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Ausfiihrliche deutscbe Zusammenfassung

1 Enleitung

1.1 Amazonien

Im Zuge zahlreicher wirtschaftlicher Entwicklungsphasen in Amazonien haben groBe Probleme die

Entwicklung einer intensiven landwirtschaftlichen Nutzung erschwert. Dadurch wurde das

Wachsturn der ansâssigen Bevõlkerung gebremst und die wirtschaftliche Unabhlingigkeit des

Gebiets behindert.

Seit dem Zusammenbruch des Kautschukbooms zu Beginn des letzten Jahrhunderts aufgrund des

groBmaBstlibigen Kautschukanbaus in Asien sind verschiedene Entwicklungsstrategien zur

Verbesserung der landwirtschaftlichen Produktion ausprobiert worden. Die Kautschukgewinnung

wurde teilweise mit Subventionen bis in die spãten 70er Jahre aufrechterhalten, obwohl bereits

intensive Ansiedlungsprogramme für Amazonien begonnen hatten. Ali diese Programme hatten zur

Folge, dass Waldflâchen in Weideflãchen und Ackerland urngewandelt wurden. In den letzten

Jahrzehnten rückten die Abholzung des Primârregenwalds und die daraus resultierenden

õkologischen Konsequenzen verstârkt ins õffentliche Bewusstsein. Ein Aspekt sind die mõglichen

klimatischen Folgen: Die Landnutzungslinderungen kõnnen Verlinderungen der Wasserbilanzen

hervorrufen (Gash et a!. 1996); auBerdem kõnnte es zu signifikanten Kohlenstoff-Verlusten aus dem

Boden in die Atrnosphlire kommen (Moraes et a!.; 1996; Fearnside und Barbosa, 1996),jedoch sind

beide Hypothesen in wissenschaftlichen Kreisen noch urnstritten.

Die Erhaltung der Biodiversitãt ist zweifellos ein guter Grund, den ursprünglichen Primãrregenwald

zu erhalten. Desweiteren müssen schützenswerte Flãchen und Gebiete identifiziert und beschrieben

werden. Es müssen Wege gefunden werden, die Biodiversitlit Amazoniens wirtschaftlich zu nutzen.

Die Biodiversitât darf zwar nicht nur unter dem Aspekt der wirtschaftlichen Nutzbarbeit gesehen

werden, es muss jedoch auch der Nutzen für die ansâssige Bevõlkerung bedacht werden.

Ein weiterer Aspekt ist das landwirtschaftliche Potenzial der Hochlandbõden in Zentral-Amazonien:

Ihre geringe Fruchtbarkeit, ihr hohes Nlihrstoff-Auswaschungspotenzial und die fiir viele

Pflanzenkrankheiten günstigen Bedingungen werfen die Frage auf, ob es wirtschaftlich sinnvoll ist

in dieser Region Landwirtschaft zu betreiben.

In den meisten Regionen wird von den Kleinbauern immer noch traditioneller Brandrodungsfeldbau

betrieben. Die typische Form dieses Bewirtschaftungssystems sieht folgendermaBen aus: Zuerst

werden die vermarktungsfâhigen Bãume gefãllt und verkauft; die restlichen Bãume werden

abgeholzt und liegengelassen, darnit sie trocknen kõnnen, Danach wird die komplette Flâche

abgebranot. Die dano gepflanzten Feldfrüchte nutzen die Asche aIs Dünger. Im ersten Jahr sind die

Feldfruchtertrãge in der Regel ziemlich hoch (hauptsãchlich Reis, Bohnen, Mais und Maniok).
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Allerdings gehen bereits im zweiten Jahr die Ertrãge sowohl in der Quantitât ais auch in der

Qualitãt zurück, da die Verfugbarkeit der Nãhrstoffe abnirnrnt und gleichzeitig das Unkraut sehr

stark zunirnrnt. ln der Regel muss nach 3-5 Jahren die Flãche verlassen werden und es bildet sich

wieder Sekundiirwald (capoeira). Gleichzeitig wird wieder eine neue Flâche gerodet. Da sich die

Bodenqualitãt nur langsarn erholt, sollte der Boden nun über viele Jahre hinweg nicht

landwirtschaftlich genutzt werden (pousio). Die Anzahl und Hãufigkeit der Rotation hângt primar

von der natürlichen Bodenfruchtbarkeit ab und kann zwischen 10-20 Jahren liegen. Deshalb

benõtigt der Brandrodungsfeldbau riesige Gebiete und ist bei der heutigen Bevõlkerungsdichte ein

nicht-nachhaltiges Landnutzungssystem. Die Fehlschlâge vieler Landnutzungssysteme, die für

Amazonien empfohlen wurden, lassen sich durch die Kombination von Umweltfaktoren mit

ungeeigneten Anbaumethoden erklâren. Dieselben Degradationsprozesse, die die Produktivitãt des

Brandrodungsfeldbaus zurückgehen lassen, sind für den Produktivitiits-Rückgang fortschrittlicherer

Landnutzungssysteme verantwortlich. Ein genaues Verstiindnis der zugrundeliegenden Prozesse ist

daher ein Schlüsselfaktor für die Entwicklung nachhaltiger Anbaumethoden.

Viele Studien, die sich mit nachhaltiger Landnutzung in Amazonien beschãftigen, legen ihr

Hauptaugenmerk vor aliem auf die Umweltqualitãt und nicht auf die Bevõlkerung Amazoniens, die

caboclos. Die Kleinbauem im brasilianischen Amazonasgebiet sind beschuldigt worden, den

Primiirwald zu zerstõren. Bislang gibt es jedoch kein geeignetes Landnutzungssystem, das den

Brandrodungsfeldbau in den meisten Regionen Amazoniens ersetzen kõnnte. Deshalb ist der

Brandrodungsfeldbau die bislang einzige Mõglichkeit für diese Bauem, um zu überleben. Zudem

ziehen die Kleinbauem bereits gerodete Flãchen, die sich durch Brachlegung, die sogenannte

pousio, wieder erholt haben, dem neu zu rodenden Primiirwald vor.

Überlegungen zur Einfiihrung geeigneter Landnutzungssysteme sollten, abgesehen von

wirtschaftlichen Überlegungen, geo-politischen Motiven und militiirischen

Sicherheitsüberlegungen, auch die 600.000 Kleinbauem, die in dieser Gegend Brasiliens leben, mit

einbeziehen. Deren Grundbedürfuis nach Nahrung, Kleidung, Wohnraum, Zugang zu Schulen für

die Kinder, sowie zu medizinischen und sanítâren Einrichtungen muss befriedigt werden.

Landnutzungssysteme mit mehrjãhrigen Kulturen werden ais geeigneter für die terra firma (= nicht

überschwemmte)-Bõden Amazoniens angesehen, aIs Systeme mit einjiihrigen Kulturen. Sie erhalten

die Bodenqualitât, verbessem den Lebensstandard der õrtlichen Bevõlkerung und verbessem den

Umweltzustand. Zudem kõnnen sie den Abholzungsdruck auf die Primãrwald-Flãchen lindem.

Jedoch wird trotz der Vorteile mehrjiihriger Kulturarten im Vergleich zu einjiihrigen Pflanzungen

von mehreren Autom über das Nachlassen der Bodenfruchtbarbeit auf derartigen Kulturen in den

immerfeuchten Tropen berichtet.
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Deshalb müssen die Bodendegradationsprozesse in diesen Landnutzungssystemen genauer

untersucht werden.

1.2 Bodenqualitãt und nachhaltige Landnutzung

Die Begriffe Bodenqualitãt und nachhaltige Landnutzung werden schon seit mehreren Jahren

verwendet und dementsprechend viele Definitionen sind vorgeschlagen worden. Die Begriffe

dürfen nicht verwechselt werden und basieren auf verschiedenen Definitionen. In dieser Arbeit ist

Bodenqualitãt wie folgt definiert:

"The capacity of a specific kind of soil to function within natural or managed

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

water and air quality, and support human health and habitation "

(Karten et ai. 1997)

und nachhaltige Landnutzung ais:

"Combination of technologies, policies, and activities aimed at integrating socio-economic

principies with environmental concerns so as to simultaneously maintain or enhance

production, reduce the levei of production risk, protect the potential of natural resources

and prevent (buffer against) soil and water degradation, be economical/y viable, and be

social/y acceptable "

(Smyth and Dumanski, 1993)

Die Bodenqualitãt wird letztendlich von den Standort-Bedingungen bestirnrnt und kann auch

untersucht werden, wenn nur Bodendaten vorliegen. Praxisrelevante Landnutzungsstudien müssen

biophysikalische Daten mit wirtschaftlichen und sozialen Aspekten verbinden. Da in der

vorliegenden Untersuchung nur Bodendaten analysiert wurden, beziehen sich die aus dieser 8tudie

gewonnenen Erkenntnisse grundsãtzlich nur auf die Bodenqualitãt.

Anbaumethoden wirken in entscheidender Weise auf die Bodenqualitãt. 1hre Beurteilung ist daher

von fundamenta ler Bedeutung, wenn die Nachhaltigkeit von Landnutzungssystemen bestirnrnt

werden soll (Karten et al., 1997). Deshalb sollte die Wahl der Landnutzung und der Anbaumethode

den Erhalt bzw. den Wiederaufbau einer hohen Bodenqualitãt berücksichtigen. Bodenqualitãt kann

durch Monitoring von verschiedenen Indikatoren gemessen werden. Der gewãhlte Indikatortyp ist

abhãngig von der Bodenfunktion (landwirtschaftliche Produktion, Filterung und Pufferung von
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Sehadstoffen, ete.) und vom MaJ3stab (z.B. Feld, Bauernhof, Wassereinzugsgebiet), auf dem die

Untersuehung durehgeführt wird (Mausbach und Seybold, 1998; Mohamemed et a!. 2000).

Aus der Sichtweise der landwirtschaftlichen Produktion bezieht sich die Bodenfunktion auf die

Fâhigkeit, die Produktivitãt aufrecht zu erhalten. Die Bodenqualitãts-Indikatoren in dieser Studie

sind darauf ausgerichtet, die physikalischen und hydraulischen Eigenschaften, sowie Prozesse, die

mit der Anordnung von Bodenpartikeln und Poren zu tun haben (z.B. Porositãt), zu erfassen. Um

Indikatoren für die Abschâtzung der Bodenqualitãt verwenden zu kõnnen, müssen Referenzwerte

eingefuhrt werden (Mausbach und Seybold, 1998) oder es muss ein besseres Verstândnis der

dynamischen physikalischen Prozesse in Abhângigkeit der Parameter bekannt sein (Wagenet and

Hudson, 1997). Die Analyse der Bodenqualitãt mit Hilfe eines physikalischen Prozessansatzes, wie

sie bei Wagenet und Hudson (1997) vorgeschlagen wurde, kônnte es erlauben, die Auswirkungen

dynamischer Prozesse vorherzusagen, anstatt sie nur im Nachhinein zu messen.

1.3 Ziele der vorliegenden Arbeit

Diese Untersuchung ist Teil einer Langzeitstudie von SHIFT (Studies of Human Impact on Forest

and floodplains in the Tropics) zur Rekultivierung von degradierten Monokulturflãchen in Zentral-

Amazonien. Sie soll nachhaltige Landnutzungssysteme auf abgeholzten und degradierten tonigen

Ferralsol-Bõden nahe Manaus entwickeln. Wobei es sich bei den Boden um tonige Hochland-

Ferrasols handelt. Sollte dies erreicht werden, so besteht die Mõglichkeit, diese Flâchen wieder in

den landwirtschaftlichen Produktionsprozess zurückzuführen.

Komplexere Simulationsmodelle fiir Wasserflüsse und Pflanzenwachstum benõtigen rãumlich

reprãsentative Parameter, die die physikalischen und hydraulischen Eigenschaften des Bodens in

verschiedenen Tiefen beschreiben. Es sind bereits viele Modelle verfugbar und weitere werden

entwickelt. Das Wissensdefizit bezüglich vieler bodenphysikalischer und -hydraulischer

Eigenschaften beschrãnkt jedoch deren Nutzung fiir Simulationsstudien in Zentral-Amazonien

wesentlich. Dieses Problem besteht vor aliem für die tonigen Ferralsols, da fast nichts über deren

physikalische und hydraulische Eigenschaften bekannt ist und vor aliem nicht klar ist, wie sich

diese Eigenschaften unter den verschiedenen Landnutzungssystemen verãndern. Wegen des

ungewõhnlichen Verhaltens der tonigen Ferralsols treten sowohl methodische aIs auch theoretische

Probleme auf: Bei hohem Matrixpotenzial halten und leiten sie das Wasser wie typische Tonbõden,

aber die Infiltrationsraten und Wasserf1üsse nahe der Sãttigung sind eigentlich typisch für

Sandbôden.

Das Hauptanliegen dieser Arbeit ist:
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• geeignete Methoden zu finden, um die bodenphysikalischen und -hydraulischen

Eigenschaften von tonigen Ferralsols zu bestimmen und zu charakterisieren

• physikalische Bodenqualitãts-Indikatoren zu vergleichen, die in den verbreitetsten

Landnutzungssystemen Zentral-Amazoniens gemesssen wurden. Dies kõnnte fiir die

Entwicklung von nachhaltigen Landnutzungssystemen in dieser Region von Nutzen sein.

Die Arbeit gibt zu Beginn einen kurzen Überblick über die Landnutzungssysteme in Arnazonien

und die Bodenqualitãtsparameter, Die mangelhaften Kenntnisse über die Eigenschaften der tonigen

Ferralsols, die den Hauptanteil der Bõden im Norden Brasiliens ausmachen, werden ebenso

dargestellt. Im zweiten Kapitel werden Hintergrund-Inforrnationen zu Klima, Vegetation, Geologie

und den tonigen Ferralsols gegeben, sowie der Versuchsstandort mitsamt seiner Geschichte

detailliert beschrieben. Das dritte Kapitel diskutiert die Messung einiger physikalischer Parameter,

die der Charakterisierung der Bodenstruktur und ihrem Verhãltnis zu chemischen

Bodeneigenschaften dienen. Statistische Tests in Verbindung mit dem gewichteten Mittel werden

ais Instrument zum Vergleich von Bodenparametem vorgeschlagen, wobei verschiedene Werte

innerhalb eines Landnutzungssystems angenommen werden. Das danach folgende vierte Kapitel

stellt die Messung der Bodenporositât und ihre Interpretation in Bezug zur Wasserdynamik vor. In

Kapitel 5 wird die Durchfiihrbarkeit der Bodenwassergehalts-Messungen in tonigen Ferralsols mit

Hilfe der TDR-Technik und die dazu notwendige Kalibrierung beschrieben. AuBerdem werden die

relevanten Einflussfaktoren auf die O-Messung im Gelãnde diskutiert. Die Bestimmung der

hydraulischen Eigenschaften ist das Thema des sechsten Kapitels. Hier werden mit

unterschiedlichen Methoden und auf verschiedenen Landnutzungssystemen gemessene gesãttigte

und ungesâttigte hydraulische Eigenschaften diskutiert und verglichen. Die neue inverse Methode

zur Bestimmung hydraulischer Eigenschaften wird ebenfalls prãsentiert. Es werden Rückschlüsse

über die Funktionsweise von aus Mikro- und Makroporen aufgebauten bimodalen hydraulischen

Sytemen abgeleitet. Allgemeine Schlussfolgerungen und Empfehlungen fiir weitere

Untersuchungen werden in Kapitel 7 dargestellt. Alie in dieser Arbeit verwendeten Daten sind im

Anhang des jeweiligen Kapitels aufgefiihrt. Einige statistische Methoden werden im Detail

erlâutert. Die Datenverarbeitung wird vollstiindig beschrieben. Im gesamten Text wurde Wert

darauf gelegt, die Effizienz von komplexen statistischen und mathematischen Methoden (z.B.

Skalierungstheorie, Tests zur Überprüfung von Modellübereinstimmungen, stückweise lineare

Regression, log-Norrnal-Verteilungen und nicht-lineare Regression) zu demonstrieren. Diese

werden norrnalerweise nicht bei der Erforschung von Landnutzungssystemen benutzt. Sie sind

jedoch sehr nützlich, wenn nicht sogar absolut notwendig, um die hoch variablen

bodenphysikalischen und -hydraulischen Parameter zu analysieren und zu interpretieren.
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2 Beschreibung des Versuchsstandortes

2.1 Standort

Die Studie wurde auf der Versuchsstation der EMBRAPA-Westamazonien nahe Manaus im

zentralen brasilianischen Amazonas-Gebiet durchgefiihrt (3° 8' S, 59° 52' W, 40-50 m a.s.I.). Zur

Lage der Station s. Abbildung 2.1.

2.2 Klima

Die Monats-Mitteltemperaturen schwanken innerhalb Zentralamazoniens - zum Teil aufgrund

fehlender Relief-Einf1üsse - nur sehr wenig. In der Region um Manaus wird im September mit 28°C

die hõchste Monats-Mitteltemperatur gemessen. Die niedrigste Monats-Mitteltemperatur betrãgt

26°C und tritt in den Monaten Februar bis April auf(Salati, 1985).

Das Verhãltnis zwischen Intensitãt, Hãufígkeit und Dauer von NiederschIagsereignissen wurde in

der Region um Manaus von Paiva (1996), Marques Filho et aI. (1981) und Ribeiro (1976)

beschrieben. Ihre Ergebnisse zeigen eine durchschnittliche Jahresniederschlagsmenge von 2400 -

2500 mm und eine markante jahreszeitliche Abhãngigkeit, wobei das monatliche Maximum im

Februar bis Mãrz (durchschnittlich ca. 320 mm) und das Minimum im August bis September

(durchschnittlich ca. 80 mm) liegt. Darüber hinaus treten die Niederschlãge meist in Form sehr

starker Regenfãlle von kurzer Dauer auf.

Nach den Kriterien der Kõppen-Klassifizierung in Critchfield (1993) sollte der Standort aIs Af und

nicht, wie zuerst von Rodrigues et aI. (1972) vorgeschIagen, aIs Aw kIassifiziert werden, da die

Niederschlagsmenge in den trockensten Monaten, normalerweise, mehr aIs 60 mm betrãgt.

Die durchschnittliche Evapotranspiration für das gesamte Amazonas Becken wurde durch

Verwendung der Penrnan-Gleichung berechnet: das ergab 1460 mm Jahr -I (Villa Nova et aI., 1976).

Ribeiro und Villa Nova (1979) benutzten Thornthwaite und Mather's Gleichung und schãtzten die

potenzielle Evapotranspiration auf 1536 mm Jahr -I bei einer durchschnittlichen jãhrlichen

Niederschlagsmenge von 2478 mm. Sie schãtzten eine aktuelle Evapotranspiration von 1508 mm

Jahr -I, wobei die Werte der potenziellen und aktuellen Evapotranspiration praktisch für das

gesamte Jahr identisch waren. Ausgenommen hiervon sind die drei Monate August, September und

Oktober, bei denen Bodenwassermangel auftritt. Unter Verwendung eines Wasserhaushaltsmodells

schãtzten Leopoldo et a!. (1995) eine aktuelle Evapotranspiration von 1493 mm Jahr -I. Sie

folgerten daraus, dass die potenzielle und aktuelle Evapotranspiration die gleiche GrõBenordnung

haben. Âhnliche Resultate erhielt Shuttleworth (1988), der die jãhrliche Evapotranspirationrate auf
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1320 mm schâtzte. 328 mm von dieser entfielen auf Interzeption im Bestand und 992 rnrn auf

Transpiration.

Der grõête Teil der standortspezifischen meteorologischen Untersuchungen in Manaus wurde im ca.

10 km von den Versuchsflãchen entfemt liegenden Ducke Forest Reservat (Viswanadharn et al.,

1991; Shuttleworth et al., 1988; Marques et al., 1987, Villa Nova et al., 1976; Ribeiro et al., 1987)

durchgefiihrt. Für die Jahre 1994 und 1995 wurden mikroklimatische Daten direkt von der

Versuchsflãche ausgewertet (Cabral et al. 1997). Interzeption, direkt auf den Boden auftreffender

Niederschlag und Stammabfluss wurden direkt arn Standort untersucht (Schroth et al.; 1999);

Interzeptions-Untersuchungen im Primãrregenwald wurden von Leopoldo et aI. (1987), Franken et

al., (1982 a, b), Lloyd et al. (1988 a, b) und Northcliffand Thomes (1981) durchgefiihrt.

2.3 Geologie und Bõden

Die über Sedimenten liegenden Bõden in Zentralarnazonien entstanden aus Verwitterungen tertiârer

fluvial-limnischer Ablagerungen, die zur sogenannten "Barreiras Schicht" gehõren, Diese besteht

aus wechselgelagertem Sandstein mit eingesprengten Argiliten, wobei Quarz und Kaolinit :

dominieren und Feldspat und Muskovit in geringeren Mengen vorkommen (Chauvel, 1987).

Der Boden auf den Hochflãchen und Oberhãngen ist ein toniger, tiefgründig verwitterter Ferrasol

(Comu et al., 1998; Chauvel, 1982). Die starke Verwitterung resultiert aus Prozessen wie intensiver

Quarz-Auflõsung, Alurniniurnhydroxid-Anreicherung und Kristallisation von Kaolinit (Comu,

1998; Irion, 1984; Chauvel, 1987). Infolgedessen sind die Bõden normalerweise sehr nlihrstoffarrn

(z.B. Phosphor, Calcium, Magnesium und Kalium).

Der Boden auf dem Versuchsstandort wird nach der FAO-KJassifizierung (FAO, 1990) ais Xanthic

Ferrasol angesprochen. Gemãf der Boden-KJassifikation des Soil Survey Staff (1999) handelt es

sich um einen Xanthic Hapludox und nach der brasilianischen KJassifizierung (EMBRAP A, 1999)

um einen Latosolo amarelo. Die tonigen Ferrasols sind reprâsentativ fiir groêe Gebiete in

Zentralamazonien (Vieira and Santos, 1987).

Die bodenpysikalischen und -chemischen Eigenschaften des Versuchsstandorts sind den von

Camargo und Rodrigues (1979) und Rodrigues et al. (1972) beschriebenen Standorten sehr ãhnlich,

Sie haben mit 600 - 750 kg m·3 Ton in den ersten 30 em einen hohen Tongehalt an der Oberflãche;

darunter sind sie mit 750 - 850 kg m" Ton noch toniger. Die Tonfraktion besteht hauptsãchlich aus

Kaolinit und etwas Gibbsit (Camargo und Rodrigues, 1979; Rodrigues, 1998; Silva, 1997).

Die beobachtete starke Mikroaggretation entsteht wahrscheinlich ais Folge der festen Bindung

zwischen positiv geladenen Hydroxiden und negativ geladenen Kaoliniten sowie organischer

Substanz (Sanches, 1986).
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Der im Wasser gemessene pH von ca. 5 findet sich auch in tieferen Schichten des Profils. Die

Kationen-Austausch-Kapazitãt (Ca++, Mg++, K+, Na) ist mit ungefãhr 0.60 cmolc kg" im A-

Horizont sehr niedrig und sinkt bis auf 0.3 - 0.1 cmol, kg' in den darunter liegenden Horizonten.

Verfiigbares Phosphor ist nur im A-Horizont nachweisbar (3 ppm nach der Melhich II Methode), in

tieferen Schichten des Profils sinkt die Konzentration rasch auf die Nachweisgrenze ab. Der

organische Kohlenstoffgehalt liegt bei ca. 30 g kg-I im A-Horizont, wobei die Gehalte mit

zuoehmender Tiefe rasch abnehmen: In 200 em Tiefe g wurden noch ca. 2-3 g kg' gemessen.

Eine detaillierte Beschreibung der chemischen Eigenschaften des Untersuchungsstandorts findet

sich in Preisinger (1997); Teixeira et ai. (1997); Schroth et a!. (1999b) and Schroth et a!. (2000).

