pore Volume). 

 

Figure I.3 The cumulatively leached total dissolved C (TDC) in the water samples and their 

corresponding fits to a linear regression (y = a+bx) of the leaching experiment (∆V/TPV: eluted water 

per Total Pore Volume). 

Although incorporation of plant materials increased both HWC and SOC of the Meulebeke 

soil, no increase in TDC leaching losses was detected. The cumulative TDC leaching was 

constant for all treatments during the entire leaching experiment (Figure I.3). 
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Conclusions 

P-CaCl2 and P concentrations in column leachates are clearly influenced by the incorporation 

of plant material in the soil, even in a soil with excessive soil P stocks. The dynamism of the 

TP cumulative leaching curves is dependent on P immobilization/mineralization processes 

and consequently also depends on the composition of plant material. We observed that the 

decomposition of fresh plant material leads to a temporarily P immobilization shortly after 

incorporation. The relatively high temperature of 18°C only allowed relative comparison of P 

leaching after incorporation rather than a strict planning/forecast of P release in-field. 

However, these conditions stimulate the mineralization of the plant material and made it 

possible to discriminate better between relative differences in P leaching of the different 

treatments. 

Since plant composition is not only influenced by crop type, but also by growth stage, we 

conclude that in a leaching experiment with addition of catch crop residues to the soil, the 

plant material should be in the state that it is incorporated in practice in the field. Furthermore 

a broad analysis of the plant material (biodegradability, C/P, P-content, soluble P, …) is 

necessary. As the evolution in P availability over time is probably also dependent on the 

decomposition of the plant material, it would be interesting to measure the soil parameters 

P-CaCl2, HWP, pH-KCl and HWC at least once during the leaching experiment. When these 

soil parameters are measured between the pre-incubation period and the actual leaching 

experiment, a distinction can be made between the effects of the P 

immobilization/mineralization processes and the effects of the actual leaching experiment. 
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10 Appendix II 

Lay-out of the long term field trials 
 

M05.01 – Ghent University (Chapter 3, 4 & 6) 

 

FYM: dairy farmyard manure, VFG: vegetable, fruit and garden waste compost, CMC1: farm compost (high C/N ratio), CMC2: farm compost (low C/N 

ratio), CSL: dairy cattle slurry, MIN: mineral fertilizer, NF+: no fertilizers, NF-: fallow + no fertilizers.  
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Qualiagro - INRA (Chapter 4 & 6) 

 

BIO: compost of green wastes and the source-separated organic fraction of municipal wastes, MSW: municipal solid waste compost made from mechanically 

separated organic fractions after selective collection of dry and clean packaging, GWS: compost of green wastes, wood chips and sewage sludge, FYM: dairy 

farmyard manure and CONT: only mineral N fertilizers. Only the plots of the optimum mineral N subtrial were sampled for analysis and the leaching 

experiment in chapter 4. 
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M10.01 – Ghent University (Chapter 5 & 6) 

 

P0-P41: mineral P fertilizer 0 – 41 kg P ha-1 year-1, VFG:vegetable, fruit and garden waste compost, 

CSL: dairy cattle slurry, BIOW: biothermically dried organic waste, SF: the solid fraction, EFF: 

effluent from mechanical separation of digestate, DD :dried digestate from anaerobic digestion of 

organic waste and energy crops, DDm: dried digestate from anaerobic digestion of organic waste, 

energy crops and animal slurry. 
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M97.01 – Ghent University (Chapter 6) 

 

C1: no compost, C2: 22.5 Mg compost ha-1 year-1, C3: 22.5 Mg compost ha-1 every 3 year. 0N, 100N and 200N indicate the mineral N dose of 0 kg N ha-1 

year-1, 100 kg N ha-1 year-1 and 200 kg N ha-1 year-1. The hatched plots are fertilized with approximately 35 Mg dairy cattle slurry ha-1 year-1. The plots that 

were sampled for the additional leaching experiment in chapter 6, are indicated with double edges.  
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ORG G9/G10 – ILVO (Chapter 6) 

 

RT: reduced tillage, CT: conventional tillage, C50: 50 Mg compost ha-1 year-1, C100: 100 Mg compost ha-1 year-1, FYM: 30 Mg dairy farmyard manure ha-1 

year-1, CSL: 20 Mg dairy cattle slurry ha-1 year-1.The hatched subtrial started in 2005, the non-hatched subtrial started in 2006. Both subtrials were only 

fertilized in the first 4 years after they were started. 
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11 Appendix III 

Data concerning the M10.01 field trial (Chapter 5) 
 