2.4 Vegetation

Die tonigen Ferrasols sind von einem dichten, feuchten und immergriinen Regenwald bedeckt, dem

sogenannten Terra Firrne-Wald. Obwohl in der gesarnten Region das ãuâere Erscheinungsbild des

Regenwaldes ziemlich ãhnlich ist, zeigt eine detaillierte Untersuchung eine groJ3e Arten-

Diversifizierung auf den verschiedenen Standorten (Murça Pires, 1984; Guillaument, 1987). Die

Baurnkronen des Primãrregenwaldes reichen in etwa 30 m Hõhe. Das uoterste Stockwerk des

dichten tropischen Waldes ist nur sehr schwach belichtet und daher im Allgemeinen frei von

Lianen, Büschen, Kraut- und Zwergvegetation (Murça Pires, 1984). Die reIative Luftfeuchtigkeit

erreicht über der Baurnkrone 100 %. Daher ist die direkte Verdunstung des Bodens nahe Null

(Leopoldo et ai., 1987).

Die EntwickJung eines dichten Waldes auf Bõden, die nãhrstoffarmes Muttergestein aIs GrundJage

haben, hat in den 60er Jahren die Aufrnerksarnkeit von vielen Forschem auf sich gezogen

(Kitamura, 1996). Dies wurde durch die Tatsache erklãrt, dass tropische Bedingungen mit hohen

Temperaturen und hohem Niederschlag eine sehr intensive Photosyntheserate erlauben; da der

tropische Wald ein hohes Alter besitzt, war genügend Zeit für die vorhandenen Nâhrstoffe, sich in

der Biomasse der Ptlanzen anzureichem (Murça Pires, 1984).

Die für diesen Prozess notwendigen Nãhrstoffe sind in der Biomasse des Waldes festgelegt und

werden immer wieder durch die rege Ptlanzen- und Faunaaktivitãt verrottet und resorbiert. Kleinere

Nãhrstoffverluste werden durch mineralische Eintrâge durch den Regen ausgeglichen (Leopoldo et

a!., 1987).

Arbeiten von Nepstad (1994) zeigen auJ3erdem, dass das Wurzelsystem der Waldptlanzen grõfsere

Tiefen erreichen kann und ein signifikanter Anteil des Bodenwassers aus Tiefen von mehr aIs 2 m

entzogen wird. Das wiederum verringert den Wasserstress der Ptlanzen in den Trockenzeiten.
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2.5 Landnutzung, Versuchsanordnung und Flâchen-Management

Einige Studien über pflanzenverursachte Bodenverãnderungen sahen sich mit verblüffenden

Effekten von Standortvariabilitãt und Bodennutzungsgeschichte konfrontiert. Eine Untersuchung,

die die Einflüsse von Pflanzen auf Bodeneigenschaften exakt beurteilen will, kann genauere

Schãtzungen erzielen, wenn die Untersuchungen auf ursprünglich homogenen Substraten

durchgefuhrt werden. Wenn der Boden am Anfang gut charakterisiert wird, kõnnen alie

Unterschiede in den Bodeneigenschaften, die wâhrend der Versuchsdauer auf den verschiedenen

Versuchsparzellen auftreten, Pflanzeneffekten zugeordnet werden. Deshalb folgt im Anschluss eine

detaillierte Beschreibung der Standort-Geschichte, Einige Versuchsergebnisse lassen sich auf diese

Weise erkliiren.

Der Primãrregenwald wurde auf dem Versuchsstandort zum ersten Mal 1980 abgeholzt. Für das

Abholzen und Entfemen der Baumstürnpfe wurden schwere Maschinen eingesetzt. Die verbliebene

Vegetation wurde verbrannt. Irn Jahre 1981 wurde ein Versuchsfeld mit Gummibãumen (Hevea

brasiliensis) angelegt und 1986 wieder eingestellt. Bis zur Vorbereitung der Flâche fiir die aktuellen

Untersuchungen wuchs Sekundiirvegetation zusammen mit den verbliebenen Gummibãumen. Der

sich entwickelnde Sekundãrwald wurde 1992 manuell abgeholzt und die Vegetation an Ort und

Stelle verbrannt. Die Versuchsflãche wurde von Februar bis Mãrz 1993 mit Setzlingen bepflanzt.

Im Wesentlichen wurden vier wichtige regionale Baumarten fiir die Zusammenstellung der

verschiedenen Landnutzungssysteme ausgewiihlt: i) die Palme Bactris gasipaes Kunt.

(pfirsichpalme; Pupunha; Arecaceae), die sowohl wegen der Früchte ais auch fiir die Gewinnung

Palrnherzen genutzt wird; Theobroma grandiflorum (Willd. ex Spreng.) K. Schum. (Cupuaçu;

Sterculiaceae), ein Baum der gleichen Gattung wie Kakao dessen Fruchtfleisch in der Region

verbreitet zur Herstellung von Saft, Eiskrem und Bonbons verwendet wird. AuBerdem kõnnen die

Keme mõglicherweise zur Herstellung von Schokolade verwendet werden; ii) der Baum

Bertholletia excelsa Humb, & Bonpl. (Brasilnuss, Paranuss; Lecythidaceae) der neben den

wohlbekannten Nüssen auch hervorragendes Holz liefert; und iii) Bixa orel/ana L. (Annatto,

Urucum; Bixaceae), der vor aliem in den Tropen wegen seines ungiftigen roten Farbstoffs kultiviert

wird.

Die Landnutzungssysteme waren Cupuaçu-Monokulturen und Pfirsichpalmen-Monokulturen zur

Gewinnung von Palrnherzen und Pfirsichpalmfrüchten. In den Pfirsichpalrnen- und Cupuaçu-

Monokulturen betrug die Pflanzdichte 2 x 2 m bzw. 7 x 6.4 m. Abbildung 2.2 und 2.3 zeigen den

Aufbau der Flâchen.

Im Agroforstsystem wurden die Bãume mit einem Reihenabstand von 4m gepflanzt. Eine Reihe

Pfirsichpalmen (mit einem Abstand von 2 m innerhalb der Reihe) wechseit sich ab mit einer
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gemischten Reihe aus Cupuaçu und Paranuss (mit einem Baum-Abstand von 7 m innerhalb der

Reihe), einer Reihe mit Annatto (mit einem Abstand von 4 m innerhalb der Reihe) und wieder einer

gemischten Reihe aus Cupuaçu und Paranuss, nach der wiederum eine Reihe Pfirsichpalmen

kommt. Zwischen den Bãumen wurde Pueraria phaseoloides Kunth (tropische Kudzu; Pueraria;

Fabaceae) ais Bodendecker angebaut. Im ersten Jahr wurde im Agroforstsystem Maniok mit einem

Ptlanzenabstand von 1.00 x 1.20 m angeptlanzt. In Abbildung 2.3 wird der Aufbau des

Agroforstsystems graphisch dargestellt.

Zum Vergleich wurden Flãchen mit Wiederaufwuchs von spontaner Sekundãrvegetation, die das

gleiche Alter wie die landwirtschaftlichen Flãchen aufwiesen, in die Studie mit aufgenommen. Die

Sekundãrvegetationsflâchen wurden von Vismia spp. dominiert, einer charakteristischen Gattung

fiir junge Brachen und degradiertes Land in dieser Region. Die Stammdichte auf den Vismia

Flãchen betrug 1.95 ± 0.17 pro m2 (Schroth et a!., 1999). Zusâtzlich wurden zwei Baumarten eines

nahegelegenen Primârregenwaldes für die Messungen einiger Parameter mit aufgenommen: ein

zweikeimblãttriger Baum, Eschweilera sp. (Matá-Matá, Lecythidaceae) und eine Palme,

Oenocarpus bacaba (Bacaba, Arecaceae). Beide Arten kommen relativ hãufig in diesem Wald vor

und sind von kommerziellem Interesse, Matá-Matá wegen seines Holzes und Bacaba wegen seiner

Früchte, aus denen Fruchtsaft gewonnen wird.

Für jede Art in jedem Landnutzungssystem wurden neben jeweils 3 gut entwickelten Ptlanzen

Bodenmessungen durchgefiihrt. Die Messflâchen wurden - mit Ausnahme der Regenwaldflâchen -

ais vollstãndig randomisierte Bõcke mit drei Wiederholungen angelegt. Die Parzellengrõêe ist 24 x

32 m in der Pfirsichpalmen-Monokultur und 48 x 32 m irn Agroforstsystem und irn Sekundãrwald,

Ca. I Y, Jahre nach der Ptlanzung wurde der Hauptstamm der Pfirsichpalme abgeholzt und danach

die Palmherzen drei Mal pro Jahr, immer wenn die Sprõsslinge einen Durclrrnesser von 8 em in

einer Hõhe von 1 m erreicht hatten, geerntet. Die Annattos wurden nach der Ernte ein Mal pro Jahr

auf eine Hõhe von 1.5 m zurückgeschnitten. Zwischen Mârz und Mai wurden zur Erhõhung der

Fruchtproduktion alie Blãtter und kleinen Âste entfernt und diese zum Kompostieren unter die

Bâume gelegt. Die Unterschiede in der Biomasseakkumulation wurden von Wolf (1997)

beschrieben. In Shift (1997, 1998) und Schroth et a!. (1999) wird die Hõhe der Erstertrâge

diskutiert. Die Pf1anzen wurden zweirnal pro Jahr gedüngt: zu Beginn der Regenzeit im November

- Dezember und am Ende der Regenzeit im Mai - Juni. Nâheres hierzu siehe Schroth et a!. (1999)

und Shift (1996; 1997; 1998). Die Primar- und Sekundârwaldflãchen wurden nie gedüngt.
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3 Der Einfluss der Landnutzung auf bodenphysikalische Eigenschaften

Die Abnahme der Fruchtbarkeit tropischer Bõden unter Ackemutzung, selbst bei entsprechender

Ergãnzungsdüngung, ist ein gut dokumentiertes Problem. Es gibt deutliche Hinweise darauf, dass

die Produktivitãt eines tropischen Landnutzungssystems nicht nur von den Nãhrstoffvorrãten und

deren Verfügbarkeit, sondem in hohem MaJ3e auch von der Erhaltung einer optimalen

Bodenstruktur abhãngt, Ein besseres Verstãndnis der Prozesse, die ais Folge der Umwandlung von

Wald in landwirtschaftlich genutzte Flãchen die Bodeneigenschaften beeinflussen, ist sehr wichtig,

um geeignete Managementsysteme zu finden, die die Produktivitãt der landwirtschaftlichen Flãchen

langfristig erhalten.

Die hier vorgestellte Studie befasst sich mit den Ãnderungen der Bodeneigenschaften ais Folge von

Boden-Ptlanze-Interaktionen und spezifischem Bodenmanagement. Es wurden drei verschiedene

Landnutzungssysteme untersucht: i) eine konventionelle Monokultur einer Palmenart zur

Gewinnung von Palmherzen (Bactris gasipaes); ii) eine Monokultur mit Cupuaçu (Theobroma

grandiflorum) und iii) ein komplexes Agroforstsystem mit Palmen, Cupuaçu, Paranuss (Bertholletia

excelsa) und Annatto (Bixa orellana). Der Boden war in allen Nutzungssystemen mit Ausnahme der

Palmen-Monokultur mit Pueraria (Pueraria phaseoloides) ais Bodendecker bewachsen. Zum

Vergleich wurden benachbarte Flãchen des Primâr- und Sekundãrwaldes untersucht.

Die Messungen umfassten die Trockenraumdichte, die Textur, den Flockungsindex und die

Substanzdichte sowie einige chemische Bodenparameter. Die Lagerungsdichten weisen mit 0.67 bis

1.08 Mg m'3 fiir Mineralbõden niedrige Werte auf. Ais Folge des schlechten Wuchses des

Bodendeckers Pueraria in den Cupuaçu-Monokulturen konnte ein signifikanter Anstieg der

Lagerungsdichten im Vergleich zum Primãrwald beobachtet werden. In der unrnittelbaren

Umgebung der Palmen wurden die niedrigsten Lagerungsdichten festgestellt.

Dies ist eine unrnittelbare Folge des dichten, gut entwickelten Wurzelsystems nahe der

Bodenoberflãche, Zwischen dem Sekundãr- und dem Primãrwald konnten dagegen keine

signifikanten Unterschiede festgestellt werden. Die Textur ist durch einen hohen Tongehalt von ""

600 g kg' an der Bodenoberflâche und einen leichten Anstieg mit der Tiefe charakterisiert.

Wãhrend klassische Laborrnessungen der KomgrõJ3enverteilung mit chemischen Dispersionsmitteln

keine Unterschiede zwischen den Blõcken ergaben, zeigten die Flockungsindizes deutliche

Unterschiede in der Aggregierung der Tonpartikel.

Die Verringerung des Aluminiumgehaltes und der Anstieg der Calcium- und Magnesiumgehalte

sowie des pH waren korreliert mit zunehmender Dispersion der Tonpartikel an der

Bodenoberflãche, Die Bestimmung der Lagerungsdichte und der Flockungsindizes stellen einfache

und preisgünstige Indikatoren fiir das Monitoring der Stabilitãt der Bodenstruktur toniger Ferralsols
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bereit. Ein wesentlicher Faktor fiir die Nachhaltigkeit von Landnutzungssystemen auf stark

aggregierten tonigen Ferralsols ist deren Strukturstabilitât.

Es wird ein konzeptioneller Ansatz einer optirnalen Bodenstruktur fiir bestirnrnte

Landnutzungssysteme diskutiert. Die Verwendung einfacher und intuitiv verstiindlicher statistischer

Modelle wird ais Planungswerkzeug vorgeschlagen, um den Einfluss verschiedener

Landbewirtschaftungssysteme, z.B. altemativer Anbaufrüchte und Bodenbearbeitungstechniken, auf

die Bodenstruktur vorherzusagen.

4 Der Einfluss der Landnutzung auf die Gesamt-Porositlit und die PorengrõOenverteilung

Bodenporen variieren in Grõâe und Forrn und bilden ein zusammenhãngendes Netzwerk, das zwar

für jeden Bodentyp charakteristisch ist, sich jedoch ais Folge verschiedener Landnutzungssysteme

ãndem kann. Die Porositãt (~) beeinflusst das Speichervermõgen, die Verfiigbarkeit und den

Transport von Wasser und Luft irn Boden. Diese Beeinflussung ist aber nicht nur vom

Gesarntvolumen der Poren, sondem auch und vor aliem von der Verteilung und Anordnung der

Poren im Boden abhãngig. Deshalb ist es wichtig, nicht nur die Porositiit (~) zu bestirnrnen, sondem

auch die PorengrõJ3enverteilung. Die PorengrõJ3enverteilung kann mit Hilfe der

Desorptionsmethode errnittelt werden. Hierbei werden an eine wassergesiittigte Bodenprobe

nacheinander unterschiedlich hohe Wasserdrucksiiulen (h) angelegt. Es werden Datenpaare

gesammelt, die den volumetrischen (9) und h miteinander in Beziehung setzen.

Die Kapillartheorie wird dazu benutzt, den "iiquivalenten Radius" der Porengrõêen zu erhalten. Die

Wasserspannungkurve (SWRC), bei der 9 eine Funktion von h ist, ist eine der wichtigsten

Hydraulikfunktionen, die die Bewegung von Wasser und gelõsten Stoffen irn Boden beschreibt. Die

von van Genuchten (1980) aufgestellte Gleichung wird a1lgemein zur Anpassung experimenteller

Wasserrückhaltedaten angewendet. Eine mõglichst genaue Anpassung der experimentell errnittelten

Wasserrückhaltedaten ist eine grundlegende Voraussetzung fiir die exakte Bestimmung der

Kapazitãtsfunktion und der kontinuierlichen Porengrõêen- Verteilung. Theoretisch fiihrt dies

darüberhinaus zu einer besseren Abschiitzung der gekoppelten Hydraulikfunktionen. In gut

aggregierten Bõden wird das Porensystem jedoch hiiufig in aggregatinteme Poren oder Texturporen

und in Zwischenaggregat- oder Strukturporen unterteilt, so dass die PorengrõJ3enverteilung bi- oder

trimodale Verteilungen aufweist. Die Originalgleichung von van Genuchten hat nicht die nõtige

Flexibilitiit, um die gemessenen Daten sinnvoll anzupassen. Eine bessere Beschreibung der SWRC

von Bõden mit bimodaler Porengrõêenverteilung wird durch zwei linear überlappende Funktionen

der van Genuchten Gleichung erreicht.
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Die tonigen Ferrasols in Zentralamazonien haben in ihrem Originalzustand eine hohe Porositãt und

eine bimodale Porengrôfsenverteilung, wobei ein hoher Anteil der Porositãt auf die extrem feinen

Poren und ein weiterer hoher Anteil auf die GroJ3-und grõêeren Mittelporen entfâllt.

In diesem Kapitel soll die Porositlit und die Porengrõêenverteilung für die tonigen Ferrasols in

Zentralamazonien für verschiedene Landnutzungssysteme charakterisiert werden. Daneben werden

auch methodische Probleme sowie die Anwendbarkeit von flexibleren Rückhaltefunktionen zur

Beschreibung der gemessenen Bodenwasserrückhaltedaten diskutiert. Die Diskussion konzentriert

sich auf den Einfluss der Porengrõêenverteilung auf die hydraulischen Bodeneigenschaften,

praktische Auswirkungen auf das Verhâltnis von Porengrõêenverteilung zu Wasserverfiigbarkeit

bzw. -durchf1uss werden aufgezeigt. Es wurden drei Landnutzungssysteme untersucht: i) eine

konventionelle Monokultur mit Pfirsichpalme (Bactris gasipaes); ii) eine Monokultur mit Cupuaçu

(Theobroma grandiflorum) und iii) ein komplexes Agroforstsystem mit Ptirsichpalme, Cupuaçu,

Paranussbaum (Bertholletia excelsa) und Annatto (Bixa orellana). Der Boden war bei allen

Nutzungssystemen mit Pueraria phaseoloides bedeckt, ausgenommen die Pfirsichpalmen-

Monokultur, die keine Bodenbedeekung vertrligt. Zum Vergleieh wurden benaehbarte Flâchen von

Primlir- und Sekundlirwald untersueht. Zusãtzlich wurde ein Profil mit einer Tiefe von 100 em

genauer untersueht, wobei alie 10 em Proben entnommen wurden.

Die Ergebnisse zeigen, dass dureh die Verwendung des bimodalen VG-Ansatzes hervorragende

Datenanpassungen und Ergebniskurven erhalten wurden: An der Bodenoberflliehe wurden e und h

für verschiedene Landnutzungssysteme miteinander in Beziehung gesetzt, dies gesehah auJ3erdem

für versehiedene Tiefen im Bodenprofil. Die Parameter n und a in den VG-Modellen wurden in

ihrer physikalisehen Bedeutung gebraueht. Sie erwiesen sieh ais nützlieh beim Naehweis einer

Sehieht, die mit hõherer Porositlit und grõâerem Porenradius in mehr ais 60 em Tiefe in tonigen

Ferrasols zwisehen zwei diehteren Sehiehten liegt. Es wurden landnutzungs- und

pflanzenspezifisehe Effekte auf die Gesamtporositlit und Porengrõêendichte untersueht. Für kurze

Zeitspannen seheint Pueraria grõêere Poren, die das Wasser sehr sehnell abfiihren, zugunsten von

Porenradien zu verãndern, die das Wasser effektiver zurüekhalten und es pflanzenverfiigbar halten.

Im Boden in der Nãhe von Ptirsiehpalmen konzentrieren sich Poren mit reduziertem Radius.

Der Boden, der nieht ausreiehend mit dem Bodendeeker bewachsen war (unter Cupuaçu in der

Monokultur), zeigt eine reduzierte Gesarntporositlit und eine relativ ausgeprligte Reduktion im

GroJ3porenbereieh. Im von Primlirwald bedeekten Boden entfallen mehr ais 30 % der

Gesamtporositlit auf GroJ3poren. Das GroJ3porensystem lãsst das Wasser sehnell abflieJ3en und ist

fiir die Bodenbelüftung und das tiefe Eindringen von Wasser und Niihrstoffen (oder Pestiziden und

Herbiziden) in den Boden verantwortlieh. Der hohe GroJ3porenanteil kann jedoeh dureh
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Verringerung der dureh die Matrix tlieBenden Wassermenge die Auswasehungsrate verringern,

wenn die Nãhrstoffe (oder Pestizide und Herbizide) bereits in der Bodenmatrix sind.

Die Porengrôêenverteilung des Ausgangszustands der tonigen Ferrasols (Boden rnit Primârwald

bedeelct) ist sehr gut an die klimatisehen Bedingungen in diesem Gebiet angepasst. Sie erlaubt eine

rasehe Ableitung groBer Wassermengen und vermeidet damit Absehwemmungen und die daraus

resultierende Bodenerosion. Auêerdem wird die Nãhrstoffauswasehung aus der Bodenmatrix

reduziert, in dem Wasser dureh die GroJ3poren in tiefere Sehiehten geleitet wird. AuJ3erdem tlieJ3t

unter ungesiittigten Bedingungen das Wasser in der Bodenmatrix sehneller dureh Mesoporen ais

dureh kleine Poren. Der sehr kleine Radius der anderen Poren fiihrt zu einer reduzierten

hydraulisehen Leitfàhigkeit und geringeren Wasserflüssen dureh die Bodenmatrix. Dabei erhõht

sieh die Aufenthaltsdauer des Wassers und der Nãhrstoffe und damit die Wahrseheinliehkeit, dass

diese von Ptlanzenwurzeln oder von Makro- und Mikrofauna aufgenommen werden. Die relativen

Porenvolumenanteile im Primâr- und Sekundlirwald sind sehr iihnlieh. Ursaehe hierfiir ist, dass

spontan entstehende Vegetation relativ schnell in der Lage ist, die Bodenporositiit den Werten des

Primãrwalds wieder anzuniihem. Die Messung der Porengrõêenverteilung bestiitigt die

Feldbeobaehtungen und ermõglicht Rüeksehlüsse auf das Verhalten von Wasser in versehiedenen

Landnutzungssystemen. Die Verwendung der Porengrõêenverteilung anstelle der Gesamtporositiit

ist daher sehr zu empfehlen.

5 Die TDR- Technik zur Bestimmung des Bodenwassergehalts - Eine Kalibrierungsstudie

Die Time-Domain-Retleetometrie (TDR)-Teehnik erlaubt schnelle, genaue und stõrungsfreie

Messungen des volumetrisehen Wassergehalts 9. Sie basiert auf der Messung der Dielektrizitiits-

Konstanten des Bodens (I:) dureh die Bestimmung der Ausbreitungsgesehwindigkeit von

elektromagnetisehen WeUen. In Forsehungsprojelcten und Monitoringprogrammen, die hohe

Anforderungen an Messgenauigkeit und -zuverliissigkeit steUen, muss man die Fehlerquellen der

TDR-Teehnik in Betraeht ziehen, um diese aussehlie/3en bzw. zurnindest minirnieren zu kõnnen

(z.B. dureh geeignete Kalibrierung und entspreehende Messungsdurehfilhrung). Mehrere

vorangegangene Studien haben gezeigt, dass empirisehe Gleiehungen, die für Bõden in gemii/3igten

Klimazonen entwiekelt worden sind, nieht für die priizise Vorhersage des Wassergehalts tropiseher

Bõden geeignet sind (Dirksen and Dasberg, 1993; Weitz et aI., 1997). Daher soll in diesem Kapitel

die Kalibrierung der TDR-Teehnik für die tonigen Ferrasols in Zentral-Amazonien dureh die

Verwendung von empirisehen oder physikalisehen Gleichungen beschrieben werden. Fehlerquellen,

die bei Verwendung der TDR-Teehnik unter Freilandbedingungen auftreten kõnnen, werden hier

ebenfalls unter besonderer Berüeksiehtigung des Untersuehungsgebiets diskutiert.
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Die Ergebnisse deuten darauf hin, dass die Abschãtzung von e durch die direkte gravirnetrische

Bestimmung und die indirekte Abschãtzung der & -Deterrninanten in etwa die gleiche Genauigkeit

haben. Die hãufig benutzte Topp-Gleichung beschreibt die Daten nur sehr schlecht und tendiert

zudem dazu, e zu hoch zu schãtzen. Unter den getesteten empirischen Gleichungen lieferten die

quadratische Gleichung und die einfachste lineare Wurzel-Quadratgleichung die genauesten

Abschãtzungen fiir e. Die Verbesserungen der e-Abschãtzung mit Hilfe der Multivariant-Funktion

von s und der Trockenrohdichte waren zu schwach, um empfohlen werden zu kõnnen.

Die Alpha-3-Gleichung kõnnte eine gute Altemative darstellen, wenn' die Werte der

Trockenrohdichte sehr stark schwanken und fiir die Dichte nur Schãtzungen vorliegen. Die

Sensitivitãtsanalyse und die Validierung zeigten, dass die Alpha-3-Gleichung ein starkes

Kalibrierungsgleichung ist, sogar dann, wenn nur eine Abschãtzung der Trockenrohdichte vorliegt.

Die physikalisch basierten Gleichungen, Alpha-4, mit a und &BW angepasst, gaben genaue eTDR-

Abschãtzungen und scheinen eine gute Altemative zu sein, wenn die gemessenen Werte

vorwiegend im trockenen Bereich liegen. Weitere Untersuchungen über die dielektrischen

Eigenschaften des an Tonrninerale gebundenen Wassers sind notwendig, um die Alpha-4-Gleichung

fiir fein gekõmte Bõden zu verbessem. Die Schãtzung von e mit Hilfe der TDR-Technik ist im

trockenen Bereich genauer.

Um die richtige Gleichung wãhlen zu kõnnen, müssen sowohl Bodeneigenschaften ais auch die

benõtigte Genauigkeit bekannt sein. Nicht jede Studie benõtigt Messungen mit einer Genauigkeit,

die die betrâchtlichen Aufwendungen an Zeit und Arbeit irn Gelânde fiir die Kalibrierung

rechtfertigen.

6 Bodennutzungseffekte auf die hydraulischen Eigenschaften

Die Bestimmung von hydraulischen Eigenschaften ist zur Beantwortung vieler Fragen in der

landwirtschaftlichen Forschung notwendig. Studien, die mit Wasserflüssen und Transport von

Nãhrstoffen und Pestiziden durch das Bodenprofil, Ãnderungen der Bodenwasserspeicherung, dem

Wasserhaushalt und Boden-Pflanzen-Wasser-Beziehungen zu tun haben, benõtigen zuverlãssige

Abschâtzungen der hydraulischen Eigenschaften. Hydraulische Eigenschaften sind rãurnlich und

zeitlich variabel, infolgedessen ist eine verlâssliche Charakterisierung der Bodenhydraulik sehr

komplex und benõtigt zeitaufwendige Messungen. Desweiteren werden viele hydraulische

Eigenschaften besser von Funktionen beschrieben (z.B. ungesâttigte hydraulische Leitfâhigkeit und

Bodenwasserrückhaltevermõgen) ais von Mittelwerten. Zudem sind die Ergebnisse von vielen

Randbedingungen abhãngig.
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Die meisten ungestõrten tropischen Bõden sind durch eine dicke organische Auflageschicht mit

beachtlicher biotischer Aktivitãt gekennzeichnet, von der sichtbar groBe Kanãle in den Bõden

fiihren, die eine rasche Wasserinfiltration erlauben. Zudem halten die Baumkrone und die

Bodenstreu die Regentropfen auf und reduzieren deren kinetische Energie insbesondere wâhrend

starker Gewitter. Die Entfemung von Vegetation und die Einfiihrung mechanischer

Bodenbearbeitung fiihren zu einer Stõrung des Bodens. Der direkte Aufprall von Regentropfen auf

den ungeschützten Boden intensiviert die Zyklen von Bodendurchnãssung und -trocknung, was

hãufig zu einem raschen Rückgang der Infiltrationsrate fiihrt. Dies kann insbesondere auf hângigen

Ãckern zu Oberflâchenabfluss und Bodenerosion fiihren. Obschon eine hohe Infiltrationsrate

Wasserabfluss und Bodenerosion rninimiert, kann durch die erhõhte Auswaschung die Effektivitãt

von Düngern reduziert und das Grundwasser mit Nãhrstoffen und Pflanzenschutzmitteln

verschmutzt werden. Überdies würden die Auswaschungsprozesse in tropischen Bõden ohne

Bypass-Systeme, in denen das gesarnte Regenwasser durch die Bodenrnatrix flieBt, intensiviert

werden.

In diesem Kapitel wird erstens ein Überblick über die benutzten Gleichungen zur Berechnung der

Bodenwasserfunktionen gegeben und fiir tropische Bõden geeignete Feldmethoden zur Bestirnrnung

hydraulischer Eigenschaften vorgestellt. Auêerdem wird auf spezifische Fehlerquellen und

Verfahren zur Fehlervermeidung bzw. -begrenzung eingegangen. Zweitens werden die

Messergebnisse der gesãttigten hydraulischen Leitfáhigkeit dargestellt. Diese wurde rnit der

Standard-Labormethode an Stechzylinderproben gemessen, irn Gelânde wurden Doppelring-

Tensionsinfiltrometer verwendet. Auâerdem werden Landnutzungssysteme rniteinander verglichen

und statistische Methoden zur Ana1yse von log-normalverteilten Daten prâsentiert und anhand von

Beispielen erlãutert. Drittens werden zur Überprüfung der Messergebnisse der ungesãttigten

hydraulischen Leitfáhigkeit Ergebnisse der Augenblicks-Profil-Methode analysiert. Die

Urnrechnung dieser Daten wird detailliert dargestellt und die Ergebnisse in Bezug auf die

Homogenitãt der hydraulischen Eigenschaften innerhalb des Profils diskutiert. AuBerdem wurden

Messungen mit dem Tensionsinfiltrometer durchgefiihrt, um die ungesãttigte hydraulische

Leitfáhigkeit zwischen und innerhalb verschiedener Landnutzungssysteme, sowie an verschiedenen

Standorten in einem Landnutzungssystem vergleichen zu kõnnen. Skalierungstheorie und

stückweise lineare Regression werden kurz beschrieben und zur Ana1yse der Ergebnisse benutzt.

Schlieíílich wird die Eignung der Inversen Simulation, einer neuen Methode zur Bestimmung der

hydraulischen Funktionen und zur mathematischen Beschreibung der Wasserbewegung, fiir tonige

Ferrasols in verschiedenen Tiefen untersucht.
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6.1 Bestimmung der gesãttigten hydraulischen Leitfãhigkeit

6.1.1 Stechzylinder-Methode (Ks)

Die Stechzylindermethode ist zur Bestimmung der gesâttigten hydraulischen Leitfáhigkeit wegen

des kleinen Stichprobenumfangs, des Vorhanden- oder Nicht-Vorhandenseins von offenen

Makroporen und der variablen Bodenverdichtung wãhrend der Probenahme nur begrenzt einsetzbar.

Obwohl sich einige Trends identifizieren lassen, ist diese Methode wegen der geringen

Zuverlãssigkeit der Ergebnisse bei strukturierten Bõden ungeeignet zur Bestimmung der gesãttigten

hydraulischen Leitfáhigkeit von tonigen Ferrasols.

6.1.2 Doppelring- Infiltrometer (Kfs)

Die hierrn7it erzielten Messergebnisse sind viel weniger variabel ais die Ergebnisse der

Stechzylinderrnethode. Das ist mõglicherweise darauf zurückzuführen, dass die Bodenstruktur

weniger gestõrt wird und das von der Scheibe erfasste Probenvolurnen das REV für die K-

Bestimmung in den tonigen Ferrasols gut approximiert.

Die erhaltenen Kfs-Werte waren wesentlich niedriger ais vorher beschriebene Werte, die für

tonige Ferrasols in Zentralamazonien bestimmt wurden.

Im Agroforstsystem wiesen Bõden unter Pueraria die hõchsten Kfs-Werte auf, gefolgt von Kfs-

Werten neben Cupuaçu-Stãmmen, Die Kfs nahe an Pfirsichpalmen tendiert zu geringeren Werten.

Diese niedrigen Werte stehen irn Gegensatz zur geringeren Bodendichte, die neben den Palmen

gemessen wurde. Diese Ergebnisse deuten daraufhin, dass die Bodendichte für viele Landnutzungs-

systeme ein irrefiihrender Parameter zur Ableitung der hydraulischen Leitfãhigkeit ist. Die

erwartete Reduzierung der Kfs zwischen den Cupuaçus in der Monokultur ais Folge der hõheren

Boden-Dispergierung und der Verringerung der totalen Porositãt lieJ3sich nicht nachweisen. Dies

ist wahrscheinlich auf das Vorkommen von kleinen Rissen zurückzuführen.

Das Vorhandensein groJ3er Makroporen in tonigen Ferrasols führt zu dramatischen

Ânderungen der gesãttigten hydraulischen Leitfâhigkeit, sogar bei kleinen Verãnderungen nahe der

Sãttigung. Die K-Werte steigen weiter merklich an, wenn die Wasserspannung kleine positive

Werte annimmt. Dieses Phãnomen, das durch die Standard-Hydraulikfunktion nicht gut beschrieben

wird, kann bei Nichtberücksichtigung zu schwerwiegender Überschãtzung der Bodenwasserf1üsse

fiihren, speziell beim Auftreten von Wasser-Überstau an der Bodenoberflãche.

Die mit dem Doppe1ring-Tensionsinfiltrometer gemessenen Kfs-Werte werden

sinnvollerweise mit dem Hinweis versehen, dass die Messung ungefãhr bei Matrixpotenzial gleich O
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(h "" O) durehgefiihrt worden ist, aber dieser Wert nieht die maxirnale Infiltrationsrate für tonige

Ferrasols reprãsentiert,

Da die K-Werte log-norrnalverteilt verteilt sind, wurde zur Schâtzung des ersten Moments und der

Varianz die Maxirnum-Likelihood-Methode herangezogen.

Verlâsslichere Methoden für Freilandbedingungen und mathematisehe Theorien zur Besehreibung

von Bõden mit Makroporen sind Gegenstand zukünftiger Untersuehungen.

6.2 Bestinunung der ungesâttigten hydrauJisehen Leitfàhigkeit (K)

6.2.1 Tensions-Infiltrometer (TI)

Tensions-Infiltrometer sind relativ billig, robust und eine einfaehe Feldmethode zur Bestinunung

der ungesãttigten hydrauJisehen Leitfàhigkeit in tonigen Ferrasols. Da K nahe der Sãttigung hoeh

variabel ist, werden die Daten besser unter Verwendung der relativen Wasserleitfàhigkeit und der

Skalierungstheorie ausgewertet.

Die stüekweise lineare Regression erlaubt die Abschâtzung eines Wendepunkts, der zwisehen 15 -

40 mm Wasserspannung liegt. Dieser teilt zwei prozessual untersehiedliehe Bereiehe, die die

hydrauJisehe Leitfàhigkeit der tonigen Ferrasols kontroJlieren.

K sehwankt zwisehen 0-70 mm Matrixpotenzial um drei bis vier GrõBenordnungen.

Untersehiedliehe Landnutzungssysteme und Pflanzenarten hatten naehweislieh Auswirkungen auf

die ungesãttigte hydrauJisehe Leitfàhigkeit. Diese Untersehiede kõnnen bei Nieht-Berüeksiehtigung

eine Fehlerquelle in Wasser- und StofRransport-Studien darstellen.

Der Boden nahe der Cupuaçustãmme zeigt erhõhte K-Werte. Dies ist wahrseheinlieh auf das besser

entwiekelte Feinwurzelsystem nahe der Bodenoberflãche zurüekzufiihren. Nahe an Pfirsiehpalmen-

Stãmmen wurden die kleinsten K-Werte gefunden.

Eine Begrenzung der TI ist ihr geringer Messbereieh. Allerdings kõnnen die mit TI gemessenen

Daten mit den Ergebnissen anderer Methoden kombiniert werden, um einen Überbliek über einen

groJ3enMessbereieh ungesãttigter Leitfàhigkeiten zu erhalten.

6.2.2 Augenblieksprofilsmethode (IPM)

Die dureh die lineare Forrn der Exponentialmodells geschãtzte K-9 Funktion zeigt sehr gute

Übereinstimmung mit den gemessenen Daten für die Tiefen 10, 20 und 40 em, aber signifikante

Abweiehungen für die Tiefen 60, 80 und 90 em.
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Âhnlichkeiten zwischen den Gleiehungen K(8) oder K(h), wurden in Bezug auf Parallelitãt und

Konkordanz getestet, um die Zahl der benõtigten Gleichungen, die die Wasserflüsse in einem

Bodenprofil besehreiben, zu reduzieren. Die Parallelitãt zwisehen einigen K(h) Gleiehungen zeigt,

dass tonige Ferrasols ein âhnliches hydraulisehes Verhalten haben. Der Naehweis eines loekeren

Horizonts zwisehen zwei kompakteren Horizonten, der durch die Analyse der

Porengrõêenverteilung festgestellt worden ist, konnte noehmals bestãtigt werden.

6.3 Labor- und Feldbestimmung des Bodenwasserrückhaltevermõgens [8(h)]

Die Ergebnisse der 8 - h Datenpaare zeigen nur für die Tiefenstufe 10 em eine gute

Übereinstimmung zwischen Feld- und Labordaten. Für die meisten Tiefen lãsst sieh tendenziell die

Überschãtzung der Felddaten dureh die Labordaten beobaehten. Die dureh die Probenahme

verursaehte Bodenverdiehtung kõnnte die hõheren Werte von 8 (bei gleiehem h) für die Labordaten

erklãren, Die vielen Faktoren (Bodenvariabilitãt, Probenahmevolumen, Kalibrierung der

Messinstrumente, Genauigkeit und Reaktionszeit der Tensiometer, Temperatursehwankungen,

Hysterese und Lufteinsehluss), die die Bestimmungsgenauigkeit des Bodenrückhaltevermõgens

verfãlschen, wurden in dieser detaillierten Studie genau erõrtert,

6.4 Inverse Simulation

Die Ergebnisse der inversen Simulation zur Vorhersage der Entwieklung der Wassergehalte in den

mit der Augenblieks-Profilmethode gewonnenen Profilen [8 (t, z)] waren überrasehend gut. Die

inverse Simulation unter Verwendung der unimodalen van Genuehten - Mualem - Gleiehung war

in der Lage, den Versiekerungsprozess bis zu einer Tiefe von 60 em prãzise zu besehreiben.

Allerdings wurde für diese genaue Beschreibung der Bodenwasserdynamik eine hochaufgelõste

Diskretisierung des Bodenprofils benõtigt. Die Übereinstimmung zwisehen der mit der inversen

Methode geschãtzten hydraulisehen Leitfàhigkeit und den mit der IPM-Methode bereehneten

Ergebnissen war ebenfalls gut. Die BodenwasseITÜekhaltekurve ist nieht so genau, da die optimalen

Werte wãhrend des Optimierungs- und Kalibrierungsverfahrens verãndert wurden. Deshalb kann es

vorteilhaft sein, das parametrisehe Modell von K(8) oder K(h) anzuwenden, das nieht mit der 8 (h)-

Funktion gekoppelt ist; ansonsten sollten die Funktionen getrennt angepasst werden.

Die Ergebnisse zeigen die Durehfiihrbarkeit der inversen Methode, sowie ihre Flexibilitãt und ihre

Vorteile. Jedoeh sollte der Erfolg der inversen Modellierung für die tonigen Ferrasols vorsiehtig

interpretiert werden. Er hãngt wahrseheinlieh von den verwendeten Daten ab, wo der
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vorherrschende Wasserfluss verrnutlich nur durch die von Mikroporen durchzogene Bodenmatrix

stattfand.

Die mit der inversen Methode bestirnrnten K-Funktionen sind nur fiir den untersuchten Bereich von

e gilltig. Auf eine Extrapolation sollte insbesondere nahe der Sãttigung und in tieferen Schichten

verzichtet werden. Die Fãhigkeit der inversen Methode, die hydraulischen Funktionen in einem

weiten Gültigkeitsbereich unter Einschluss von Makroporen-Flüssen nahe der Sãttigung zu

bestirnrnen, ist Gegenstand weiterer Untersuchungen. Vorlâufige Ergebnise, die Resultate von

verschiedenen die inverse Methode benutzenden Untersuchungen einbeziehen, sind

vielversprechend.

7 Schlussfolgerungen und Ausblick

Dieses Kapitel wird weder einen urnfassenden Rückblick über Einzelaspekte der Ergebnisse noch

über die Eignung der untersuchten Methoden geben. Die Ergebnisse und Schlussfolgerungen

wurden am Ende des jeweiligen Kapitels erlâutert. In diesem Kapitel habe ich versucht, die

Ergebnisse in einer urnfassenden Forrn zu interpretieren und einige Schlussfolgerungen gezogen.

Zugleich gehe ich auf einige Aspekte ein, die zukünftig noch untersucht werden sollten.

7.1 BodnennutzungefIekte auf die hydraulischen und bodenphysikalische Eigenschaften

Bodendichte und Flockungsindex haben sich ais nützliche physikalische Indikatoren zum

Monitoring der Bodenqualitãt erwiesen. Der Einsatz von Dünger und Kalk hatte Auswirkungen auf

die Stabilitât k1einer Bodenaggregate und die Bestirnrnung des Flockungsindex gibt Hinweise auf

Verânderungen in der natürlichen Aggregierung von Tonpartikeln. Die Ergebnisse der

Dichtemessungen schwanken zwischen 0.8 bis 1.1 Mg kg", wobei niedrige Werte ein Hinweis auf

stark aggregierte Bõden sind. AuI3erdem sind die Bodendichten nicht invers mit den

Infiltrationsraten korreliert, wie man es eigentlich erwarten würde. Ais Folge der Flockung und der

Aggregation in den Ferralsols verhalten sich diese Bõden hinsichtlich Wasserinfiltration nahe der

Sãttigung wie Sand. Bei hõheren Wasserspannungen verhalten sich Infiltrationsraten und

Wasserspeicherverrnõgen jedoch wie bei Tonbõden. Dieses ungewõhnliche Verhalten der tonigen

Ferralsols in Kombination mit der bimodalen KorngrõBenverteilung, in dem sie Eigenschaften von

Sand- und Tonbõden vereinigen, fiihrt dazu, dass viele Pedotransferfunktionen, die die Struktur und

die Dichte ais Inputparameter zur Bestimmung der hydraulischen Eigenschaften benutzen,

fehlschlagen. Weitere Untersuchungen über Flockungs- und Aggregationsphãnomene in
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Zusarnrnenhang mit organischer Substanz und speziell die Eisenoxid-Dynamik sollten verstiirkt

gefõrdert werden.

Die Porengrõf3enverteilung und ihre komplizierte Geometrie und Kontinuitiit kontrollieren die

Wasserbewegung. Deshalb ist die genaue Kenntnis der Porositiitseigenschaften und ihrer

nutzungsbedingten Verãnderungen ein Schlüsselfaktor, um Ferralsols mit guten

bodenphysikalischen Qualitiiten zu erhalten. Methodische Studien über die Bestirnrnung der

Porengrõf3enverteilung, -kontinuitãt und -stabilitiit, sowie der fiir den Auf- und Abbau des

Porensystems verantwortlichen Faktoren, sind faszinierende Fragestellungen fiir die Zukunft.

Die meisten Kalibrierungsfunktionen sind nicht in der Lage, die dielektrische Leitfáhigkeit (E) mit

dem volumetrischen Wassergehalt (6) in Beziehung zu setzen. Dies führt zu schwerwiegenden

Schiitzfehlem von 6 in den tonigen Ferralsols, wenn die fiir die tonigen Ferralsols entwickelte

spezifische Kalibrierung nicht angewandt wird. Das Versagen der Kalibrierungsfunktionen hãngt

mit der ungewõhnlichen Kombination von Dichte [ca. 1.00 Mg kg·l] und hohem Tonpartikel-Anteil

[> 600 g kg'l] zusarnrnen. Die Anwendung physikalisch-basierter Modelle, die E mit 6 in Beziehung

setzen, kõnnte bei besserer Kenntnisse der an Tonpartikel gebundenen Wasserrnenge und der

Menge des freien Bodenwassers optimiert werden. Untersuchungen, die die spezifische

Bodenoberfliiche mit E in Beziehung setzen, kõnnen nicht nur zu einer genaueren Schiitzung von 6

fiihren, sondem auch den Restwasser-Gehalt (Br) besser bestirnrnen. Letzterer geht ais Parameter in

die meisten Wassertransport-Modelle ein. Die direkte Verwendung von E in Studien zum

Wassertransport anstelle direkter Kalibrierung von E stellt ebenfalls eine Mõglichkeit dar, die

untersucht werden sollte.

Die Unsicherheiten zur Bestirnrnung der Wasserflüsse nahe der Siittigung unter Anwendung der

K(6) oder K(h) Funktionen ergeben sich aus dem exponentiellen Verhalten nahe Siittigung (d.h. in

den linearen Modellen, Hânge mit sehr hohen Werten). Dieses Problem ist sehr stark in sehr gut

strukturierten Bõden, wie es die tonigen Ferrasols im Zentralen Amazonas Gebiet sind. Daraus

leitet sich ais Konsequenz ab, dass bereits eine kleine Ãnderung von 6 oder h eine dramatische

Ânderung von K zur Folge hat. Egal welche Gleichung benutzt wird, ist dies eine wesentliche

Eigenschaft von tonigen Ferrasols (und anderen sehr gut strukturierten Bõden), Somit ist bei der

Bestirnrnung der Wasserflüsse bei beinahe Siittigung dieses Phãnomen sehr aussagekriiftig und karm

zur hõheren Unsicherheiten bei den bestirnrnten und geschiitzten Werten fiihren.

Es ist schwer die Unsicherheiten der Bestirnrnungen abzuschiitzen und diese in numerischen

Simulationen anzuwenden, wenn man die hydraulische Gleichung anwendet, da sie von vielen
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Pararnetem in strenger nichtlinearer Art und Weise abhãngt. Die Anwendung von vielen

Pararnetem macht die Modellierung und die statistische Analyse zu kompliziert und verwirrend.

Andererseits ist es unrealistisch zu versuchen genaue Bestimmungen der hydraulischen Leitfáhikeit

durch den gesarnten Wassergehaltsbereich zu erhalten und dafiir nur eine einzige und einfache

Bodengleichung zu verwenden.

Wahrscheinlich stellt eine Môglichkeit fiir die Modellierung der Wasserflüsse in strukturierten

Bôden, wie es die tonigen Ferrasols irn Zentral Amazonas Gebiet sind, stückweise lineare

Regression mit nur einem oder zwei Parametem fiir spezifische Bereiche von ausgepâgten

hydraulischen Verhalten zu entwicklen (z.B. der Domãne des Makroporenflusses; Kapillarfluss und

Absorptionsdomãne). Die Teilgleichung kõnnte sicherlich die variablen Felddaten mit der gleichen

Sicherheit ais ausgeklügelte Funktionen beschreiben, allerdings müssen sie einfache analytische

Lõsungen und machbare statistische Analysen zulassen.

7.1 Bodenqualitãt und Nachhaltigkeit der Landnutzungssysteme

AlIgemeine Aspekte der drei untersuchten Landnutzungssysteme, des Sekundâr- und des

Primârwaldes wurden bereits in vorangegangenen Kapiteln kurz diskutiert. Wie in der Einfiihrung

beschrieben, hãngen mit dem Konzept der Nachhaltigkeit auch wirtschaftliche und soziale Fragen

zusammen. In diesem Kapitel wird der BegriffNachhaltigkeit jedoch auf bio-physikalische Aspekte

beschãnkt.

Die Versuchsergebnisse der Cupuaçu-Monokultur zeigen, dass die Bodenbedeckung zwischen den

Baurnreihen in den ersten Jahren nach Anlage der Plantage entscheidend fiir die Erhaltung der

Bodenqualitãt ist. Pueraria phaseoloides scheint ais Bodendecker gut geeignet zu sein, um die

Porositãt toniger Ferralsols wiederherzustellen.