Table III.1 Soil properties (0-30 cm) of the plots in September 2013 and the SOC-evolution from 2011 to 2013. Data are arithmetic means ( ±SD) per 

treatment. There were no significant differences between the treatments (P0-P41: mineral fertilizer treatments, SF: solid fraction of digestate separation, Eff: 

effluent of digestate separation, DDm: dried digestate with manure, DD: dried digestate without manure, VFG: vegetable, fruit and garden compost, CSL: 

dairy cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

Soil properties September 2013 SOC-evolution 

2013 minus 2011 

(%) 
SOC 

(%) 
pH-KCl 

PNaOH 

(mg P kg-1) 

Ptot 

(mg P kg-1) 

SF 1.27 ± 0.08 6.18 ± 0.04 464 ± 33 513 ± 37 -0.06 ± 0.05 

Eff 1.26 ± 0.05 6.10 ± 0.05 452 ± 19 512 ± 24 -0.08 ± 0.04 

DDm 1.25 ± 0.05 6.15 ± 0.14 443 ± 29 487 ± 25 -0.05 ± 0.02 

DD 1.26 ± 0.10 6.04 ± 0.08 471 ± 39 543 ± 43 -0.06 ± 0.06 

VFG 1.31 ± 0.02 6.22 ± 0.03 448 ± 36 484 ± 23 -0.01 ± 0.02 

CSL 1.28 ± 0.02 6.15 ± 0.10 461 ± 23 491 ± 15 -0.05 ± 0.05 

BIOW 1.28 ± 0.02 6.10 ± 0.05 444 ± 16 452 ± 16 -0.05 ± 0.04 

P0 1.20 ± 0.03 6.12 ± 0.20 429 ± 20 471 ± 24 -0.07 ± 0.06 

P7 1.28 ± 0.01 6.26 ± 0.07 468 ± 33 514 ± 40 -0.04 ± 0.02 

P13 1.28 ± 0.04 6.18 ± 0.04 472 ± 63 550 ± 54 -0.02 ± 0.01 

P20 1.23 ± 0.02 6.07 ± 0.19 443 ± 27 486 ± 27 -0.05 ± 0.02 

P26 1.25 ± 0.06 6.08 ± 0.07 469 ± 36 498 ± 18 -0.04 ± 0.02 

P33 1.29 ± 0.04 6.06 ± 0.10 477 ± 23 457 ± 20 -0.03 ± 0.02 

P37 1.24 ± 0.02 5.95 ± 0.20 454 ± 41 504 ± 32 -0.06 ± 0.03 

P41 1.24 ± 0.05 6.11 ± 0.10 466 ± 31 508 ± 27 -0.06 ± 0.01 
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Table III.2 Year and treatment effect for Fe-AL, Ca-AL, K-AL and Mg-AL measured in the 0-30 cm soil 

layer. Data are arithmetic means ( ±SD) of all treatments sampled in 2010-2013. Data with the same 

letter(s) (factor treatment: lower case letters, factor year: upper case letters) in a column are not 

significantly different (Tukey’s test, p<0.05) from each other (P0-P41: mineral fertilizer treatments, SF: 

solid fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with 

manure, DD: dried digestate without manure, VFG: vegetable, fruit and garden compost, CSL: dairy cattle 

slurry, BIOW: biothermically dried organic waste). 

Treatment 
Fe-AL 

(mg Fe kg-1) 

Ca-AL 

(mg Ca kg-1) 

K-AL 

(mg K kg-1) 

Mg-AL 

(mg Mg kg-1) 