In der Pfírsichpalmen-Monokultur konnte eine Reduktion der Wasserflüsse beobachtet werden. Die

Pfirsichpalme reagiert sensibel auf unzureichende Bodenbelüftung. Die hydraulischen

Eigenschaften sollten daher in Hinblick auf unterschiedliche Anbaumethoden untersucht werden,

um diese so zu optimieren, dass die Bodendurchlüftung auf einem tolerierbaren Niveau bleibt. Um

hydraulische und physikalische Pararneter ais Indikatoren fiir die Bodenqualitât besser verwenden

zu kõnnen, müssen jedoch das Wachstum der Pfirsichpalme lirnitierende kritische Werte eingefiihrt

werden. Die Reduktion der Bodenleitfáhigkeit wird offensichtlich durch die Wurzelsystem bedingte
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Bodenverdichtung verursacht. Dieses Phânornen kõnnte in weniger durchliissigen Bõden

schwerwiegender ais bei den Ferralsol sein.

In Agroforstsystemen erzeugen die verschiedenen Pflanzeneigenschaften und pflanzenart-

spezifische Anbaumethoden komplizierte Muster. Um Baumstiimme herum entstehen kleine

Fliichen mit abweichenden Bodeneigenschaften. Die Messung von Bodenqualitãtsparametern in

einem komplizierten System, wie es die Agroforstsysteme darstellen, setzt ein durchdachtes

Probenahmeschema voraus, dass eine Grõêenabschãtzung der von den Baumstiimmen beeinflussten

Fliichen erlaubt. Mit dem Probenahmeschema kõnnen mõglicherweise wichtige Berechnungen, wie

die Ermittlung von Extremwerten oder die Berechnung von gewichteten Mitteln für das ganze

System durchgeführt werden. Gewichtete Mittel kõnnen zum Vergleich verschiedener

Landnutzungssysteme herangezogen werden, indem sie die durchschnittliche Bodenstruktur ais

Referenz benutzen. AuJ3erdem kõnnen Kombinationen verschiedener Pflanzen Anbaumethoden

ausprobiert werden, um eine ideale Bodenstruktur zu erhalten. Die Erstellung einer Datenbank mit

Baum- und Nutzpflanzen-Produktivitiitsdaten in Abhãngigkeit von Anbaumethoden und anderen

Parametem erlaubt es, zukünftige oder hypothetische Szenarien zu simulieren. Diese kõnnen dann

bei der Landnutzungs-Planung benutzt werden, um geeignete Kombinationen von Pflanzen und

Anbaumethoden zu finden.

Der Sekundiirwald scheint effiziente Mechanismen zur Wiederherstellung der Bodenqualitiit zu

besitzen; viele Parameter in diesem System sind den Werten, die im Primiirregenwald gefunden

wurden, iihnlich. Zusiitzlich zu MaJ3nahmen zur Steigerung der Biomasseanreicherung kõnnten

weitere Untersuchungen Prozesse erforschen, die im von Sekundiirwald bedeckten Boden ablaufen.

Ein besseres Verstãndnis dieser Mechanismen kõnnte es erlauben, Ansiitze zu finden, welche die

Zeitsparme, die die Sekundiirvegetation zur Wiederherstellung der Bodenqualitiit benõtigt, verkürzt.

Folglich kõnnten auch die Zeitintervalle der Rotationsfliichen im Brandrodungsfeldbau reduziert

werden.

Der Primiirwald weist eine optimale Kombination von bodenphysikalischen und -hydraulischen

Eigenschaften auf, um die knappen Niihrstoffe in den tonigen Ferralsols zu erhalten. Das bimodale

Porensystem erlaubt es dem Wasser nach einem heftigen Regenfall schnell durch die Makroporen

abzuflieJ3en, indem es an der Bodenrnatrix vorbeigeleitet wird. Das Restwasser im Boden flieJ3tsehr

langsam ab und ermõglicht es den gelõsten Niihrstoffen von der Bodenrnatrix absorbiert oder durch

die Pflanzenwurzeln aufgenommen zu werden. Die optimale Funktionsweise dieses Systems

hinsichtlich der Auswaschungs-Reduzierung aus der Bodenrnatrix ist mit der in Zentral-Amazonien

üblichen hohen Niederschlagsintensitiit gekoppelt. Zudem ist das Mikroporensystem bei trockenem
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Boden sehr effizient, um Wasser von unregelmãêigen Regenfãllen aufzunehmen, die in Amazonien

in der Trockenzeit auftreten.

Basierend auf den Erkenntnissen dieser Studie werden Praktiken zur Optimierung des Einsatzes von

Düngemitteln und zur Reduzierung der Pflanzenschutzmittel-Auswaschung ins Grundwasser

vorgestellt. 1m Gegensatz zur Lehrmeinung kann Makroporenfluss die Auswaschungsraten

verringem, wenn die Nlihrstoffe in der Bodenrnatrix gebunden sind und das Wasser nicht durch die

Matrix flief3t.Aufbauend auf dieser Aussage ist die Untersuchung verschiedener Mõg\ichkeiten die

Nlihrstoffaufnahme in die Bodenrnatrix zu verbessem sehr wichtig. Es sollten Studien gefõrdert

werden die die Einarbeitung von Düngemitteln verbessem, z.B, durch direkte Einarbeitung in die

Bodenrnatrix, die Aufsplittung des Düngers in mehrere Teilgaben und durch den Gebrauch von

feinkõmigem Mineraldünger, da dieser schneller mit der Bodenrnatrix reagiert. Auf3erdem sollten

Untersuchungen über die geeignete Bodenfeuchtigkeit wãhrend der Düngemittelverteilung gemacht

werden.

Eine bessere Vorhersage der Wasserflüsse in tonigen Ferralsols wird mõglich, wenn die

Bedingungen unter denen Makroporenfluss auftritt bekannt sind. Dies ist sicherlich kein triviales

Problem, da dieser Prozess nicht nur von der Niederschlagsrate, sondem auch von der aktuell

vorhandenen Bodenfeuchtigkeit abhãngt. Auf3erdem gibt es irnrner noch einen Bedarf an besseren

mathematischen Gleichungen, die die Makroporenflüsse beschreiben. Sollte dies erreicht werden,

kõnnte ein umsichtiger Gebrauch von Düngemitteln und Pestiziden vorausgesagt und empfohlen

werden. Ais Konsequenz daraus kann das Makroporensystem zu einer Reduzierung der

Auswaschung beitragen.

Es ist fraglich, ob auf tonigen Ferralsols ein produktives Landnutzungssystem ohne exteme Inputs

langfristig aufrechterhalten werden kann. Umgekehrt kõnnen die Kleinbauem in Zentralamazonien

keine hohen frnanziellen Investitionen fiir die landwirtschaftliche Produktion tâtigen. Das paradoxe

Problem muss gelõst werden, damit ein altematives Landnutzungssystem zum

Brandrodungsfeldbau gefunden werden kann. Offensichtlich hângt die Einfiihrung eines geeigneten

Landnutzungssystems fiir Zentral-Amazonien nicht nur von geeigneten Anbautechniken, sondem

auch von der Sozial- und Wirtschaftspolitik ab.



Chapter 1

"It is entirely impossible in lhe Amazon 10 take stock of the vastness, which can be measured only in fragments; of the

expansiveness of space, which must be diminished 10 be appraised, of an infinity which al/ows itself to be seen only by

making itself tiny, through microscopes; and of an infinity which is meted out little by liale, slowly, indefinitely,

excruciatingly. The land is still mysterious ...

Euclides da Cunha; 1904.

1 INTRODUCTION

1.1 The land use system in the Amazon

During the numerous economic cycles in the Amazon, serious difficulties hampered the

development of intensive agricultura! activity that would lead to expansion and economic

independence of the local populations.

Since the collapse of the extractive rubber system from the forest due to production in large

scale from plantations in Asia, at the beginning ofthe last century; different development policies to

incentive agricultural production have been attempted. The rubber system was partly maintained

through subsidies until the seventies, when more intensive programs of colonisation of the Amazon

started. These programs have had as a consequence the conversion of forest areas to pasture and

agricultural fields.

10 the last decades the deforestation of Amazon primary forest and its potentia!

environrnental consequences got increasing public attention. One aspect is the possible climatic

effect, in which changes of land use systems may lead to changes in water balance pattems (Gash et

a!. 1996), and may lead to significant soil carbon losses to the atrnosphere (Fearnside and Barbosa,

1996; Moraes et al., 1996). However, both hypotheses have no scientific consensus.

Conservation of biodiverstiy is doubtless a good reason to preserve the primary forest. But,

there is a need of identification and delineation of areas to be protected and a way of promoting

practical use of Amazon biodiversity must be found. Biodiversity can not only be seen as a deposit

of potential resources for future generations, but the economic benefit of the local population has to

be regarded as well.

Another aspect concems the agriculture potential of the upland soil in the central Amazon.

Their low fertility, high nutrient leaching potential and ideal conditions for many plant diseases

made it always doubtful whether it would be economically feasible to implement a productive

agriculture in the region.

The traditional slash-and-burn method of agriculture is still practised by most of the small

farmers in the Brazilian Amazon. The most typical way ofthis method is as follows: first trees with

market demand are cut and sold. The remaining trees are slashed and left to dry, then the whole area
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is burned. Crops are then planted and the ashes provide the nutrients needed. The first-year crop

production (mainly manioc, rice, beans or com or manioc directly) is usually fairly high in yield. By

the second year the quantity and quality of yield declines because of decreasing nutrient availability

and weed encroachment. Usually after three to five years the area must be allowed to revert to

secondary forest (capoeira) and a new area must be cleared. Since the soil quality does not

regenerate quickly, the soil should not be used for agricultural production for many years (pousio).

The frequency of rotations depends upon soil natural fertility, and varies between 10 - 20 years.

Therefore, the slash-and-burn system needs large areas, and it is an unsustainable agriculture system

nowadays because ofthe growth ofthe population.

The agronomic failures of many land use systems proposed to Amazon have been explained

associating environrnental factors with inadequate management. The same processes of degradation

that diminish productivity in the traditional slash-and burn system are responsible for the decrease

of productivity in more elaborate land use systems. A better understanding of these processes is

therefore a key factor for managing a land use system in a sustainable manner.

In many studies conceming sustainable land use of the Amazon region, attention has been

focused on environrnental quality rather than on the Amazonian population, the cabloe/os. The

small farmers in the Brazilian Amazon have been accused of destroying the primary forest. But, the

smallholders tend to prefer previously cleared and regenerated areas by the pousio than to clear new

areas ofprimary forest to install their agricultural fields. Furthermore, until now a feasible land use

system to substitute the traditional slash-and-burn system is not available for most areas in the

Brazilian Amazon. Therefore, shifting cultivation still is the only chance of surviving from

agricultural activities.

The challenge to formulate a suitable land use system, apart from economic considerations,

geo-political motives and questions of sovereignty, should be addressed considering that in the

Brazilian Amazon tive about 600.000 small farmers (Homma et a!., 1998 - p.l32) who have the

endless human need of food, home, clothes, schools for their children and medical and sanitation

facilities.

Agricultural land use systems with perennial crops are considered more suitable for the

upland soils of the Amazon than annual crops. They may maintain soil quality, improve living

standards for the local population and improve environrnental quality. Further, they can reduce the

pressure of deforestation on areas of primary forest. However, despite the general advantages of

perennial compared with annual cropping systems; symptoms of fertility decline have been reported

also from tree crop based systems in the humid tropics (Caliman et a!., 1987; Ekanade, 1987).

Therefore, the processes of soil degradation in agriculture systems must be further investigated.
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1.2 Soil quality and sustainable land use systems

The concepts of soi! quality and land sustainability have been discussed for severaI years

now and many definitions have been proposed. These concepts are not interchangeable and

comprise different definitions. In this study, soil quality is defrned as:

"The capacity of a specific kind of soil to function within natural or managed

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

water and air quality, and support human health and habitation. "

(Karlen et aI. 1997)

and sustainable land management as:

"Combination of technologies, policies, and activities aimed at integrating socio-economic

principies with environmental concerns so as to simultaneously maintain or enhance

production, reduce the levei of production risk, protect the potential of natural resources

and prevent (buffer against) soil and water degradation, be economica//y viable, and be

socia//y acceptable. "

(Smyth and Dumanski, 1993)

Soi! quality is effectively a condition of a site and it can be studied using only soil data.

Suitable land management studies require the integration of biophysical data with economic and

social demands. Because only soi! data were analysed in this study the findings here refer basically

to soil quality concems.

Soil and land management practices are prirnary determinants of soil quality and its

assessment is fundamental to determine the sustainability of land management systems (Karlen et

aI., 1997). Therefore, choice ofland use and soil management practices should be made considering

restoration and maintenance of high soi! quality. Soil quality can be measured by monitoring

several indicators. The type of indicator chosen depends on the soi! function (agricultural

production, filtering and buffering pollutants, etc) and scale (e.g. field, farm, watershed) in which

the evaluation is made (Mausbach and Seybold, 1998; Doran et al., 1999).

In terms of agricultural production, the function of the soil refers to its ability to sustain

productivity. Soil quality indicators in this study address to identify physical and hydrauJic

properties and processes related to the arrangement of soil particles and voids (i.e., soil porosity).

However, for an indicator to be useful in assessing soil quality, reference values must be established
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(Mausbach and Seybold, 1998) or a better understanding of the dynamic physical processes

dependent on the parameter must be known (Wagenet and Hudson, 1997). The analysis of soil

quality on a physical-process-approach as proposed by Wagenet and Hudson (1997) may permit to

anticipate the effects of dynamic processes rather than just measuring them retrospectively.

1.3Objectives ofthis study

This study is part ofthe long-term SHIFT program (Studies ofHuman Impact on Forest and

floodplains in the Tropics) for the recultivation of degraded sites on upland c1ayey Ferralsols near

Manaus. If this objective can be achieved, there is a chance to reintroduce those areas into the

agricultural production processo

The use of more sophisticated simulation models of water fluxes or plant growth requires

spatially representative parameters describing the soil physical and hydraulic properties at several

depths. Nowadays, many models are available or may be developed. However, the gap of

knowledge of many soil physical and hydraulic parameters limit their utilisation in simulation

studies for the central Amazon. The problem is particularly serious for the clayey Ferralsols because

little is known about their physical and hydraulic properties and how they change as a result of

different land use systems. Methodological and theoretical problems arise because of their unusual

behaviour. The clayey Ferralsols hold and transmit water at higher water potential like a typical

c1ayey soil, but the infiltration rates and water fluxes near saturation are typical for sandy soils.

The overall objective of this work are i) to investigate suitable methods for evaluating and

characterising soil physical and hydraulic properties of the c1ayey Ferralsol and ii) to compare

physical indicators of soil quality evaluated in land use systems common1y used in the central

Amazon. This knowledge might be useful for the development of sustainable, permanent land use

systems for this region.

This study starts with this brief review about land use systems in the Amazon, soil quality

parameters, and the lack of knowledge of the properties of c1ayey Ferralsols, which represent a

large portion of the central Amazon soils. Chapter 2 presents some general aspects about climate,

vegetation, geology and the c1ayey Ferralsols ofthe central Amazon, and a detailed description and

history of the experiment site. Chapter 3 discusses the measurement of some physical parameters in

order to characterise soil structure and its relation to some chemical aspects of the soil. The

statistical contrast analysis technique conjoint with weighted average methods is proposed as a tool

to compare soil parameters that assumes different values within a land use system. Chapter 4

discusses the evaluation of the soil porosity and its interpretation in relation to water dynamics. In

Chapter 5 the viability of measurement of volumetric soil water content (6) using TDR technique
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and its necessary calibration is shown, Relevant factors of influencing the e evaluation in field

conditions are also discussed. Evaluation ofhydraulic properties is the topic ofChapter 6. Saturated

and unsaturated hydraulic properties evaluated by different methods and on different land use

systems are discussed and compared. The new inverse method of determining hydraulic properties

is also presented. Inferences about the functioning of a dual hydraulic system composed of

macropores and micropores are discussed. General conclusions and recommendations for further

investigations are outlined in Chapter 7. Ali data used in this study are shown in appendices at the

end of the respective chapter. Some statistical techniques are discussed in more details. Also, the

complete handling of data is given. Throughout the text some effort was made to demonstrate the

efficiency of using more advanced statistical or mathematical techniques (e.g., scaling theory, test

for identity of models, piecewise regression, log-normal distributions and non-linear regression)

which are not commonly used by researchers of land use systems, but however, are very useful, if

not absolutely necessary to analyse and interpret the high variable soi! physical and hydraulic

parameters.
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2 SITE DESCRlPTION

2.1 Location

The study was carried out on the research station ofEMBRAPA - Amazônia Ocidental near

Manaus in the central Brazilian Amazon (3° 8' S, 59° 52' W, 40-50 m a.s.I.).

Figure 2.1 Map of Brazil in South America and the Brazilian Amazon. The arrow points to the

location ofthe study area, near to the city ofManaus - Brazil.

2.2 Climate

The average monthly temperature varies very little throughout the central Amazon, in part

because there are no relief effects. In the region of Manaus, the highest average monthly

temperature, 28°C occurs in September and the lowest, 26°C, between February and April (Salati,

1985).

The relationship among intensity, frequency and duration of rainfall events was studied in

lhe Manaus region by Marques Filho et aI. (1981) and Paiva (1996). Their results show an average

of lhe annual rainfall in lhe order of 2400 - 2500 mm and a marked seasonal dependence, with a

monthly maximum in February - March (average around 320 mm) and a minimum in August -

September (average around 80 mm). Moreover, the precipitation often occurs as a heavy rains of

short duration. Following the criteria for the Kõppen c1assification given by Critchfield (1983), the

site should be c1assified as Af, and not as Aw as first proposed by Rodrigues et aI. (1972), because

the rainfall amount has normally more than 60 mm in the driest months.
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The average potential evapotranspiration for the whole Amazon basin calculated by using

Penrnan's equation resulted in 1460 mm year' (Villa Nova et al., 1976). Ribeiro and Villa Nova

(1979) applying the Thomthwaite and Mather's method estirnated a potential evapotranspiration of

1536 mm year" for an annual mean precipitation of 2478 mm. They estirnated an actual

evapotranspiration of 1508 mm year -I. Their results shows that the values of potential and actual

evapotranspiration are practically the same for the whole year, except for three months (August -

September - October) when a soil-water deficit occurs. Using a water budget model, Leopoldo et al.

(1995) estirnated an actual evapotranspiration of 1493 mm year -I. They concluded that the actual

and potential evapotranspiration can be considered as being of the same magnitude. A similar resuIt

is given by Shuttleworth (1988) who estirnate an annual evapotranspiration of 1320 mm, 328 mm of

which stems from direct evaporation of the rainfall intercepted by the forest canopy, and 992 mm

from forest transpiration.

Most part of the specific meteorological studies in Manaus were carried out in the Ducke

Forest Reserve (Villa Nova et al., 1976; Ribeiro et al., 1987; Marques et al., 1987; Shuttleworth et

al., 1988 Viswanadham et al., 1991) located about 10 km far away from this experirnent. Specific

microclimate data from this experiment from the years 1994 and 1995 were analysed by Cabral et

al. (1997). The rainfall interception, throughfall and stemflow were studied in the present

experirnent (Schroth et a!.; 1999 a). Interception studies for the prirnary forest were conducted by

NorthcIiff and Thomes (1981); Franken et al, (1982); Leopoldo et al, (1987) and L10yd et al, (1988

a, b).

2.3 Geology and the c1ayey Ferralsols

The soils covering sedirnents in the central Amazon results from the weathering of tertiary

fluvio-lacustrine deposits, which belong to the so-called "Barreiras forrnation". It consists of cross-

bedded sandstone with intercaled argilites, with predominance of quartz and kaolinite and with

feldspar and muscovite as minor components (Chauvel, 1987).

The soil forrned on the plateaux and on the upper part of the slopes is a cIayey, deeply

weathered Ferralsols (Chauvel, 1987; Comu et al., 1998). This strongly weathering results from

processes that involve intense dissolution of quartz, concentration of aluminium hydroxide, and

crystallisation ofkaolinite (Irion, 1984; Chauvel, 1987; Comu, 1998). It has the consequence that

the soil is norrnally very poor in nutrients (e.g., phosphorus, calcium, magnesium, and potassium).

The soil in the experiment is classified as Xanthic Ferralsol according to FAO legend (FAO,

1990). It is cIassified as a Xanthic Hapludox following the Soil taxonomy (Soil Survey Staff, 1997)
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or as Latossolo amarelo using the Brazilian classification system (EMBRAPA, 1999). The clayey

Ferralsols is a representative soil oflarge areas in the central Amazon (Vieira and Santos, 1987).

The soil physical and chemical characteristics evaluated in the site where this study was

carried out are very similar to those described by Camargo and Rodrigues (1979) and Rodrigues et

aI. (1972). It normally shows a high clay content on the surface, with 600 -750 kg m·3 ofclay in the

first 30 em; and very clayey down, with 750 - 850 kg m-3 of clay. The clay fraction is dominated by

kaolinite with some gibbsite (Camargo and Rodrigues, 1979; Silva, 1997).

It shows a strongly microaggregation, possibly, as a consequence of the strong binding

between positively charged oxyhydroxides and negatively charged kao!inite and organic matter

(Sanches, 1976).

The pH measured in water has in the soil surface values of about 4.5 and it goes up in the

lower parts ofthe profile. The sum ofexchangeable bases (Ca++,Mg++,K+, Na~ is very low, about

0.60 cmol, kg' in the A horizon and goes down to 0.3 - 0.1 cmol, kg" below. Available

phosphorus is only appreciable in the A horizon, 3 ppm according to Melhich II method and its

decrease to the unit in depths part of the profile. The organic carbon is about 30 g kg -I in the A

horizon, however its values are reduced rapidly with depth, measuring about 2-3 g kg·1 at 200 em

deep. Detailed chemical characteristic ofthis experiment is given by Preisinger (1997); Teixeira and

Villani (1997); Schroth et aI. (1999 b) and Schroth et aI. (2000 a, b).

2.4 Vegetation

The clayey Ferralsols are covered by a dense, humid, evergreen rain forest the so-called

forest on terra-firme. Although, the physiognomy ofthe rain forest is quite uniform throughout the

region, a detailed examination shows a great diversity of species between different sites (Murça

Pires, 1984; Guillaument, 1987). The canopy of the primary forest has a height of e 30 m. The

understory of dense tropical forest is dirnly illurninated and for this reason, generally free of vines,

bushes, herb or low vegetation (Murça Pires, 1984). The relative humidity approaches 100 % above

the canopy. Therefore direct evaporation from the soil is about zero (Leopoldo et aI., 1987).

The development of a dense forest on soils formed from a nutrient poor parent rock poses a

problem which had attracted the attention of the researchers in decade of 60 (Kitamura, 1994). It

was explained by the fact that a tropical condition ofhigh temperature and high precipitation allows

for intense photosynthesis activity and since the tropical forest is a very old formation, there has

been sufficient time for nutrients to be sequestered in the biomass of plants (Murça Pires, 1984).

The nutrients necessary to maintain this process are essentially tied up in the biomass of the

forest and recycled once and again via decomposition and reabsortion by plant and fauna activity
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with smalllosses being compensated by the mineral input in the rain (Leopoldo et al., 1987; Comu

et aI., 1998). Moreover, the works ofNepstad et aI. (1994) show that the root system ofthe forest

plants can reach greater depth and a significant proportion of the soil water is extracted from depths

below 2 m, reducing the water stress in the dry periods.

2.5 Land use, experiment design and management

Some studies about plant-induced soil changes frequently encountered the confounding

effects of site variability and land-use history. If soil is initially well characterised, then any

differences in soil properties that arise over time among experimental treatrnents can be attributed to

plant and management effects. Therefore, a detailed history of the site is described below, and

allows explaining some results found in the actual experiments.

The study site was fust cleared from primary forest in 1980, using heavy machinery for

windrowing and the removal of tree stumps; the remaining vegetation was burnt. In 1981, an

experiment with rubber trees (Hevea brasiliensis) was established, being abandoned in 1986. Until

preparation of the area for the present experiment was carried out, secondary vegetation was

growing together with the remaining rubber trees. The developing secondary forest was manually

cleared in 1992 and the vegetation was burnt on the site. The experimental plots were planted with

bag plants from February to March 1993.

Basically four regional important tree crop species were chosen to compose the agricultural

land use systems: i) the palm Bactris gasipaes Kunt (peach-palm, pupunha; Arecaceae), which is

managed for either fruits or heart of palm production; ii) Theobroma grandiflorum (Willd. ex

Spreng.) K. Schum. (cupuaçu; Sterculiaceae), a tree from the same genus of cacao and whose fruit

pulp is widely used in the region for the preparation of juice, ice-cream and sweets, further the

seeds have a potential use to prepare chocolate; iii) a tree, Berthol/etia exce/sa Humb. & Bonpl.

(Brazil nut, Para nut; Lecythidaceae) which, besides the well-known nuts, produces excellent wood;

and iv) Bixa orel/ana L. (annatto or urucum; Bixaceae) which is widely cultivated in the tropics for

its non-toxic red dye. The agriculturalland use systems were monocultures of cupuaçu, peach palm

for palm heart production and peach paIm for fruits production. In the monocultures of peach palm

and cupuaçu the planting density were, respectively, 2 x 2 m (Figure 2.2) and 7 x 6.4 m (Figure

2.3).
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Figure 2.2 Layout ofthe plot ofthe cupuaçu (Theobroma grandijlorum) monoculture.
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Figure 2.3 Layout of the plot of peach palm (Bactris gasipaes) monoculture for fruits and

palm heart production.



Site description

ln the agroforestry system, the trees were grown in rows spaced 4 m apart. A row of peach

palm (at 2 m spacing within the row) was alternated with a mixed row of cupuaçu and Brazil nut (at

7 m spacing between the trees within the row), a row of annatto (at 4 m spacing within the row) and

again a mixed row of cupuaçu and Brazil nut, after which the next row of peach palm followed.

Between the trees, Pueraria phaseoloides Kunth (tropical kudzu; pueraria; Fabaceae) was grown as

a cover crop. ln the first year, in the agroforestry system, manioc (Manhiot sp.) was planted at the

spacing of 1.00 x 1.20 m. The experimental layout of the agroforestry system is shown in Figure

2.4.

48m

Figure 2.4 Layout of the plot of agroforestry system. The species are Brazil nut (Bertholletia

excelsa), annatto (Bixa orellana), cupuaçu (Theobroma grandiflorum) and peach palm (Bactris

gasipaes). The area between the species was covered by Pueraria (Pueraria phaseoloides).

For comparison, plots with regrowth of spontaneous secondary vegetation of the same age

as the agricultural plots were included in the study. The secondary vegetation plots were dorninated

by Vismia spp., which is a characteristic genus in the vegetation of young fallow on degraded sites

in the region. The stem density was 1.95 ± 0.17 per m2 in the Vismia plots (Schroth et aI., 1999 a).

Additionally, two tree species from a nearby prirnary rainforest were inc1uded for the measurements

of some parameters. A dicotyledoneous tree, Eschweilera sp. (matá-matá, Lecythidaceae), and a

palm Oenocarpus bacaba (bacaba, Arecaceae). Both species are relative1y frequent in the primary

forest, and are of commercial interest, matá-matá for its wood and bacaba for its fruits used for

juices. For each species, in allland use systems, the soil near three well developed specimens were
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included in the measurements. The measurement plots, except for the rainforest sites, were arranged

in a randomised complete plot design with three replications. Plot size is 24 x 32 m in the peach

palm monoculture, and 48 x 32 m in the monoculture of cupuaçu, agroforestry system and the

secondary forest plots.

2.5.1 Management ofthe plots until the evaluations period

The peach palm was managed by cutting the main stem about IY, years after planting and

harvesting the palm hearts three times per year when the offshoots reached a diameter of 8 em at I

m height. The annattos were cut back about 1.5 m height once per year after the harvest, between

March and May, to increase fruit production, removing ali the leaves and small branches which

were then left to decompose under the trees. Wolf (1997) gave the differences between the biomass

accumulation. SHIFT (1996, 1997) discussed the initial crop yields.

Fertilisers were applied to the crops in two doses per year in November - December at the

beginning of the rainy season and at the end of the rainy season and May - June (SHIFT 1996;

1997; 1998). The primary and secondary forest sites were never fertilised in the present experiment.
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3 LAND USE EFFECTS ON SOIL PHYSICAL PROPERTIES OFAXANTHlC

FERRALSOL IN THE AMAZON BASIN

3.1 INTRODUCTION

In order to define which land use systems may maintain or recuperate the agricultura I

potential of clayey Ferralsols in the central Amazon, a great number of physical, chemical and

biological parameters must be assessed. Understanding the processes that lead to degradation is an

essential element to define suitable land use systems for these soils. If these soils are cropped with

little or no nutrient inputs other than the ashes of the previous vegetation, the yields of annual crops

decline, and the land is often abandoned after a few years of cropping in the traditional "slash and

bum" system.

Declining productivity of tropical soils under continuous cultivation, even with

supplementary fertilisation, is well documented (Lal, 1979). This confirrns that the productivity of

tropical land use systems does not only depend on the stock of nutrients in the soil or the

availability of commercial fertilisers, but is also related to the maintenance of soil physical and

hydraulic qualities. Moreover, the maintenance or improvement of soil physical qualities for

agriculture production, nutrients uptake and fertiliser use by plants will be more efficient, and

consequently, crop production will be increased.

The structure of the soil surface tends to become massive by aggregate coalescence, and

porosity is greatly reduced when the clayey Ferralsols are improperly managed (Medina, 1985;

Chauvel, 1991; Teixeira et aI., 1997). Leite and Medina (1984) and Medina (1985) also documented

reduction in the water infiltration because of inappropriate soil management.

Under tropical conditions, available knowledge about plant-soil interactions in different land

use systems is still limited. Also, the degree by which various agricultural systems may alter soil

properties and processes is poorly understood and cannot be adequately predicted for the Ferralsols

in the central Amazon.

In this chapter, bulk density, particle size distribution, index of flocculation and particle

density are described and discussed for three different land use systems in the central Amazon.

These studies investigate alterations of soil properties by measuring these physical parameters as

affected by plant-soil interaction. The statistical contrast analysis technique conjoint with a

weighted-average method is proposed as a tool to compare soil parameters that assumes different

values within a land use system. In addition, some selected soil chemical parameters are also

presented to better understand soil physical and hydraulic properties.
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3.1.1 Evaluated physical properties

3.1.1.1 Bulk density (p)

The bulk density is a simple measure of soi! structure whích is used extensively for

quantifying soil compactness and to predict soi! strength and water retention. It is defmed as the

ratio of the mass of an oven-dry soil sample to its bulk volume. lt is a temporally and spatially

dynamic soil property common1y used as indicator of changes in soil structure due to tillage, root

development and activity of soil fauna,

Although changes of p caused by soi! tillage are well documented in the soil physics

literature (e.g., in Ferralsols, CasseI (1982), Medina (1985), Chauvel et al. (1991)), only few

examples are given where p changes are due to plants species effects. Such effects are specifically

to be expected in complex land use systems, like the agroforestry system, in which a combination of

different management practices are used and distinct plant species grow together in a plot.

Examples of agroforestry studies in tropical c\imates in which management practices and different

plant species caused significant alterations in pare surnrnarised in Table 3.1. Likewise, Huxley et

al., 1994; Mapa and Gunasena, 1995 and Torquebiau and Kwesiga, 1996 were also able to detect

significant alterations in subsoil bulk densities. However, Kang et al., 1997 in southwest Nigeria on

an Alfisol, and Hulugalle and Ndi, 1993 in southem Cameroon on a Typic Kandiudult could not

find significant differences in soil bulk densities in agroforestry systems.

Table 3.1 Range ofbulk density evalualed on differenl soi! types in agroforestry syslems on tropical climale.
Samp1ing Range Location Soi! c1ass Reference

depth (em) (Mg rn")
(0-5) 1.02 - 1.62 Ibadan, Nigeria Oxic Kandiustalf Juo et al., 1996
(_)t 1.26 - 1.53 Ibadan, Nigeria Oxic Paleustalf Yamoah el al., 1986

(0-5) 0.94 -1.56 Ibadan,Nigeria Oxic Paleustalf Lal,1989
(5-10) 1.06 - 1.70
(0-10) 1.14 - 1.42 Ibadan, Nigeria Oxic Paleustalf Lal et aI., 1979
(20) 1.25 - 1.30 Machakos, Kenya Haplic Lixisol Huxley et al, 1994
(50) 1.18 - 1.22

(100) t 1.11-1.13
(0-5) 1.27 - 1.41 Machakos, Kenya Khandic Rhodustalfs lama et aI. 1995

(0-5cm) 1.19 - 1.70 Madampe, Sri red yellow Podzolic Vidahama Arachchi and
Lanka Liyanage, 1998

(0-15) I 1.10-1.38 Dambulla, Sri Rhodustalf Mapa and Gunasena, 1995
(15-30) I 1.28-1.43 Lanka

(_)t 1.43-1.58 Misamfu, Zambia Oxisol Dalland et aI., 1993
(0-10) 1.30 - 1.70 Yurimagas, Peru typic Paleudult Arevalo et al., 1998
(O- 7.5) 1.43 - 1.29 Yurimagas, Peru typic Paleudult Alegre and Rao, 1996
(0-25) 1.12-1.32 Chipata, Zambia Hulplustalfs Torquebiau and Kwesiga, 1996

(25-50) 0.93-1.22
t Information not available; I core with 6 cm high.
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A central biophysical agroforestry hypothesis is that trees and crops can grow together on

the same site with increased productivity. Competition is reduced due to exploitation of water and

nutrients at different soil layers and at different times, in a spatial or/and temporal complementarity

(Sanchez, 1995; Rao et aI., 1998;). Therefore, in order to develop productive and sustainable

agroforestry systems for different pedoclimatic conditions, it is necessary to improve our

knowledge not only about the competitive relations between the plant species for nutrients and

water; but also to know how plants and their management changes soil properties. A reduction of p

is frequently interpreted as an improvement of soil physical properties, which is usually true.

Nevertheless, a reduction in p (i.e., an increase in porosity) can sometimes also be disadvantageous,

e.g., when water infiltration and thus nutrient leaching increase. Also, the available water capacity

of coarse textured soils can be reduced for low p and may, in fact, be increased by soil compaction

(Archer and Smith, 1972). Moreover, high aeration porosity may result in considerable moisture

loss through physical evaporation (Hillel, 1998).

Ideal structure

Nowadays, with the development of models for simulating plant growth or transport of

solutes in soils, the concept of a static and qualitative description of soil structure is changing into

the concept of finding ways of adjusting and optimising structure to achieve maximum yields or

reduced leaching rates (Medvedev, 1991; Kuznetsova, 1991; Bouma et aI., 1999).

With the purpose of developing productive and sustainable land use systems, the conceptual

idea of an "optimum" or "ideal" structure for a land use system can be hypothesised. An ideal

arrangement of the pores which give the ideal structure will result in an adequate retention and

availability ofwater for plant uptake ofnutrients with acceptable leaching rates, and simultaneously

a soil aeration that is adequate for plants roots and micro-organisms development.

The optimal structure depends on many factors such as plants species, soil type, cIimatic

conditions, field management, pore-size distribution, and hydraulical properties of the soil.

However, determination ofthe ideal structure is complicated by conflicting criteria, for instance, the

ideal structure for water uptake is probably not the ideal structure for reducing leaching risks. In

such situations, a soil structure that maintains both criteria at satisfactory leveIs must be accepted.

The ideal structure is a dynamic and not a static value, which will be related to different stages of

the agricultural fields. Furthermore, the combination of different factors to achieve an ideal

structure has probably not a unique solution. For instance, many possible combinations of plant

species, and different field management practices may result the ideal structure. Obviously, the

ideal structure is dependent on the soil type and the climatic conditions. Bulk density measurement
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is suggested as a rough indicator of the ideal structure for a land use system, and a simple statistical

approach is proposed for comparing different scenarios of soil structure, using average weighted

values of p as indicator parameter. The comparison of different scenarios may be used as a tool in

planning experiments or in soil management decisions.

The concept for calculating weighted means, as used in this study, is a result of field

observations and analyses of soil parameters, which shows that plants and their specific

management create spot areas around the tree stems that have distinct soil properties. After

estimating the radius of influence of these spots around a stem, and calculating their relative

(weighted) means, plant species effects, and the whole land use systems can be compared using

contrast analyses, and hypotheses of practical interest can be forrnulated in terrns of the p-weighted

values.

3.1.1.2 Particle size distribution

Particle size analysis or texture deterrnination is the measurement of the relative proportions

of the various sizes of the mineral soil particles. It is usually determined by their ability to pass

through sieves of various mesh sizes and by their rates of settling in water (Stoke' s law is applied in

the calculations). Between the soil particles, the clay fraction has the most significant influence on

physical and chemical processes in the soil, primarily because they have a large and reactive surface

area per unit mass. In Ferralsols near Manaus, the predominant clay mineral is kaolinite (Irion,

1984; Rodrigues, 1998).

Although, the particle size distribution is a very stable soil property in structured clayey soils

where the clay particles are strongly bound, the dispersion of the clay particles may cause some

disturbances in the functionality of the soil structure (Raij and Peech, 1972; Castro and Logan,

1991, Tessier et al., 1998). Under field conditions, processes dependent on the soil structure may

change significantly, as a consequence of the natural dispersion or flocculation of the clay particles,

with are not be detected by the classical granulometric analyse with dispersion agents.

The surface charge of clayey Ferralsols in the Amazon is pH-dependent (Morais et al., 1976;

Silva, 1996). The changes in the net charge of these soils can lead to an improvement or

deterioration ofthe soil structure quality (EI-Swaify, 1980; Castro and Logan, 1998) depending on

the specific conditions and considering findings on short or long time basis. Since there are

significant relations between particle-size and some physical, chemical and hydraulical properties,

the forrner has been used to predict the others by using the so-called pedotransfer functions.

Although, predictions of hydraulical parameter using particle size distribution have shown a

reasonable agreement with experimental data for many temperate soils (e.g., Arya et al., 1999;
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Schaap and van Genuchten, 1999); they do not give reasonable predictions for some Amazonian

soils as showed by Tomasella and Hodenett (1997,1998). The failure ofthe pedotransfer functions

for the clayey Ferralsols may be because the oxides and kaolinite cJay particJes are strongly

flocculated and aggregated. Therefore, for some processes they have a typical sandy behaviour.

This phenomenon is discussed further in this chapter and throughout this study.

3.J. J.3 Particle density (pp)

The particJe density of a soil refers to the mean density of ali solid particles. It is a function

of the mineralogical composition of the particJes and is expressed as the ratio of the total mass of

the solid particles to their total volume, excluding the pore spaces between particJes (Blake and

Hartge, 1986). Often, the value of PP is not evaluated, it is assumed to be 2.65 Mg m', which is the

value for the density of quartz particJes (Carter and Ball, 1993; Skopp, 2000). However, the use of

this value instead of its measurement can lead, especially for soils with high iron or organic matter

content, to considerable estimation errors of the total porosity.

3.2 MATERIAL AND METHODS

3.2.1 Study area and site history

The study area and the site history of the selected plots have been described in details in

Chapter 2.

3.2.2 Soil sampling and analysed parameters

Field evaluations were carried out from October 1996 to January 1997. The three land use

systems investigated were: i) two monocultures ofpeach palm (Bactris gasipaes), for production of

fruits and palm heart, respectively; ii) a monoculture of cupuaçu (Theobroma grandiflorum); and

iii) a complex agroforestry system with peach palm, cupuaçu, Brazil nut (Bertholletia exce/sa) and

annatto (Bixa ore//ana). The soil was covered by Pueraria phaseoloides in ali systems except the

peach palm monoculture, which tolerates little ground vegetation. Adjacent areas of primary and

secondary forest were investigated for comparison. A more detailed description of the experimental

design and the plant species are given in Chapter 2. In the nearby primary forest, the sampling
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positions near the trunks of bacaba and matá-matá were included in the statistical analyses only for

the p measurements. The other chemical and physical parameters evaluated in the primary forest are

shown only for qualitative comparison.

Table 3.2 shows the sample points and their localisation relative to the land use system. The

soil samples were collected at::<40 em from the trunk ofthe respective species as well as under the

cover crop pueraria, in the agroforestry system and grasses and pueraria in the cupuaçu monoculture

plots.

Number Land use system scientitic name

Table 3.2 Identitication ofthe land use systems and plant species (scientitic and common name) where the soi! samples
were collected.

commonname
I Agroforestry Theobroma grandiflorum
2 Agroforestry Bixa orellana
3 Agroforestry Bertholletia excelsa
4 Agroforestry Bactris gassipaes (Fruit)
5 Agroforestry Bactris gassipaes (PaIm Heart)
6 Agroforestry Pueraria phaseoloides
7 Monoculture Theobroma grandiflorum
8 Monoculture Homolepsis sp and Pueraria phaseoloides
9 Monoculture Bae/ris gassipaes (Fruit)
10 Monoculture §
II Monoculture Bactris gassipaes (paIm beart)
12 Monoculture §
13 Secondary forest Vismia spp.
14 Primary forest Eseheweleira sp.
15 Primary forest Oenoearpus baeaba

Cupuaçu
Annatto

Brazil nut
Peach palm - F
Peach palm - P

Pueraria
Cupuaçu

crrassesandpueraria
Peach palm - F(m)
Peach palm - F(mb)
Peach palm - P(m)
Peach palm -P(mb)

Vismia
Matá-matá

Bacaba
§ Evaluation located in a position between the palms at a rnaximum distance from the trunks.
n = 9 samples ; SD = standard deviation; SE = standard error of the mean.
m = monoculture; b = between the palms; F = Peach palm for fruits production; P = Peach palm for palm heart
production

In the monocultures of peach palm, further samples were collected in an intermediate

position between the plants and at maximum distance from the trunks. Samples were also collected

close to the trunks of Vismia sp, the dominant species in the secondary fores!. The experimental

design for statistical analysis was a randomised block design (RBD), and theoretical details are

given in the Appendix 3-A. Ifthe analyses ofvariance indicated a difference a. < 0.05, then Tukey's

test was applied to compare soil properties as influenced by the specific plants and their specific

agricultural management. In addition, the RDB allows to contrast the whole land use systems. This

was performed by weighted means of each evaluated position within the land use system, and

relating them to the surface area for which this mean was representative.
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Weight-average method

The estimation of the weights of the spot areas proposed here is simple and straightforward.

They are estimated based on the area of influence of a specific species, proportional to the entire

area of the land use system. The domain of influence of a specific plant is a "disc" centred at the

stem. The area of each of these disc areas around the stem was calculated based on: i) the crown

area of the plants at that stage of growth (Schroth et a!., 1999b); ii) results of selected soil physical

properties in transects (data not shown); iii) the management practices, i.e., fertiliser rates and

distribution around the stems, the weed control system adopted, pruning intervals for annatto and

peach palmo These specific areas of influence of each species were then multiplied by the number of

individuais in a specific area (e.g., one hectare). The remaining areas ofbare soil or occupied by the

cover crop, were calculated by subtraction. Table 3.3 shows the estimated total areas ofinfluence of

each species in relation to the whole system.

Table 3.3 Characteristics of the crown area (mean ± SO); the estimated radii of infIuence and the
average area infIuenced by plants and its management in different land use systems in Manaus - Brazil.

Agroforestry system

System and plant specie Number of Crown area Radii of Average Percentile
plants per per tree [m2]' influence area area

ha [m] [m2 ha·'] [%]

Cupuaçu
Annatto t
Brazil nu!

Peach palm for fruit
Peach palm for palm heart

Pueraria - cover crop

93 3.5 ± 2.3
156 - 12.5
93 30.0± 13.4
78 19.5± 3.3
156 -4
n.d.

1.2
1.5
2.5
0.9
0.8

421
1103
1826
198
313

-4
-11
-18
-2
-3
-62

Cupuaçu 223 4.2 ± 1.1
Orasses and pueraria I n.d.

1.0 -7
-93'

Monoculture of cupuaçu
700

Peach palm for fruit 625 16.5± 1.7 0.7
Peach palm for palm heart 1875 - 4 0.6

Between palms

962
2120

Monoculture of peach palm for fruit and palm heart
-10
-20
-70'

Monoculture of peach palm for palm heart
Peach palm for palm heart 2500 - 4 0.6

Between palms
2120

I In lhe monoculture plots the cover crop of pueraria was no! well established
, Estimated by subtraction; n.d - not detennined.
, Adapted from Schroth e! ai., 1999b.
t The annatto crown was eu! back one per year.

-20
- 80'

Figure 3.1 shows the spatial arrangement of the areas of influence. Following, several

hypotheses of practical interest were formulated in terms of means of weighted-bulk density and

were statistically compared using contrast analyses.
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Figure 3.1 Layout ofthe experimental plots ofthe agroforestry system, the monoculture ofpeach palm
and the monoculture of cupuaçu. The shadows areas represent the estimated "spots areas" around a stem,
which are caused by specific interactions of soil-plant-managernent into the soil characteristics.
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3.2.3 Eva\uated parameters

3.2.3.\ Bulk density (p)

Undisturbed soil samp\es were collected at each position described in Table 3.2, with three

subsamples within each plot. They were collected by hammering a steel cylinder into the soil to the

desired depth, which was then removed to obtain an exact volumetric sample. The steel cylinders

had 4.5 em ofinner diameter and 5 em height, thus a volume of 100 cm3. The samples were dried

in laboratory in an oven at 105°C for 48 hours. McIntyre and Loveday {I974) and Blake and Hartge

{I986) give details ofthe procedures for samples manipulation in the laboratory and the calculations

to determine p by the core method.

3.2.3.2 Particle size distribution

Disturbed soil samples of about 1 kg were collected at ""40 em far from the trunks. In the

laboratory they were homogenised and a subsample of 20.00 g was taken to be analysed. The

positions of sampling are described in Table 3.2. The conventional sieve-pipette sedimentation

method was used (EMBRAPA, 1997). Dispersion was carried out using IN NaOH and mechanical

agitation. The scheme and criteria used for classifying particle size lirnits followed the Brazilian

classification system (EMBRAPA, 1997). Additionally, water dispersible clay was measured by

repeating the above described texture analysis, except that the chernical dispersion agent was

excluded. With the additional measurement of the natural clay content, indices of f1occulation (IF)

were calculated by

IF= 100 [(a- b)/ a] [3.1]

Here, "a" is the percentage of clay determined in the conventional analyses and, "b" is the

percentage of clay dispersed in water.

In addition, a profile of I m depth was sampled in steps of 10 em intervals and analysed for

characterising the soil physical properties in the soil subsurface.

3.2.3.3 Particle density (pp)

The particle density was evaluated with the balloon method (EMBRAPA, 1997). This

method consist basically to transfer a weighted oven-dried soil sample to the balloon and then

determine the volume of alcohol needed to fulfil the balloon. Organic carbon was not removed
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before the analysis. The removal of organic carbon is suitable for particle size studies, but may not

give the correct values for calculating porosity (Skopp, 2000).

3.2.3.4 Chemical parameters

The soil samples analysed to determine chemical parameters were subsamples of the

samples collected to determine texture. The procedure of sample collection in the field has already

been described above.

The soil pH was measured with a glass electrode at a soil solution ratio of 1:2.5 in distilled

water. The cations ca1cium (Ca2+), magnesium (Mg2+) and aluminium (Ae+) were extracted by N

KCI and determined by atomic absorption spectrometry (EMBRAPA, 1997). Organic carbon (OC)

was measured by the method of Walkley with modifications described in EMBRAP A (1997).

3.3 RESUL TS AND DISCUSSION

3.3.1 Bulk density (p)

An exploratory analysis of the data is shown in Table 3.4. The complete bulk density data

set and the analyses to verify the assumptions to perform statistical analyses are shown in Appendix

3-A.