SF 790 ± 116a 1560 ± 304a 83 ± 10a 293 ± 27a 

Eff 858 ± 150a 1494 ± 170a 90 ± 13a 298 ± 34a 

DDm 800 ± 113a 1505 ± 142a 77 ± 13a 316 ± 34a 

DD 845 ± 188a 1498 ± 200a 75 ± 15a 301 ± 27a 

VFG 811 ± 160a 1499 ± 139a 78 ± 15a 289 ± 25a 

CSL 874 ± 109a 1514 ± 174a 83 ± 11a 299 ± 24a 

BIOW 840 ± 125a 1506 ± 206a 79 ± 14a 308 ± 32a 

P0 966 ± 245a 1543 ± 287a 85 ± 18a 307 ± 47a 

P7 911 ± 264a 1566 ± 244a 82 ± 17a 329 ± 35a 

P13 972 ± 267a 1596 ± 215a 90 ± 19a 313 ± 26a 

P20 845 ± 154a 1507 ± 237a 82 ± 19a 304 ± 49a 

P26 860 ± 204a 1539 ± 227a 80 ± 14a 303 ± 26a 

P33 922 ± 178a 1543 ± 189a 81 ± 17a 294 ± 20a 

P37 833 ± 130a 1432 ± 137a 77 ± 13a 285 ± 28a 

P41 884 ± 187a 1515 ± 176a 83 ± 9a 298 ± 24a 

Year     

2010 911 ± 216B 1506 ± 207B 98 ± 14C 289 ± 25A 

2011 838 ± 155A 1452 ± 177A 79 ± 10B 287 ± 23A 

2012 832 ± 156A 1580 ± 224C 71 ± 11A 326 ± 34C 

2013 889 ± 183B 1547 ± 189BC 79 ± 9B 308 ± 30B 
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Table III.3a Total dry matter crop yield as affected by fertilizer treatments. Data are arithmetic means ( ±SD) per treatment. Data marked with *** in a 

column are significantly different from control treatment P37 (Dunett’s test, p<0.05) (P0-P41: mineral fertilizer treatments, SF: solid fraction of digestate 

separation, Eff: effluent of digestate separation, DDm: dried digestate with manure, DD: dried digestate without manure, VFG: vegetable, fruit and garden 

compost, CSL: dairy cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

Dry matter crop yield 

(kg DM ha-1) 

Forage maize 2010 Potato 2011 Fodder beet 2012 Oats 2013 

SF 19 709 ± 1 085 16 677 ± 503 25 956 ± 638 10 056 ± 1 557 

Eff 19 150 ± 574 15 988 ± 110 23 545 ± 1 111 10 909 ± 1 185 

DDm 19 984 ± 806 15 746 ± 184 25 765 ± 2266 11 158 ± 2 438 

DD 19 197 ± 1 810 15 536 ± 335 24 385 ± 302 10 907 ± 1 761 

VFG 18 248 ± 113 15 867 ± 929 19 736 ± 1316*** 13 018 ± 323 

CSL 17 671 ± 1 202 16 312 ± 657 21 294 ± 924 12 470 ± 268 

BIOW 19 184 ± 1 558 15 622 ± 706 25 042 ± 1323 13 511 ± 729 

P0 19 467 ± 75 15 751 ± 578 24 627 ± 4 146 11 761 ± 1 932 

P7 19 952 ± 1 504 15 938 ± 1 151 24 156 ± 2 444 10 454 ± 1 967 

P13 20 356 ± 1 676 15 555 ± 817 25 602 ± 594 11 956 ± 385 

P20 19 121 ± 1 797 18 291 ± 4 157 24 157 ± 1 274 12 120 ± 1 723 

P26 20 075 ± 1 584 15 257 ± 1 220 25 203 ± 1 317 10 986 ± 1 391 

P33 18 110 ± 1 340 15 238 ± 66 25 115 ± 1 215 12 025 ± 955 

P37 19 537 ± 607 15 216 ± 292 23 976 ± 1 395 10 883 ± 356 

P41 19 453 ± 706 14 994 ± 464 24 172 ± 2 714 10 809 ± 1 555 
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Table III.3b The economical relevant fresh crop yield in kg ha-1 ( ±SD) and DM% of potato in 2011, fodder beet in 2012 and oats in 2013. The economical 

relevant crop yield was defined as potato tubers >35mm, the defoliated fodder beet roots and oats kernels (at 15% DM + straw (0% DM). Data are arithmetic 

means (±SD). Data marked with *** in a column are significantly different from control treatment P37 (Dunett’s test, p<0.05) (P0-P41: mineral fertilizer 

treatments, SF: solid fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with manure, DD: dried digestate without 

manure, VFG: vegetable, fruit and garden compost, CSL: dairy cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

Potato - 2011 Fodder beet - 2012 Oats - 2013 

Crop yield 

kg ha-1 

DM 

% 

Underwater 

weight tubers 

g (5 kg)-1 

Crop yield 

kg ha-1 

DM 

% 

Kernel 

crop yield 

kg ha-1 

Hectoliter 

weight kernels 

g hl-1 

Straw 

crop yield 

kg ha-1 

 

SF 74 020 ± 1 347*** 21.3 ± 0.5 360 ± 4 146 267 ± 4 746 15.0 ± 0.5 6 294 ± 714 45 ± 5 4 706 ± 964 

Eff 68 845 ± 2 133 21.7 ± 0.5 376 ± 11 128 935 ± 8 793 15.9 ± 0.7 6 548 ± 454 50 ± 0 5 343 ± 810 