Table 3.4 Exploratory analysis of bulk density [Mg m"] data set evaluated on different land use system
in a clayey Ferralsols in the central Amazon - Brazil.
Number Common name Mean S. D Median S. E Minimum Maximum Kurtosis Skewness

10.2 10.2

1.00 Cupuaçu 0.93 ab 6.15 0.91 2.05 0.84
2.00 Annatto 0.90 ab 7.40 0.92 2.47 0.74
3.00 Brazil nut 0.96 ab 6.64 0.95 2.21 0.88
4.00 Peach palm - F 0.88 ab 6.86 0.86 2.29 0.80
5.00 Peach palm - P 0.88 ab 0.00 0.94 3.55 0.67
6.00 Pueraria 0.88 ab 3.58 0.87 1.19 0.84
7.00 Cupuaçu 0.93 ab 5.87 0.97 1.96 0.84
8.00 Grasses and pueraria 1.00 a 2.54 1.00 8.47 0.97
9.00 Peach palm - F(m) 0.86 ab 8.99 0.86 3.00 0.70
10.00 Peachpalm-F(mb) 0.98 ab 6.36 0.99 2.12 0.86
11.00 Peach palm -P(m) 0.91 ab 9.92 0.90 3.31 0.79
12.00 Peach palm -P(mb) 0.97 ab 4.62 1.00 1.54 0.88
13.00 Vismia 0.90 ab 8.70 0.92 2.90 0.78
14.00 Matá-matá 0.87 ab 5.74 0.89 1.92 0.77
15.00 Bacaba 0.82 b 9.25 0.82 3.08 0.65

1.02
0.99
1.07
1.00
0.98
0.94
0.99
1.05
0.98
1.08
1.07
1.03
1.01
0.94
0.95

-0.94
2.47
-0.91
-0.23
-0.01
-1.05
-1.24
0.63
-0.10
0.49
-0.70
0.35
-1.63
-0.58
-0.13

0.30
-1.34
0.61
0.79
-1.02
0.42
-0.71
0.52
-0.51
-0.55
0.55
-0.93
-0.25
-0.73
-0.38

Total 0.91 8.50 0.92 7.32 0.65 -0.501.08 0.12
n = 9 samples ; SD = standard deviation; SE - standard error of the mean.
m = monoculttue; b = between the palms; F = Peach palm for fruits production; P = Peach palm for palm heart
production
Means followed by lhe same letters, within the column, do not differ by Tukey's test (a < 0.05).
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The statistical results show that the assumption of norrnality, homogeneity of variance,

additivity and independence hold. Moreover, graphical analysis of residuais does not show trends to

invalidate the assumed statistical model. Consequently, the analysis of variance was perforrned

using the randomised block design (RBD) with subsampling (Table 3.5).

Table 3.5 shows differences between the p evaluated near the different plant species (a <

0.05) and does not indicate an variation between the blocks. The computation of the subsample

variance, with three samples per position, shows that the sampling error contributes with 0.003 to

the error variance of 0.010. The subsampling procedure may increase the sensitivity of the

experiment by increasing the precision (by enhancing the number of samples participating in the

mean calculation) ofthe mean estimation. The analyse ofvariance for a RBD with subsampling, the

sums of squares of blocks, treatrnents and the total are computed as for RBD without subsampling,

except that they are also divided by the number of subsamples. Consequently, the analysis for

testing the hypothesis concerning treatrnents using F values are identical (Snedecor and Cochran,

1997; Steel et aI., 1997).

Table 3.5 Analysis ofvariance using complete randomised block design with subsampling for the bulk density data set.
Source Sum-of-Squares df Mean-Square F-ratio P
Land use and plant 0.341 14 0.024 2.465 0.020
Block 0.028 2 0.014 1.394 0.265
Error 0.277 28 0.010
Subsampling 0.328 90 0.003
subsampling [ 0.009] [2] 0.004
vs, land use and plant [ 0.120 ] [28] 0.004
vs. block [0.010] [4] 0.003
Error ofsubsampling [ 0.189] [56] 0.003

1.290
1.271
0.758

0.283
0.220
0.557

Total 0.697 134

The analysis of subsampling (i.e., the analysis of components of variance) was computed as

an indication of the adequacy of the sampling scheme adopted in this study. It seems to be

appropriate, because, if the number of samples were doubled, the sampling error contribution would

be halved. Therefore, the main source of the variance are not from a presumed inadequate number

of samples, and the reduction of the variance with increasing sampling (in this example, as well in

many other situations) may not be worthwhile.

The mean values of p observed in Table 3.4 Iie in the small range of 0.82 - 1.01 Mg m",

with a mean of 0.91 Mg m". This range is not typical, considering that this Ferralsol has a cIay

content at the surface of about 600 g kg" (Figure 3.2) and the organic carbon content is not very

high (Table 3.16). The reasons for this is that the cIay particIes in these soils are flocculated in
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microaggregates (intra-aggregate) and a secondary pore system (inter-aggregates) was established

as a result from an intense biological activity and fissures (Chauvel et aI., 1991; Chauvel, 1992).

The only significant difference in Table 3.4 is between the p near bacabas in the primary

forest and the position between the cupuaçus in monoculture covered by grasses and pueraria. The

higher values of p found between the cupuaçus are due to inadequate growth of the cover crop in

this land use system, resulting, presumably, in compaction of the soi! structure owing to direct

irnpact ofthe tropical rain drops on the soi!, and the more intensive cyc1es ofheating and drying.

In the monoculture of peach palm for fruit and palm heart, the sample positions between the

plants tend to show higher p values than the values near the trunks (Table 3.4). This agrees with the

field observation of ponded water, for short periods, after intense rainfalls in those positions. This

more compact structure is also indicated by a reduced saturated and unsaturated hydraulic

conductivity evaluated at those positions (see Chapter 6). The apparent contradictory results of

small values of p near the palms associated with a reduced hydraulic conductivity may be partially

explained by a very intense and intricate root system developed by peach palms (Haag, 1997),

which seems to compact the soil by mechanical compression. The high number of roots (with a low

density) per volume maintains the p values low.

The smallest value of p was found near the trunks of the bacabas in the primary forest. It is

explained by the high root concentration in the soil surface in tropical forests, and the norma1ly high

amounts of organic carbon, which contribute to reduce the value of the p. These facts may also

explain the lower values of the p evaluated near the matá-matá in the primary forest. Further, the

soil covered by the primary forest was never submitted a compaction processes as the other

agricultural plots.

The results and discussion of comparison within and between the whole land use systems is

divided in the three land use systems evaluated and presented below.

3.3.1.1 Agroforestry system

Although, within the agroforestry system the bulk density (p) near the peach palms and

under the pueraria tends to show lower values of p no significant difference between the six plants

growing within the agroforestry system were found (Table 3.4). The lower values of p near the

palms were discussed above, and the effect of pueraria to recuperate the porosity of the soil and to

maintain the soil structure quality in a good levei confirms the results found in ear1y experiments

carried out in the Ferralsols in Manaus by Chauvel et aI. (1991) and Teixeira et aI. (1997).
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Adapted plants for the central Amazon conditions (as cupuaçu, annatto, Brazil nut and peach

palm) can grow very rapidly, hence this system is temporally very dynamic, and soil properties may

change very quickly as a consequence of specific plant characteristics, (i.e., the superficial root

development of peach palms) or management decisions as the pruning of annattos and peach palms.

Examples of agroforestry studies in which management practices and different plant species caused

significant alterations in p are shown in Table 3.1. Moreover, in Chapter 5 differences between

plant species with respect to their effect on p are discussed, using another data set.

Practical hypotheses and its statistical formulation concerning the agroforestry system as a

whole system are shown in Equations 3.2, 3.3 and 3.4. The results ofthe analyses ofvariance ofthe

hypothesised contrasts are shown in Table 3.6.

Is there a significant difference in p between on the agroforestry and the primary forest?

HI: 0.04 !lI+ 0.11 !l, + 0.18!l' + 0.02 J.4+ 0.031'0 + 0.62 li< - 0.50 !lI. - 0.50!lI> = O

Is there a significant difference in p between on agroforestry and the secondary forest?

HI: 0.04 !lI+ 0.11 !l, + 0.18!l, + 0.02 J.4+ 0.031'0 + 0.62 li< - l!lll = O [3.3]

Is there a significant difference in p between on agroforestry and the monoculture of cupuaçu?

[3.2]

HI : 0.04 !lI+ 0.11 !l, + 0.18!l, + 0.02 J.4+ 0.03 1'0+ 0.62 li< - 0.07!l7 - 0.93!l. = O [3.4]

Here, !li are mean values of p (the subscript i indicates from which mean the value is from), and the

coefficients are the estirnated weight factors (Table 3.3) for each mean in relation to the whole

system.

Table 3.6 shows a significant difference (a,1 > 0.01) between the agroforestry system and

the cupuaçu monoculture. The other agricultural land use systems do not show significant

differences at a'> 0.05 in relation to the agroforestry.

Table 3.6 Analysis ofvariance for lhe hypothesis concerning agroforestry system.
Source of Variation Sum of Degrees of Mean Square

squares freedom
F p

Agroforestry vs. primary forest 0.0100 I 0.0100
Agroforestry vs. secondary forest < 00סס.0 I < 00סס.0

Agroforestry vs. cupuaçu 0.0245 I 0.0245
Agroforestry vs. peach paIm 0.0109 I 0.0109

3.0038
0.0021
7.4278
3.3184

0.0923
0.9640
0.0109
0.0792

Error 0.0922 28 0.0033
The adjusted levei (a') for a = 0.05 is 0.0127 and for a = 0.01 is 0.002. F a' [0.01;1,28)- 7.03.
F a' [0.002;I,28] = 10.56. See Appendix 3-A for details.

I Adjusted levei of significance for non-orthogonal contrasts. See Appendix 3-A.
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It should be emphasised that the agroforestry system had been installed in the field only 3 to

4 years before. Thus, it did not yet represent a stabilised land use system. Specifically, plants like

Brazil nut and cupuaçu were still small compared with their possible size in the mature age.

Therefore, much free space existed between the plants. At the time of evaluation, the space between

the trees was covered by pueraria, which in this system was growing well, and this is one reason for

the relative good performance ofthe agroforestry system analysed as a whole system.

Simulations of two hypothetical scenarios were ca1culated and statistically compared. In the

first simulation, the remaining areas between the trees in the agroforestry systern, instead of being

covered by pueraria, were covered by grasses (the mean and variance of the p for grasses, in this

simulation were those found in the positions between the cupuaçu in monoculture), whereas the

other means and the weight factors remained the same.

An opposite hypothetical situation, where a better structure was conceptualised, was the

second scenario. In this theoretical land use system, the soi! of the monoculture of cupuaçu was

covered by pueraria instead of being covered by grass (here the values of p for pueraria were those

evaluated in the agroforestry system). The results in Table 3.7 show that for the first scenario the

agroforestry system shows a significant difference from the primary forest caused by the reduced

values of p when the soil is not well covered. In the second scenario, an opposite effect was found

with the improvement of the average soi! structure in a hypothetical monoculture of cupuaçu system

well covered by pueraria. In this scenario, the monoculture of cupuaçu would not show significant

difference from the primary forest.

Table 3.7 Analysis ofvariance for hypothesis concerning hypotheticalland use systems.

Agroforestry" vs. primary forest 0.0585 1 0.0585 17.7518 0.0002
Cupuçu ! vs. primary forest 1.8092x 10" 1 1.8092X 10" 0.0055 0.9414

Source ofVariation Sum of Degrees of Mean Square F P
squares freedom

Error 0.0922 28 0.0033
+Calculated with same weights showed in the Equation 3.2.
, Calculated with same weights showed in the Equation 3.6.

The bulk density seems to be an appropriate physical indicator for the quality of the soil

structure, or a mosaic of different soil structures within an agroforestry system. With accumulation

of information about the response of the plants growth to soil structure, more sophisticated

parameters (e.g., pore size distribution or soil water retention curve) or indexes could be used. Plant

growth, yields and leaching rates may be used as indicators of the efficiency of the ideal structure

for the suitability of a land use system.
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A simple and useful tool to compare different combinations of plants or temporal scenarios

are statistical models that combine contrast analysis with weighted means that represent the

different spots within a land use system. The creation of a soil data bases with inforrnation about

tree and crop perforrnances as response to management practices and to other soi! chemical

properties related with soi! structure and with other physical, hydrological and chemical properties

in different types of soi!s and c1imates, will enable us to perforrn this kind of analysis. This

technique may be incorporated in land use planning as an additional tool to define a suitable

combination of plants and management practices. Although results of simulations of future

scenarios cannot be immediately compared with measurements in the field, they can be used for

exploratory modelling.

3.3.1.2 Monoculture of cupuaçu

The plots with monoculture of cupuaçu, at that stage of growth, the soi! was covered to '"

80% by grasses and pueraria, and '" 20% of the area near the trunks was under the influence of the

cupuaçu roots and canopy.

The research hypotheses and their statistical forrnulation for the monoculture of cupuaçu are

shown in the Equations 3.5, 3.6 and 3.7. The results ofthe analyses ofvariance ofthese hypotheses

are shown in Table 3.8.

Is there a significant difference in p between the monoculture of cupuaçu and the primary forest?

H,: 0.2 fl, + 0.8 fl. - 0.5 fl'4- 0.5 fl., = O [3.5]

Is there a significant difference in p between the monoculture of cupuaçu and the secondary forest?

H,: 0.2fl,+0.8fl.-Iflll =0 [3.6]

Is there a significant difference in p between the monoculture of cupuaçu and the monoculture of

peach palrn?

H,: 0.2 fl, + 0.8 fl. - 0.20 fl" - 0.80 fll2 = O [3.7]

Table 3.8 Analysis ofvariance for hypothesis conceming the monoculture of cupuaçu.
Source of Variation Sum of Degree of Mean Square

squares freedom
F p

Cupuaçu vs. primary forest 0.0324 I 0.0324
Cupuaçu vs. secondary forest 0.0066 I 0.0066

Cupuaçu vs. peach palm < 0.0000 I < 0.0000

9.8264
1.9892
0.0023

0.0040
0.1694
0.9618

Errar 0.0922 28 0.0033
The adjusted levei (a') for a = 0.05 is 0.0169 and for a = 0.01 is 0.0033. F a' [0.01;1,28] = 6.44
F a' [0.002;I,28] = 10.24. See Appendix 3-A for details.
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Table 3.8 shows only a significant difference (a' > 0.01) between the monoculture of

cupuaçu and the primary forest. This difference was caused by the reiative high values of p between

the cupuaçus where the soil was not well covered by pueraria. Therefore, this result cannot be

generalised for a monoculture of cupuaçu with the soil well covered.

An important aspect in the analysis of the monoculture of cupuaçu as an option of a suitable

land use system for the ciayey Ferralsols is related to the spacing between the plants (7 x 6.4 m, see

Figure 3.1). Although this spacing is appropriate when the plants are mature, three years after the

beginning of the experiment, much free space was still available. Thus, if it is decidednot to use a

cover crop between the plants, at least other cash crop as cassava, peanut, maize or papaya must be

planted, not only for economical reasons but also to protect the soi!.

3.3.1.3 Monoculture ofpeach palm

Table 3.9 shows no significant differences between the two monocultures ofpeach palms or

between the positions within a monoculture plots. Until the period ofthis evaluation, no significant

difference in palm heart yield per plant between cropping systems was found (Schroth et aI., 2000),

and their productivity were in a satisfactory leveI. On the other hand, fruit yields were very poor

because of a non productive fruit variety that is better suited for palm heart production (Schroth et

aI., 2000). For this reason, the discussion will be focused on peach palm suited for production of

palmheart.

The following hypotheses were concerned for the monoculture of peach palm and the

statistical forrnulation is shown in Equations 3.8 and 3.9. The results ofthe analysis ofvariance of

the contrasts are shown in Table 3.9.

Is there a significant difference in p between the monoculture of peach palm and primary forest?

HI: 0.201-'11 + 0.80 1-'12 - 0.51-'14 - 0.51-'1, = O [3.8]

Is there a signifieant differenee in p between the monoeulture of peaeh palm and seeondary forest?

HI: 0.201111 + 0.80 1-'12 - 111\3 = O [3.9]

Table 3.9 shows a signifieant differenee (a' > 0.05) in p between the monoeulture ofpeach

palm and the primary forest. It is due to the reduetion of p by the high number of roots in the

eylinders. In a eylinder of 100 crrr' used to evaluate p, the mass of fresh root of peaeh palms ean

reaeh values of "" 1O g. For eomparison, the mass of fresh roots evaluated in the samples under

grasses was twenty times lower.



Chapter 3 56

Table 3.9 Analysis ofvariance for hypothesis conceming monoculture ofpeach palm, and primary
forest and secondary forest,

Source ofVariation Sum of Degrees of Mean
squares freedom Sguare

F P

Peach palm vs. primary forest 0.0362 I 0.0362
Peach palm vs. secondary forest 0.0068 I 0.0068

Primary forest vs. secondary forest 0.0066 I 0.0066

11.0032
2.0734
2.0113

0.0025
0.1610
0.1672

Error 0.0922 28 0.0033
The adjusted leveI (a') for a = 0.05 is 0.0169 and for a = 0.01 is 0.0033. F a' [0.01;1,28]- 6.44
F a' [0.002;1,28] = 10.24. See Appendix 3-A for details.

Among the land use systems analysed, the monoculture ofpeach palm was the only one that

can be considered mature in its development. Nowadays, the production of palm heart offers a

promising land use altemative for the central Amazon because of their good development and the

potential to produce economical harvesting of palm hearts during the whole year (SHIFT 1997,

1998; Yuyarna, 1997). However, the apparent soil compaction caused by the intense root systems

near the soil surface indicates that the soil structure should be cautiously monitored because of the

sensitivity of peach palm to soil compaction or poor drainage as reported by Bovi et aI. (1998).

Further, peach palms show extremely high values of stemflow (Schroth et aI., 1999b), which

increases the risks of leaching near the trunks or an accumulation of water in micro depressions in

the soil surface, hence causing aeration deficiency. This problem may be more expressive in soils of

lower permeability than the Ferralsols ofthe central Amazon.

3.3.1.4 Primary and secondary forest

In Table 3.9 the statistical result of the contrast of primary forest against the secondary

forest is also ShOWIl.The mathematical hypothesis is presented in Equation 3.10.

HI: 0.51-'14+ 0.51-'1, - 11-'13= O [3.10]

The p does not showa significant difference (a' > 0.83) between the primary and secondary forest,

indicating the capacity of the natural regrowth to recuperate or maintain the soil structure near the

values found in the soi! under primary forest. This trend that the soil retums to the original

conditions under secondary forest is confirmed by the pore size distribution, which a1so shows

similar results between the primary and secondary forest (see Chapter 4). This confirms the

efficiency of the traditional shifting cultivation cycle to maintain favourable soil physical conditions

if low population densities allow sufficient fallow lengths.
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3.3.2 Particle size distribution

The particle size distribution show a predominance of clay particles near the soil surface

(Figure 3.2) and an increase ofclay content with depth (Table 3.10).

The complete data set of particle size distribution and the analyses to verify the assumptions to

perform statistical analyses are shown in the Appendix 3-A.

The variations in sand, silt and clay contents are shown in Figure 3.2, the variance of the

results are similar to the results found by Corrêa and Reichardt, 1989 in a similar Ferralsol. Non

significant differences between positions for the different mineral particle sizes evaluated was found

by F test at p < 0.05 (Table 3.11).

Table 3.10 Particle size distribution, index oflloceulation, particle density and bulk density evaluated at
eaeh 10 em until I m of depth in a profile on an clayey Ferralsol in Manaus - Brazil.

Depth Coarse sand Fine Sand Silt Clay lndex Particle BuIk
Floeeulation density density +

2.00 - 0.2 0.2 - 0.05 0.05 - 0.02 < 0.002
mm mm mm mm

em g kg' % __ Mgm"_
2.5-7.5 193.71 54.76 129.03 622.5 71.89 2.56 1.02

12.5-17.5 177.94 47.66 107.40 667.0 87.26 2.60 1.06
22.5-27.5 127.44 40.11 107.95 724.5 88.27 2.50 1.03
32.5-37.5 102.02 34.08 129.40 734.5 76.17 2.50 1.01
42.5-47.5 92.86 26.86 109.28 771.0 92.22 2.60 1.00
52.5-57.5 89.11 29.75 111.64 769.5 98.05 2.60 0.97
62.5-67.5 89.77 54.47 99.76 756.0 98.68 2.60 0.98
72.5-77.5 88.25 29.23 113.52 769.0 96.10 2.50 0.97
82.5-85.5 93.49 29.02 115.49 762.0 93.44 2.60 0.98
92.5-95.5 90.59 27.65 173.26 708.5 93.23 2.60 1.00

+ For eaeh depth the value is a mean of 5 samples.
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Figure 3.2 Stacked bar ofthe particle size distribution evaluated at different positions in an
agroforestry system, monoculture of cupuacu, and peach palm and a secondary forest on a
clayey Ferralsol in Manaus - Brazil.
[M is monoculture, AO is agroforestry system, F is fruit, P is palm heart and the letter
[a] means evaluated between palms]

Table 3.11 Analysis ofvariance ofparticle size distribution evaluated in difIerent land use system on a clayey
Ferralsols in Manaus - Brazil.

Souree Sum-of-Squares df Mean-Square F-ratio P
Coarse sand

Land use and plants 10785.4026 12 898.7835 1.0000 0.4776
Bloek 10408.3221 2 5204.1610 5.7904 0.0089
Error 21570.2713 24 898.7613

Fine sand
Land use and plants 602.3508 12 50.1959 0.8239 0.6261
Block 238.3774 2 119.1887 1.9564 0.1633
Error 1462.1692 24 60.9237

Silt
Land use and plants 5885.2323 12 490.4360 0.7862 0.6596
Block 7336.7774 2 3668.3887 5.8808 0.0083
Error 14970.8692 24 623.7862

Clay
Land use and plants 16670.5000 12 1389.2083 0.8966 0.5626
B10eks 16453.2821 2 8226.6410 5.3097 0.0123
Error 37184.3846 24 1549.3494

Index of f1occulation
Land use and plant 217.6680 12 18.1390 0.4378 0.9311
Block 1144.5102 2 572.2551 13.8132 0.0001
Error 994.2729 24 41.4280
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3.3.3 Index of floceulation (IF)

In Table 3.12, the high flocculation indexes indicate that most cIay particles in field

conditions are flocculated. As a consequence of this flocculation and the structured aggregates

present in the Ferralsols, these soils behave like sand in terrns of water infiltration near saturated

conditions (see Chapter 6) but behave like clay soils at higher tensions with respect to infiltration

rates and water holding capacity (see Chapter 4). Sharma and Uehara (1968) and Sanchez (1976)

reported similar phenomenon for other tropical Ferralsols. This unusual behaviour of the clayey

Ferralsols, combining the properties of sand and clay, in combination with a bimodal pore size

distribution (see chapter 4) lead to the failure ofmany pedotransfer function which use texture or p

values as input parameter to determine hydraulic properties for Ferralsols (Tomasella and Hodnett,

1997).

Table 3.\2 Exploratory analysis indexes of flocculation [%] data set evaluated on different land use
system in a clayey Ferralsol in lhe Central Amazon - Brazil.
Land Use System Specie mean SE of mean Median Maximum Minimum

Agroforestry Cupuaçu 73.60 2.49 72.60 69.87 78.33
Agroforestry Annatto 74.97 7.35 76.23 6\.66 87.01
Agroforestry Brazil nut 75.4\ 4.85 78.37 65.93 8\.93
Agroforestry Peach palm - F 75.72 2.69 74.96 71.50 80.71
Agroforestry Peach palm - P 69.80 7.39 75.33 55.17 78.90
Agroforestry Pueraria 75.46 4.7\ 79.82 66.04 80.52
Monoculture Cupuaçu 72. \3 4.02 72.49 64.99 78.9\
Monoculture Grasses and pueraria 70.\\ 5.96 64.64 63.68 82.0\
Monoculture Peach palm - F(m) 73.\\ 8.22 76.07 57.63 85.63
Monoculture Peach palm - F(mb) 74.68 \.68 75.65 7\.4\ 76.97
Monoculture Peach palm -P(m) 73.98 \.65 74.68 70.84 76.4\
Monoculture Peachpalm-P(mb) 68.32 4.\0 70.39 60.4\ 74.16
Fallow Vismia 75.23 6.87 80.12 6 \.66 83.91
Average 73.27 \.26 74.96 55.\7 87.01
m = monoculture; b = between lhe paims; F = Peach palm for fruits production; P = Peach palm for palm heart
production.
Means followed by lhe same letters within lhe column, do not differ by Tukey's test (a < 0.05).

Table 3.11 does not show significant differences for IF between treatrnents, however, a

highly significant difference between the blocks is shown. In blocks C and B the effect of liming

and previous ferti!isation promoted clay particle deflocculation near the soi! surface (Figure 3.3). A

similar effect on clay particIe deflocculation by liming was reported by Roth and Pavan (1991).

Deflocculation after liming is explained by substitution of A13+ by Ca2+ and Mg2+on the exchange

complexo The ions of Ae+ had a greater flocculation power in the original soil conditions, because
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they are tight1y absorbed and compress the electrical double layer. The higher the valence, the

smaller the hydration radius and greater the f1occulation power (Jury et aI., 1991).

The percentage of dispersed clay is higher in the top horizons than in deeper ones (Table

3.10 and 3.12). Bravard and Righi, (1991) and Leite and Medina, (1984) found similar results in

Ferralsols near Manaus. Goomber and D'Hoore (1971) suggested possible effects of organic

compounds like the inactivation of polyvalent cations by soil organic matter to explain this fact.

The presence of lI'" or OIr groups on the surface of the oxides and the broken faces of the

kaolinite particles induce charges in Ferralsols to be dependent on pH, as identified in other highly

weathered Ferralsols of the humid tropics by van Raij and Peech (1972) and Uehara and Gillman

(1981). The point of zero charge (PCZ) is detined as the pH at which the net surface charge from ali

sources is zero (Sposito, 1989) and its knowledge is a very important property of soils with variable

charge with respect to their management for agricultura! purposes. Ferralsols norrnally have a PCZ

between pH 3 - 4 (Raij and Peech 1972; Botschek et aI., 1996; Silva et aI., 1996). Moreover, Morais

et aI., (1976) found for a clayey Ferralsols near Manaus a PCZ of 3.2, and Silva (1997) a PCZ of

3.5. These values are probably related to the PCZ of kaolinite, which is the dominant c1ay particle

in the Ferralsols in the central Amazon (Irion, 1984; Rodrigues, 1998; Silva, 1997) which shows a

PCZ ranging from < 3.5 to 4.6 (El-Swaify, 1980). These values of pH are similar to the values

presented in Table 3.14 for the soil covered by primary forest.

In the original conditions, i.e., when the soil is covered by primary forest, the clay partic1es

on c1ayey Ferralsols near Manaus are almost totally flocculated (Camargo and Rodrigues, 1979 and

Teixeira, et aI., 1997). This is a consequence ofthe low pH and its relations with the surface charge

of the c1aycolloids.
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Table 3.13 Soil chemical characteristics evaluated on different land use systems in a clayey Ferralsol- Brazil.
Land Use System Specie mean SD Median Maximwn Minimwn

pH
Agroforestry Cupuaçu 4.50 c 0.66 4.40 5.2 3.9
Agroforestry Annatto 3.97 abc 0.50 3.90 4.5 3.5
Agroforestry Brazil nu! 4.33 abc 0.32 4.20 4.7 4.1
Agroforestry Peach palm - F 4.20 abc 0.35 4.00 4.6 4
Agroforestry Peach palm - P 4.13 abc 0.40 3.90 4.6 3.9
Agroforestry Pueraria 4.17 abc 0.70 4.10 4.9 3.5
Monoculture Cupuaçu 4.40 bc 0.40 4.40 4.8 4.0
Monoculture Orasses and pueraria 3.80 abc 0.26 3.90 4.0 3.5
Monoculture Peach palm - F(m) 4.17 abc 0.32 4.30 4.4 3.8
Monoculture Peach palm - F(mb) 4.27 abc 0.42 4.40 4,6 3.8
Monoculture Peach palm -P(m) 4.07 abc 0.47 3.90 4.6 3.7
Monoculture Peach palm -P(mb) 4.57 c 0.55 4.60 5.1 4.0
Fallow Vismia 3.77 a 0.25 3.80 4.0 3.5

Ca2'i [cmo~dm')]
Agroforestry Cupuaçu 1.41 ab 0.92 1.04 2.45 0.73
Agroforestry Annatto 0.46 a 0.45 0.24 0.98 0.17
Agroforestry Brazil nut 2.26 ab 1.01 1.77 3.42 1.59
Agroforestry Peach palm - F 1.49 ab 1.06 1.21 2.66 0.60
Agroforestry Peach palm - P 0.97 ab 0.87 0.61 1.96 0.34
Agroforestry Pueraria 1.44 ab 1.66 0.94 3.29 0.09
Monoculture Cupuaçu 1.61 ab 1.11 2.10 2.39 0.34
Monoculture Grasses and pueraria 0.50 ab 0.45 0.33 1.01 0.15
Monoculture Peach palm - F(m) 0.90 ab 0.57 1.12 1.33 0.25
Monoculture Peach palm - F(mb) 0.67 ab 0.39 0.82 0.97 0.23
Monoculture Peach palm -P(m) 1.69 ab 1.39 1.42 3.20 0.45
Monoculture Peach palm -P(mb) 1.51 ab 0.74 1.54 2.23 0.75
Fallow Vismia 0.19 b 0.13 0.16 0.33 0.08

Mg21 [cmol, dm')]
Agroforestry Cupuaçu 1.10 a 1.14 0.72 2.38 0.19
Agroforestry Annatto 0.33 a 0.26 0.23 0.63 0.14
Agroforestry Brazil nut 0.84 a 0.72 0.83 1.57 0.13
Agroforestry Peach palm - F 0.93 a 0.88 0.76 1.88 0.15
Agroforestry Peach palm - P 0.55 a 0.64 0.20 1.28 0.16
Agroforestry Pueraria 1.25 a 1.55 0.62 3.02 0.12
Monoculture Cupuaçu 1.07 a 0.70 1.42 1.53 0.26
Monoculture Grasses and pueraria 0.30 a 0.24 0.21 0.58 0.12
Monoculture Peach palm - F(m) 0.68 a 0.44 0.87 1.00 0.18
Monoculture Peach palm - F(mb) 0.41 a 0.19 0.50 0.53 0.19
Monoculture Peach palm -P(m) 1.20 a 1.04 1.12 2.28 0.21
Monoculture Peach palm -P(mb) 1.07 a 0.69 1.30 1.61 0.29
Fallow Vismia 0.18 a 0.04 0.19 0.21 0.14

AlJ+ [cmo~dm-)]
Agroforestry Cupuaçu 0.99 abc 0.83 1.33 1.60 0.04
Agroforestry Annatto 1.75 bc 0.84 1.96 2.47 0.83
Agroforestry Brazil nu! 0.68 ab 0.39 0.83 0.97 0.24
Agroforestry Peach palm - F 0.73 ab 0.47 0.48 1.28 0.44
Agroforestry Peach palm - P 1.06 abc 0.76 1.23 1.73 0.23
Agroforestry Pueraria 1.17 abc 1.02 1.48 2.00 0.04
Monoculture Cupuaçu 0.53 a 0.60 0.28 1.22 0.\0
Monoculture Grasses and pueraria 1.63 abc 0.04 1.63 1.67 1.60
Monoculture Peach palm - F(m) 0.95 abc 0.65 0.88 1.63 0.33
Monoculture Peach palm - F(mb) 1.36 abc 0.41 1.43 1.72 0.92
Monoculture Peach palm -P(m) 0.74 ab 0.70 0.54 1.51 0.16
Monoculture Peach palm -P(mb) 0.68 ab 0.64 0.33 1.42 0.30
Fallow Vismia 1.95 c 0.33 .J.99 2.26 1.60
m - monoculture; b between the palms; F - Peach palm for fruits production; P - Peach palm for palm heart
production.l- Original means (statistical analysis was cartied out with transformed data), see Appendix A-3 for
details. Means followed by the same letters within the column, do not differ by Tukey's test (a < 0.05).
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Table 3.14 Physical and chemical characteristics (mean ± standard error) of' the soil covered by primary forest on a
ela e Ferralsol in lhe central Amazon - Brazil.
Scient. Specie Coarse Fine Sand
name sand

2.00 - 0.2 - 0.05 0.05 - 0.02 < 0.002
0.2mm

Silt Clay Particle
density

pH Ca + M + AI+

mm mm mm
g kg' Mg m? ___ cmol , dm" ___

Matá- Escheweilera 321.10 76.19 125.57 477.13 2.46 3.86 0.05 0.08 1.61
matá sp ± 14.03 ±2.94 ± 3.76 ± 14.12 ±0.01 ±0.13 ±0.01 ± 0.02 ±0.12

Bacaba Oenocarpus 294.04 71.80 120.51 513.62 2.44 3.79 0.04± 0.08 1.85
bacaba ± 13.72 ±3.50 ±6.83 ± 14.66 ± 0.03 ±0.09 0.00 ±0.01 ±0.16

Average 307.57 73.99 123.04 495.38 2.45± 3.82 0.04 0.08 1.73
± 10.07 ± 2.28 ± 3.83 ± 10.82 0.01 ±O.08 ±O.OO ±0.01 ±0.10

Mean of9 samples for each species.

Further investigations are oecessary to evaluate the effect of changing chemical properties

00 the soil surface of clayey Ferralsols on the f1occulation of c1ay partic1es. Preserving the good

structure quality of the c1ayey FerraIsols may be an essential factor in the sustainability of a land

use system.

3.3.4 Chemical parameters

The complete soil chemical data set are shown in Appeodix A-3. The residual analyses

showed that, cootrary to the assumptions, the variance is correlated with means for Ca2+ and Mi+.
Box et aI. (1978) show in details how to calculate variance stabilising transforrnations for this

situation, the appropriate transforrnatioo is related to the kind of relatioo between variance and

means. The power for a transforrnation to stabilise variances across groups was calculated using the

lambda (Ã.) values of Box-Cox, The Ã. values were estimated using the Program Minitab 12.2

(Minitab Inc.; State Colege) and were 0.225 for Ca2+ and - 0.337 for Mi+.
The experiment was limed in NovemberlDecember 1996 with 2.1 Mg ha' of dolomitic lime,

which was broadcast in the plots. Soil sampling was conducted on block A before the application of

lime, whereas blocks B and C were sampled in January 1997. Table 3.13 shows higher values of

Ca2+, Mi+ and pH and reduced levels of A13+ for block C. It was probably caused by a more inteose

use of lime and fertiliser in the previous rubber tree experimeots (see history of the site in the

chapter 2). The reduced levels may present near bacabas and matá-matás in the primary forest

(Table 3.14) represent the originallevels ofthese parameters.

In the secondary forest the plots were not limed or fertilised during the present experiment,

the levels ofCa2+ and Mg2+ where oot so high (Table 3.13), but confirms an anterior different use of
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the site 197 because of the higher levels of the blocks B and C in relation to the original conditions

of the soil covered by the primary forest. This fact is reflected in a highly significant effect of

blocks for the chemical parameters (Table 3.15 and Figure 3.3). Variability between blocks clearly

does not affect differences between treatment means, since each treatment appears the same number

of times in every block. Nevertheless, significant treatment effects were found for pH, Ae+ and

Ca2+.

Table 3.15 Analysis of varianee of soil ehemistry properties determined in different land use system on a clayey
Ferralsol in Manaus - Brazil.

Souree Sum-of-Squares df Mean-Square F-ratio P
pH

Land use and plants 2.1236 12 0.1770 4.1102 0.0016
Bloek 4.2867 2 2.1433 49.7806 0.0000
Error 1.0333 24 0.0431

Aluminium
Land use and plants 7.4377 12 0.6198 3.8126 0.0026
Bloeks 6.7849 2 3.3924 20.8680 0.0000
Error 3.9016 24 0.1626

Calcium I
Land use and plant 12.8055 12 0.1230 2.5280 0.2600
Bloek 6.0502 2 0.4360 8.9890 0.0000
Error 16.1639 24 0.0048

Magnesium I
Land use and plant 5.0471 12 0.9000 2.3670 0.0350
Bloek 7.3458 2 14.0840 37.053 0.0000
Error 8.2689 24 0.3800

Organie earbon
Land use and plant 5.0471 12 0.3250 1.8150 0.1040
Bloek 7.3458 2 2.9400 2.9400 0.0720
Error 8.2689 24 0.1790

1- Analysis of varianee performed with transformed data (power transformation). See appendix 3-A.
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Table 3.16 Exploratory anaJysis of organic carbon [g kg") data set evaluated on differenl land use
systemin a clayey Ferralsol in lhe central Amazon- Brazil.
LandUse Syslem Specie mean S. E of mean Median Minimum Maximum

gkg-I
Agroforestry Cupuaçu 3.12 a 0.07 3.05 3.04 3.26
Agroforestry Annatto 2.63 a 0.26 2.77 2.13 2.99
Agroforestry Brazil nul 2.89 a 0.07 2.84 2.79 3.03
Agroforestry Peach palm- F 2.42a 0.04 2.39 2.36 2.50
Agroforestry Peach palm- P 2.40 a 0.11 2.36 2.23 2.61
Agroforestry Pueraria 2.78 a 0.34 2.77 2.19 3.37
Monoculture Cupuaçu 2.41 a 0.02 2.40 2.39 2.44
Monoculture Orassesand pueraria 2.48 a 0.25 2.54 2.01 2.88
Monoculture Peach palm- F(m) 2.28 a 0.21 2.08 2.06 2.70
Monoculture Peach palm- F(mb) 1.80a 0.73 2.34 0.36 2.71
Monoculture Peach palm-P(m) 2.68 a 0.09 2.73 2.51 2.80
Monoculture Peachpalm-P(mb) 2.86 a 0.15 2.80 2.65 3.14
Fallow Vismia 2.57 a 0.13 2.54 2.36 2.80
Average 2.56 0.08 2.61 0.36 3.37
m - monoculture;b - betweenlhe palms; F - Peach palm for fruits production;P - Peachpalm for palmheart
production,
Means followedby lhe same letters,wilhin lhe column, do not differby Tukey's test (a < 0.05).

The levels of Ca2+ show a significant difference between the extreme values of the data set

(Table 3.13). The highest levei was measured near the Brazi! nut trees in the agroforestry system

and the lowest levei in the secondary forest. This can be explained with the fact that the secondary

forest was not limed and fertilised in the present experiment, whereas the Brazil nut trees were

limed and fertilised. With respect to pH and Ae+ levels, the clearest differences were between

positions within the agricultural land use systems and the secondary forest, which shows lower

levels of Ca2+ and pH, and higher A13+concentration. The differences between the positions on the

agricultura! plots are probably related to differences in the fertilisation levels used, which is specific

for each species (SHIFT, 1996, 1997 and 1998). The reduced values ofthe flocculation indexes in

the blocks B and C (Table 3.12) may be explained by increasing pH in blocks B and C (Table 3.13),

which may have increased the net negative particle charge, resulting in particle repulsion and

consequently the reduced flocculation index. An important implication of this fact is that certain

management practices, which improve soil fertility, may be detrimental to soil structure (i.e., liming

reduced intra-aggregate bonds by eliminating most positive charges). Fortunately, the origin ofthe

inter-aggregate bonding is non-electrostatic in these Ferralso1s, but are principally due to the

activity of roots and earthworrns (see, Chauvel, 1982). This fact tends to reduce the detrimental

consequences of such changes in the functionality of the soil structure. Therefore, the most visible

effects of the collapse of the soil structure, which are norrnally an expressive reduction of p, could

not be observed yet. Further discussion about the pore-size distribution and saturated and

unsaturated hydraulic conductivity evaluated in these land use systems can be found in Chapters 4

and 6.
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Conversely, a increase in pH and higher concentration of mineral nutrients in the soil may

result in more intense biological activity and the formation of polysaccharides, which promote

aggregation (Tisdall and Oades, 1982). As a probable consequence, the opposite effect would be

observed some time later, showing that the deflocculation of c1ay in the Ferralsols following liming

was a temporary phenomenon. Further investigations are necessary to confirrn or refute the

hypothesis of a better aggregation on a long terrn basis from the increase of pH and reduction of

AI)+. The organic carbon values (Table 3.16) do not show significant differences between the

positions evaluated (Table 3.17).

Doubtless, the maintenance of adequate levels of organic matter in the soil is an essential

factor to maintain adequate chemical and physical properties of tropical soils for plant production

(Zech et aI., 1997; Tisdall and Oades; 1982). However, Lehmann et aI., (2001) did not found

positive relations between organic carbon and aggregate stability in this experimento The driving

force of aggregation in the clayey Ferralsols are probably more related to the dynamic of the

aggregate-stabilising iron oxides (Sombroek, 1984; Oades and Waters, 1991).

A sustainable land use system for the clay Ferralsols must be designed for a reposition of

organic matter from decomposing litterfall and dead roots and a positive net balance may be a

fundamental factor to assure the quality of the soil structure.

Table 3.17 Analysis ofvariance of organic carbon content evaluated in different land use systems on a clayey Ferralsol
in Manaus - Brazil.
Source
Land use and plant
Block
Error

Sum-of-Squares
3.9041
1.0544
4.3031

df
12
2
24

Mean-Square
0.3253
0.5272
0.1793

F-ratio
1.8145
2.9404

P
0.1035
0.0721

3.3. 5 Particle density (pp)

The results of Pp density are homogenous and reflected the predominance of kaolinite in the

composition ofthe partic1es these Ferralsols (Table 3.10 and 3.18). The mean value for PP of2.52

Mg m" was used to estimate the total porosities in the soil surface (Table 3.18), which are discussed

in the Chapter 4. In the subsurface layers the mean values were about 2.60 Mg m? (Table 3.10).

The increase on the PP values with depth is principally related to a reduction of organic carbono
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Table 3.18 Exploratory analysis of particle density [Mg kg"] data set evaluated on different land use
systemin a c1ayeyFerralsols in lhe CentralAmazon- Brazi!.
Land Use System Specie mean SE of mean Median Maximum Minimum

Agroforestry Cupuaçu 2.54 0.04 2.50 2.63 2.50
Agroforestry Annatto 2.50 0.00 2.50 2.50 2.50
Agroforestry Brazil nut 2.49 0.06 2.50 2.59 2.38
Agroforestry Peach palm- F 2.54 0.04 2.50 2.63 2.50
Agroforestry Peach palm- P 2.50 0.00 2.50 2.50 2.50
Agroforestry Pueraria 2.60 0.05 2.63 2.66 2.50
Monoculture Cupuaçu 2.50 0.00 2.50 2.50 2.50
Monoculture Orassesand pueraria 2.50 0.00 2.50 2.50 2.50
Monoculture Peach palm- F(m) 2.50 0.00 2.50 2.50 2.50
Monoculture Peach palm- F(mb) 2.56 0.05 2.53 2.66 2.50
Monoculture Peach palm-P(m) 2.52 0.02 2.50 2.56 2.50
Monoculture Peach palm-P(mb) 2.54 0.04 2.50 2.63 2.50
Fallow Vismia 2.50 0.00 2.50 2.50 2.50
Average 2.52 0.01 2.50 2.66 2.38
m = monoculture;h = between lhe palms; F = Peach palm for fruitsproduction;P - Peachpalm for palmheart
production.
Mean of3 samples.

3.4 CONCLUSIONS

The agricultural use of cJayey Ferralsols changes its bulk density and the natural floccuJation

of the cJay particles, and this may affect other properties related to the structure, such as hydrauJic

conductivity and therefore transport processes in the soil.

Bulk densities in the ranges ofO.67 to 1.08 Mg m-3 indicate a highly structured soil.

A significant increase in the value of p was identified in the plots of monoculture of cupuaçu

because the poor growth ofthe cover crop left part ofthe soil uncovered or under grass cover.

The soil under secondary forest does not show a significant difference in the bulk density

values in relation to the soil under primary forest.

The soil near the palms (peach palm and bacaba) present lower values of bulk density

because of a well developed root system near the soil surface.

Alteration of chernical properties of the cJayey Ferralsols in the central Amazon, whose

charge depends on pH, leads to a dispersion of cJay particJes near the soil surface.

While laboratory measurements of particle-size distribution using the cJassical method with

chernical dispersion agent provides unchanged results about clay content, index of floccuJation

indicate changes in the natural aggregation of the clay particles.

Monitoring of bulk density and the index of flocculation are useful and cheap indicators of

soi! structure quality ofthe cJayey Ferralsols.
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A conceptual approach of an optimum structure for a land use system was discussed, and a

simple and straightforward statistical model is proposed as an exploratory tool for predicting

impacts of alternative crop and soil management practices on the average soil structure.
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Aoalysis of variaoce

The randomised block design (RBD) is one of the most widely used experimental design in agriculture

experiments. It permits a systematical control of the natural soil variability through blocking the treatments. The

simplest type is set up by assigning treatrnents at random to a previously determined set of experimental units called

block.

The objective of the blocking technique is to lead that the units in a block be as uniform as possible so that

observed differences will be largely due to treatrnents. Ideally, the variability arnong experimental units is controlled so

that the variation arnong blocks is maximised while the variation with is minimised (Steel et al., 1997). Variability

among blocks c1early does not affect differences among treatrnents means, since each treatrnent appears the same

number of time in every block.

If treatment-block interaction is present, the test on treatrnent means is unaffected by the interactions. The

explanation for this fact is that both the expected mean squares of the treatrnents and experimental error contains the

interaction effect. Details about its mathematical theory is given by and Graybill, (1976). Searle et al., (1992) and

Montgomery, (1997) whereas and its application in agriculture experiments by Little and Hills, (1978). Snedecor and

Cochran, (1989) and Gomes (1990).

The statistical model for the RBD is:

Y I) = J.1 + ti + P j + E iJ i= 1.2 •...• 1

j = 1.2 •...• J

. .,.th .th
y;j = IS the observation 10r the 1 treatrnent on J block

~ = is the overall mean

t. = is the effect ofthe i
th

treatrnent

P J = is the effect from the jth block, normally distributed with mean zero and variance crp 2

E i j = is the random error, independently and identically distributed (iid) in a normal distribution with mean zero and

. 2
vanance cr
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The parameters for the analysis of variance can be estirnated directly using the equations below.

Source of variation degree of freedom Sums of squares

Blocks J-I
(~::CYj - y..)'

j

Treatments I-I J~)y; -v..)'

Experimental Error (1-1)(1-1)
L:(Y;j - Yj - Y; + y..)'
i,j

Total IJ-I L:(Y;j - y..)'
i,j

The randornised block design with subsamples (RBDS) has more than one observation (subsampling) per

treatment per block, i.e., the RBDS has k = I, ... ,s subsamples (Hays, 1981; Snedecor and Cochran; 1989). The

subsampling procedure may increase the sensitivity of the experiment by increasing the precision with which properties

of each treatment is estimated.

Therefore, its analysis of variance contains an additional line - from the subsampling error, which can be

calculated as show above.

Sampling error IJ(s-l)

The sums of squares of RBDS for blocks, treatments and the total are computed as for RBD without

subsampling, except that they are also divided by the number of subsamples (s) (Snedecor and Cochran, 1979; Steel et

aI. 1997). The experimental error is the appropriate error for testing hypotheses concerning treatments and block in both

models ifthe subsampling and blocks are assumed to be random factors (Steel et al., 1997). Consequently, the analysis

for test ofhypothesis concerning treatments using F values would be identical (Hays, 1981; Steel et ai. 1997).

The advantage of using the RBDS is that it permits to identify the effect of the sampling design in the

experimental error. At the present work, the RBDS was computed to verify the effect of sampling and the interactions

among sampling and treatments or blocks.

Because the F values and multicomparison tests would have identical results when using the simpler RBD, we

perform the mean comparison tests using the sums of squares from the RDB model for its sirnplicity, although some

statistical packages do not support comparison tests with multivariate models.
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Model adequacy checking

An estimation of the residual (E;j) in the RBD can be calculated using the relation below (Montgomery, 1997).

Where y (s) are the estimated observations using the statistical model.

Statistical Assumptions

Whereas, the assumptions to compute parametric statistical models are described by some authors in tenns of

the dependent variables, others describe them in tenns of residuais. Althougb stating the assumptions in tenns of the

residual is more correct, the two approaches are, for practical purposes, equivalent. This is because the dependent

variable can be expressed as the sum of a true value plus a random error; therefore, if the dependent variable meets the

assumptions then so do the residuais (Kufs, 1991).