DDm 64 352 ± 1 696 22.9 ± 0.2 393 ± 16 139 870 ± 8 029 16.0 ± 0.4 6 725 ± 1 201 49 ± 2 5 441 ± 1 418 

DD 66 544 ± 1 941 22 ± 0.2 376 ± 6 132 986 ± 2 954 15.7 ± 0.2 6 257 ± 1 574 47 ± 3 5 588 ± 530 

VFG 66 816 ± 4 413 22.1 ± 0.7 387 ± 22 108 977 ± 3 896*** 15.7 ± 0.8 8 106 ± 128 52 ± 0 6 127 ± 225 

CSL 63 821 ± 2 411 23.9 ± 0.2 409 ± 5 112 282 ± 1 0471 16.4 ± 0.5 8 097 ± 158 53 ± 1*** 5 588 ± 147 

BIOW 65 536 ± 1 436 22.5 ± 0.7 385 ± 7 135 640 ± 6 079 15.6 ± 0.5 8 455 ± 862 50 ± 2 6 324 ± 441 

P0 67 198 ± 804 22.2 ± 0.9 384 ± 16 134 908 ± 2 1671 15.6 ± 0.5 7 204 ± 847 50 ± 1 5 637 ± 1 318 

P7 68 780 ± 4 374 21.9 ± 0.2 374 ± 8 134 385 ± 11 338 15.4 ± 0.7 6 647 ± 1 487 47 ± 2 4 804 ± 725 

P13 68 723 ± 184 21.3 ± 1.1 359 ± 19 140 401 ± 4 487 15.3 ± 0.5 8 010 ± 367 48 ± 1 5 147 ± 255 

P20 64 297 ± 3 396 26.8 ± 6.7 385 ± 19 132 298 ± 5 988 15.7 ± 0.7 7 338 ± 906 49 ± 2 5 882 ± 964 

P26 66 708 ± 3 160 21.6 ± 0.7 367 ± 6 138 614 ± 5 541 15.6 ± 0.7 6 408 ± 1309 46 ± 2 5 539 ± 306 

P33 68 437 ± 2 87 21 ± 0.4 360 ± 12 136 063 ± 5 230 15.4 ± 0.5 7 342 ± 689 47 ± 3 5 784 ± 810 

P37 64 706 ± 3 008 22.2 ± 0.9 385 ± 24 134 069 ± 4 918 15.1 ± 0.1 7 094 ± 711 48 ± 1 4 853 ± 509 

P41 65 659 ± 3 865 21.3 ± 0.7 369 ± 8 132 336 ± 16 106 15.6 ± 0,3 6 661 ± 1 056 46 ± 1 5 147 ± 674 
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Table III.4 Crop N export in harvested produce as affected by fertilizer treatments. Data are 

arithmetic means ( ±SD) per treatment. Data with the same letter(s) in a column are not significantly 

different (Tukey’s test, p<0.05) from each other (P0-P41: mineral fertilizer treatments, SF: solid 

fraction of digestate separation, Eff: effluent of digestate separation, DDm: dried digestate with 

manure, DD: dried digestate without manure, VFG: vegetable, fruit and garden compost, CSL: dairy 

cattle slurry, BIOW: biothermically dried organic waste). 

Treatment 

N export 

(kg N ha-1) 

2011 2012 2013 

SF 309 ± 9a 309 ± 31bc 164 ± 23a 

Eff 272 ± 16a 227 ± 16abc 151 ± 5a 

DDm 248 ± 21a 244 ± 50abc 157 ± 13a 

DD 260 ± 4a 270 ± 20abc 165 ± 26a 

VFG 261 ± 59a 166 ± 9a 142 ± 13a 

CSL 215 ± 20a 204 ± 12ab 164 ± 23a 

BIOW 253 ± 28a 240 ± 23abc 195 ± 27a 

P0 264 ± 20a 281 ± 73bc 181 ± 22a 

P7 267 ± 15a 281 ± 39bc 173 ± 44a 

P13 278 ± 7a 303 ± 26bc 210 ± 18a 

P20 291 ± 109a 274 ± 20bc 167 ± 14a 

P26 280 ± 14a 298 ± 45bc 177 ± 25a 

P33 269 ± 12a 312 ± 14c 187 ± 33a 

P37 245 ± 49a 276 ± 33bc 169 ± 14a 

P41 274 ± 19a 293 ± 50bc 168 ± 28a 
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Figure III.1 The cumulative leached TP in the eluent of the leaching experiment per treatment (P0 

and P37: mineral fertilizer treatments, SF: solid fraction of digestate separation, VFG: vegetable, 

fruit and garden compost, CSL: dairy cattle slurry). 
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