The premises for the variance analysis of RDB are that, the residuais [E;il be independent and identically

nonnally distributed with mean zero, the variance of the residuais within the treatments must be homogeneous, and the

sample data should be obtained by random sampling (i.e., the residuais must be independent). Moreover, the effects of

the factors must be additive (Graybill, 1977; Searle et aI., 1977; Lindman, 1992; Steel et aI., 1997).

Normality

The standard statistical procedure in variance analysis is based on the assumption of normal (Gaussian)

distribution of the residuals. The major reasons for the dominance of the normal distribution in statistical analyses is

that the Central Limit Theorem tells us that even if the distribution of the original population is far from normal, as

sample size increases the distribution of the sample mean tends to the normal (Box et aI. 1978; Montgomery 1997). In

fact, many qualities whose variability results from the additive contributions of many effects are approximately

nonnally distributed (Snedecor and Cochran, 1989; Draper and Smith, 1998).

However, the "correct" assumption of the statistical model is that the residuais must be independent and

identically distributed (iid) within the treatments with normal distribution. In practice, it is very difficult to find an

experiment with RBD design that pennits investigating the nonnality assumption for each treatment. This is owed to the

low numbers of repetition within each treatment, sometimes just one. However, a general inspection using an omnibus

test with the residuals together may be appropriate to check the nonnality assumption (Miller, 1986); this approach is

also showed by Montgomery (1997).

Procedures for ascertaining the type of probability distribution function (pdf) involve Shapiro- Wilk's W test;

lhe Kolmogorov-Smirnov test with Liliefors corrections; Levene's median test (Parkin and Robison, 1989; Steel et aI.,

1997; Draper and Smith, 1998) or graphical methods like the fractile diagrams or quantile-quantile plot (Chambers et

aI. 1983; Jury et aI. 1993), among many other methods.

Overall, the F test and planned comparison are remarkably robust to deviations from nonnality (Hays, 1981;

Lindman, 1992). Tests based on studentized range are also robust to deviation of nonnality since the size of the design

is not too small and if the violation is not to severe (Miller, 1986).
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Failure of lhe normal approximation mostly occurs when lhe population contains some extreme individuais

that dominate the sample average, causing a nonzero skewness (Beckett and Webster, 1971). ln general, only lhe

kurtosis of the distribution is likely 10 have any appreciable effect on F statistic. lf lhe kurtosis is greater than zero, then

the F tends to be toa small and we cannot reject lhe nul1 hypolhesis allhough it is incorrect. The opposite is lhe case

when lhe kurtosis is less than zero. The skewness of lhe distribution usually does not have a sizeable effect on lhe F

statistic, A detailed discussion oflhe robustness of'the F statistic can be found in Lindrnan (1974).

To verify normality, lhe Shapiro-Wilks' W test was chosen, because of its good power compared to a wide

range of alternative tests. If lhe W statistic is significant, lhe hypolhesis of normal distribution should be rejected.

Details about lhe W statistic can be found in Gibbons (1994) and Steel et alo (1997).

The graphical melhod, normal quantile-quantile plot (qq-plot) was also used. 11consists ofa plot oflhe ordered

values of lhe residuais versus lhe corresponding quantiles of a standard normal distribution. If lhe qq-plot is linear, lhe

residuais (i.e. lhe data set) are reasonably Gaussian (Chambers et aI., 1983).

Homogeneity of variances - Homoscedasticity

Homogeneity, equality of variances or homoscedasticity are synonyms for a basic assumption underlying

statístical models, that lhe variances due to experimental errors within lhe treatments are homogeneous (Winer, 1971;

Sokal and Rohlf, 1995).

The three univariate procedure most commonly used to test homoscedasticity are: lhe Hartley test (F - max

statistic) which calculates lhe ratio of lhe largest to lhe smallest variance and compares it wilh a set of tabulated

distributions; lhe Cochran test (C - statistic) wlúch equals lhe ratio between lhe 1argest variance wilh lhe average of ali

variances; and lhe Bartlett test, which compares lhe logarithm of lhe mean of lhe sample variance with lhe mean oftheir

logarithms (Winer, 1971; Seber et aI. 1977).

However, they are ali very sensitive to departures from normaJity in lhe population distribution, i.e., iflhe data

are not normal1y distributed, lhe validity of lhe test is greatly affected. Aside from this, Ihere are other arguments

against lhe commonly used melhods for testing homoscedasticity, and many statisticians do not recommend to perform

these tests (Winer, 1972; Lindrnan, 1992; Draper and SOÚth, 1998).

In a certain degree, lhe consequences oflhe violation ofhomoscedasticity is not very critica1, because lhe F test

itself tends to be robust with respect to both non-normality and heterogeneity of variance for identical sample sizes

(Hyan, 1985; Lindrnan, 1992;).

However, when lhe assumption of equal variances is severely violated, there is a tendency to reject lhe null

hypolhesis when it should be accepted (Little and Hills, 1978; Lindrnan, 1992;).

At the present work, tests of homoscedasticity of variance were performed applying Levene's test, using

medians ralher than means. It is relatively unaffected by non-normality, despite lowered testing power (Draper and

Smith, 1998). lfLevene's test is statistical1y significant, then lhe hypolhesis ofhomoscedasticity should be rejected.

11 is also important to examine any correlation between lhe means and lhe variances to verify independence

between lhe means the variances of lhe samples. If means and variances are independent, these ratios will vary widely.

Graphical analyses were also used to verify independence among means and variances.
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Independence

Effects of land use systems on soil physical parameters are often noticed and experienced researchers and

farmers are convinced of them, but statistical verification of these differences sometimes failed due to the spatial

dependence among the observations.

Many soil physical properties vary with transient soil features and some are not normally distributed and rather

systematically time and spatial dependent (Beckett and Webster, 1971; Jury et aI., 1991; Warrick, 1998).

Special research on comparison among land use systems, has to cope with the soil variability, because the

experiments normally are carried out at large treatrnent plots, with an inherent spatial variability between plots, while

measurements among system components within the plots may be spatially dependent. Frequently, soil properties

measured at nearby locations vary less than those measured further apart, indicating that the samples may be dependent

of one another. This inherent soil variability may obscure treatrnent effects or lead to misinterpretations of results if not

taken into account.

The distance between two sampling sites at which the respective samples are judged independent should be

determined. This distance, called "the range of influence'', characterises the spatial variability of the soil. Using

geostatistical techniques it is possible to validate the basic assumptions of independence for many statistical analyses or

to take into account possible autocorrelation between measurements when estimating the variance of the mean (Vauclin

et aI., 1984).

Gajem et aI. (1981) studied the spatial dependence of I2 soil properties measured along different transects.

They found that these soil properties were correlated over a distance that varied from a few centimeters to several

meters.

Russo and Bresler (1981) deterrnined that soil hydraulic properties were correlated over distances as follow: 21

m for saturated hydraulic conductivity, 55 m for saturated soil water content, 25 m for residual water content and 35m

for sorptivity.

Campbel (1978) found ranges of30 m and 40m for the sand content oftwo different soil types and Vieira et alo

(1981) found lhe steady-state infiltration rates ofYolo loam soil to be spatially dependent within a 50 m range.

The spatial dependence may also be a function of time (Sadding et ai. 1985), and most studies of the spatial

variability of the soil physical properties have been done on bare soil; in studies with perennial species, the presence of

plants may modify the structure of the spatial dependence.

In this study, it is assumed that lhe values of sample points were spatial independent. This assumption is based

on a study carried out in Manaus on a Ferralsol by Côrrea and Richard (1989); their geostatistical analyses show that

most soil physical variables are space independent for distances greater than 3 m. In the present study, the closest points

within the agroforestry system were distanced about 6 m.

Furthermore, the measurements evaluated in the present study were carried out three years after the installation

ofthe experiment at this stage of development ofthe plants, due to relatively large planting distances, interaction among

individuais of the different species was found to be small and irrelevant for both the amounts of biomass accumulated

until May 1996 (Wolf, 1997) and the roots interactions (Haag, 1997).

Therefore, the RBD design is appropriate to identify effects of a different species growing in determined land

use system. In addition, planned comparisons using weighted mean of each land use system is calculated to compare the

whole land use systems.

Apart from the natural soil variability, the differences among soil physical and hydrological parameters found

in the present study are supposed to be caused by: i) the characteristics in the root development of each specie (Haag et
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al., 1997); ii) departures ofrain water partitioned into throughfall, stemflow, and interception loss when passing through

plant canopies (Schroth et al., 1999); iii) variations on the micro and macrofauna; iv) difference in the variations in the

soil water content (see chapter 5 and 7); v) specitic management practices which were differentiated among the species

(e.g. fertiliser levels, harvesting or pruning intervals), but identical for the same species among the land use systems

(see Chapter 2). Moreover, the differences among the different positions within a land use system are a1so a

deterministic consequence of contrasting plant characteristics with respect to growth, litter production and rate of

decomposition, the shadow caused by the canopy into the soil, among many other effects. Such small-scale

deterministic differences would also be expected within natural vegetation communities such as tropical forest or

fallow.

The variability of chemical properties near the different positions within the land use systems in the present

experiment is given by Schoth et al., (1999; 2000).

Nevertheless, the sampling design for analysing agroforestry systems and monocultures with cover crops must

take into account the interactions among the species in an advanced stage of development. In this situation, when plants

are growing together and competing for nutrients, water and light, interaction among the individuais created an

additional source ofvariability.

Evaluation of the competitive or complementary effects among the components of the system may be of

special importance when the whole system is analysed. In this context, possible interaction among neighbours plants

must be considered and the assumption of independence of the observation may be severely violated. In such

circumstances, a more advanced statistical design must be used. Some statistical design to anaIysis crops growing

together in the same plot is given by Federer (1993; 1998).

When analysing the normally large plots typical of experiment comparing land use systems, an additional

complicating factor is the position of the plot in relation to its neighbour plots or the adjacent natural vegetation, i.e.,

forest or fallow.

The spatial positions of a plot may create additional microclirnate sources of heterogeneity, even if the soi! is

considered homogeneous among the plots. Evidences of microclimate gradients from the border of the forest were

found by Reisdorff et al., (2000), who show for the present experiment better development and productivity of cupuaçu

plants growing in the plots near the adjacent forest, markedly in the dry years. This kind of phenomenon may be taken

into account in the statistical techniques to control error and increase precision employing, for instance the nearest

neighbour analysis (Brownie et ai, 1993; Helms et al., 1999) or the classical covariance analysis (Snedecor and

Cochran, 1989; Steel et ai, 1997).

Additivity and residual ana1yses

The model is called additive because the effects of the fixed and random factors are added. For a randomised

bloek design, any experimental observation is made up of the overall mean plus a treatment effect, plus a block effect,

plus an error termo For instance, if the treatment (I) provided an increase of tive units in the response and if the

influence of the block (1) increased the response by four units, the increase of both together would be presumed to be

nine. If an interaction occurs between blocks or treatments, the model is not additive anymore, and suitable

transformations of the response variable should be considered to reduee the interaction effects. A method for testing

nonadditivity for RDB was developed by Tukey and it is given in by Steel et al., 1997.

The analysis of residuais can reveal some violations of the assumption of additivity, and in some cases a

transformation ean lead to additive models. If the model is correctly designed and if the statistical assumptions are not
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severely violated, the residuals plotted versus the fitted values should be structureless, i.e., they should not reveal any

obvious trend.

The residuals are the estimate of the errors and unlike the errors they estirnate, they are not independent

(Draper and Smith, 1998) and may have heteroscedastic variances, i.e., "the residual corresponding to observations with

x values that are far from the centre of the range of x values tend to vary more from sample to sample than those

corresponding to observations with x values that are closer to the centre, consequently they are not directly comparable

with one another" (Graybill and Iyer, 1994). Before they are usefuJ for checking for equality of the variances of the

observations, they need to be standardised. Moreover, since methods for detecting nonnormality are often sensitive to

inequality of variances, lhe use of ordinary residuals can lead to lhe assumption that errors are not normal even when

they are (Christensen, 1991).

The standardised residual is the raw residual divided by its standard error. If the residuals are normally

distributed about 66% of the standardised residuals have values between -I and +I, and about 95% of the standardised

residuals have values between -2 and +2. A larger standardised residual indicates an outlier (Montgomery, 1997).

A more powerfuJ technique to identify outlier is the analysis of lhe studentized deleted residual. This procedure

takes into account lhe differences in variability from point to point and allows to check lhe linearity assumption

between the dependent and independent variables (Neter et aI., 1989). Scatter plots of studentized residuais were also

plotted for some graphical analysis in lhe present work. It is calculated subtracting lhe observed value (y;) and a

predicted value (oJ, both corresponding to the ith observation, when the ith sample value is excluded from lhe analysis.

This difference is then divided by an estimate ofthe standard deviation of the residual at that point (Graybill and Iyer,

1994).Thus, studentized deleted residual will at times identify outlying observations when ordinary residuals would not

identify these (Neter et al., 1989).The concepts about graphical analysis of residuals can be found in lhe books of Neter

er al., (1989), Graybill and Iyer (1994) and Draper and Smith (1998).

In this work transformations were used, when the analysis of residuals and lhe statistical tests showed great

violations of the statistical assumptions. The Box-Cox power transformation was performed by the program Minitab

Release 13 (Minitab Inc. 2000) to find lhe optimal power (Iambda value in the Box-Cox method) to transform the data.

Detailed discussion about suitable transforrnations can be found in Box et al., (1978) and Little and Hills (1978).

Multiple comparisons

The comparison among treatrnent averages was performed using two techniques. The first one has as objective

to compare the means of the soil parameters evaluated near lhe different species among and within the plots, and it was

done using lhe Tukey's test.

A second technique was used to compare lhe whole land use systems. In this context, weight factors relating

lhe area of influence of a determined species on lhe measured parameter were estimated using maps of lhe spacing

among the species within lhe plots. Subsequently, lhe weight factors were used in contrast analysis. The calculations of

lhe weight factors for bulk density is explained in details on lhe Chapter 4.

In general, lhe multiple purpose tests for means have the same underlying assumptions as lhe analysis of

variance and, ideally, a test of significance should reject lhe null hypothesis when it is false. The probability of this

rejection to occur is called lhe power of lhe test,

The multiple comparison tests has received much attention in the statistical literature, and there is no

agreement about lhe "best" procedure for routine use (Stell et al. 1997; Zar, 1999).
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Tukey's tests were performed to compare the means of the parameters evaluated, and the confidence intervals

of a difference between a pairwise comparison were deterroined.

While some authors have criticised the Tukey's test as being a little conservative (i.e., toe few significant

differences are concluded), others recommend it against other tests like the least square difference (LSO) or Student-

Newman-Keuls (SNK) tests, because the last ones may falsely declare significant differences with a probability greater

than Cl (Lindmann, 1994; Systat, 1998; Zar, 1999).

Objections to the use of LSO test in multiple comparisons have been found in the Iiterature. It has a

disadvantage of no attempt is made to adjust the observed significance leveI for multiple comparisons, therefore the test

procedure loses its valuable property of protecting the investigator against making erroneous conclusions (Snedecor and

Cochran, 1989). In resume, however, the LSO may be a valid test procedure for planned comparisons, it can be and

often is misused, and some statisticians hesitate to recommend it (Snedecor and Cochran, 1989; Steel et aI. 1994; Zar el

aI. 1999).

The Duncan's multiple range test is a1so regarded to be powerful, i.e., it is very effective ai detectíng

differences between means when real differences exist (Carroer and Swanson, 1973; Montgomery, 1997). However, it

gives even higher probabilities ofType I errors and is not recommended (Lindmann, 1994). Because SNK and Ouncan

tesr do not maintain their c1aimed protection leveI they have been excluded forro some new versions of statistical

packages, Iike Systat 9.0 ~ (Systat, 1998) ; Minitab 12.2 (Minitab Inc. 2000) and S-Plus 2000 Professional (MathSoft

Inc.2000).

The Tukey's test or the honestly significant difference test (HSO) is based on a distribution known as

studentized range distribution (q) (Lindman, 1992).

It requires a single value (q) for judging the significance of alI differences. To perform the Tukey's test, a

critical value of q is calculated using Equation [A.1). If the calculated q value is equal to or greater than the critical

value [q a. Y, • ), then the null hypotheses are rejected at the leveI Cl of significance. The degree of freedom of the

experimental error is denoted by v, and k is lhe total number of means being tested.

The critical values of q can be found in and Lindman {I992) and Steel et ai. (1997)

In the statistic q,

q = Yft2
[A.1)

Here value S2 is the experimental error from the anaIysis of variance (MSerror) and n is the number of data in

the treatments. The denominator is the difference between the means being compared.

It is also occasionally found that the overall F statistic in the analysis of variance is significant, but the

comparison test fails to find any significant pairwise differences. This situation occurs because lhe F test is

sirnultaneously considering alI possible comparisons between the treatments means, not just pairwise comparisons

(Montgomery, 1997).

Contras! analysis

A contrast or a planned comparison is any linear combination of the coefficients of the treatmenl whose sum is

zero (Montgomery, 1997). It may include ali treatment means or only some ofthe means, furthermore it also permits to

give weights to the means.
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A contrast (C) i.e., a hypothesis to be tested, may be formulate using the following rules:

c = "c.y.L... I I.

with the restriction that

Here, the y;.are the treatment totais and C; are the coefficients for a hypothesis test.

A contrast allows the researcher to ask specific questions when ana1ysing experimental effects. Although

contrast analysis is a very useful technique, its use is not widespread in the agriculture research. This fact is probably

related to a popular maxim that the contrasts must be orthogonal.

Orthogonal contrasts have the additional rule that the sum of the products of the corresponding coefficients in

any two comparisons is zero. Moreover, they are independent if the data are normal (Snedecor and Cochran, 1989).

Because of the independence, they have the advantage in the summary of results that each contrast deals with a

distinctly different question and supplies different information. Although, orthogonal contrasts have many desirable

mathematical qualities, they are not absolutely necessary, (Winer, 1971; Lindman et ai., 1992; Sokal and Rohlf, 1995)

and the results still interpretable if the orthogonality assumption is violated. Of course, when it is used indiscriminately

to test all possible differences among several comparisons, certain differences will be significant but not at selected

leveI of significance.

When the planned comparisons are not orthogonal is necessary to adjust the values of the probability leveI (a).

Because if a result of a single such comparison is significant, the subsequent comparisons might more likely be

significant as well, and decision based on conventionallevels of significance might be in doubt.

To assure that the probability of making any type I error at alI in the entire series of contrasts does not exceed a

, an adjusted probability (a') of incorrectly rejecting at least one of the null hypotheses, can be calculate using the

Equation [A.2]

a '= I -1(1- a) 11. [A.2]

Here, k is the number of tests and ais the significant level.

Although the probability calculate using the Equation A.2 is exact only for independent tests, this is a feature

of any set of ordinary significance test on the same set of data, and employing a' for each comparison results in a

conservative test and the probability that one or more test will be significant by chance will be less than a (Sokal and

Rohlf, 1995).

In the present experiment, orthogonal contrasts do not allow to formulate ali hypothesis of interest and some

contrasts analysed are not orthogonal, however, the significant leveI for difference in a contrast group was differences

was the adjusted a'.

An important observation when non-orthogonal sets of contrast are used is that they will not give sums of

squares that add to the treatment sum of squares (Steel et al., 1997). Details about contrast analysis are given by

Lindman, (1992), Sokal and Rohlf(1995), Stell et al., (1997) and Montogmery (1997).

The sum of squares for any contrast (SSc) for a balanced design, can be calculated using the Equation [A.3]. It

has a single degree of freedom, so an F test may be used appropriately to verify the significance (Lindman et aI, 1992;

Steel et al., 1997). If the F is significantly, the null hypothesis is rejected at the specified a leveI or the adjusted leveI

a'.

[A.3]



Statistical rules 81

Where n is the number of observations in the mean. The SSc can be used directly as the numerator of an F test with the

mean square error of treatments as denominator.

Confidence intervals following multiple comparisons

The confidence interval provides an assessment of how accurately we know the mean or a difference between

means. The width of the confidence interval gives us some idea about how uncertain the knowledge of the parameter is.

A very wide interval may show that more data should be collected before anything definite can be said about the

parameter.

Therefore, confidence intervals are always more informative than tests, and simple results of hypothesis tests

alone, without the accompanying confidence intervals, can be misleading (Graybill and Iyer, 1994).

Confidence intervals for the means are calculated using Equation [A.4], for a contrast using Equation [A.5),

and for differences between pair of means related to Tukey's test by Equation [A.6)
_ S
Y ±ta,u ..Jn [A.4)

[A.5)

[A.6)

_ _ ~MSerror
y 1 - Y 2 ± qa.u.k --n--

Here, s is the standard error of the mean; n is the nwnber of the observations for each mean; t a.u is the value of the t

dislribution with \J degrees of freedom, required for two-tailed significance at the a OIloel. The parameter \J is the saroe

as those in means square of experimental error (MSerror) in the ana1ysis of variance. The others parameters were

previously defined.

The inlerpretation of lhe p or value in comparison test

The p value is the likelihood of being incorrect in concluding that there is a true difference among the

treatments (i.e., the probability of falsely rejecting the null hypothesis, or committing a Type I error). The smaller the p

values, the greater the probabilities that the treatment effects are different. ln most cases of this study, statistically

significantdifference was conclude ifthe a was smaller that 0.05 and p > 0.95.
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used in other paris of Ibis sludy.



Statistical rules

Results of statistical analysis for bulk density

Randomized block design

Fix variable: Treatments (15) - Land use systems and POSitiODSwithin lhe land use.
Random variable: block (3) - Site
Subsampling: (3) - number of soil probes collected at each treatment

Site I (Block A) Site 2 (Block B) Site 3 (Block C)

Specie Number Rep I Rep2 Rep3 Rep I Rep2 Rep 3 Rep I Rep2 Rep3 Total Average

AG Theobroma I 1.017 0.95 0.959 0.905 0.839 0.894 0.902 0.871 1.014 8.351 0.928

AGBixa 2 0.737 0.866 0.858 0.927 0.934 0.921 0.964 0.989 0.902 8.098 0.900

AG Bertholetia 3 1.066 1.061 0.988 0.982 0.922 0.901 0.883 0.919 0.948 8.670 0.963

AG Bactris-F 4 0.835 0.818 0.800 0.861 0.815 0.948 0.897 1.004 0.905 7.883 0.876

AG Bactris-P 5 0.673 0.754 0.858 0.968 0.832 0.94 0.948 0.937 0.981 7.891 0.877
AG Pueraria 6 0.867 0.894 0.938 0.919 0.838 0.868 0.898 0.838 0.848 7.908 0.879

MTheobroma 7 0.981 0.869 0.92 0.987 0.982 0.984 0.886 0.969 0.835 8.413 0.935

M Grasses 8 1.028 1.005 1.001 0.985 0.997 0.967 1.021 1.054 0.997 9.055 1.006

M Bactris-F 9 0.895 0.769 0.954 0.858 0.698 0.848 0.825 0.920 0.983 7.750 0.861

M Bactris-bf 10 0.99 0.97 0.896 0.974 1.000 1.077 1.011 0.864 1.01 8.792 0.977

M Bactris-P 11 0.856 0.878 0.809 1.066 1.064 0.954 0.79 0.924 0.897 8.238 0.915

M Bactris-bP 12 0.882 0.935 0.995 1.014 0.999 1.003 0.949 0.957 1.026 8.760 0.973

Vismia spp 13 0.801 0.963 1.01 0.885 0.94 0.995 0.804 0.781 0.92 8.099 0.900

Eschweilera 14 0.860 0.770 0.843 0.890 0.940 0.793 0.910 0.900 0.913 7.819 0.869

Oenocarpus 15 0.750 0.900 0.650 0.740 0.890 0.813 0.830 0.820 0.950 7.343 0.816

Totais 40.12 41.56 41.39 123.070

Averages 0.892 0.923 0.920 0.9916

AVERAGES PER SITE

Land use system and specie Number Site I Site 2 Site 3 Total Average

AG Theobroma I 0.975 0.879 0.929 2.784 0.928

AG Bixa orellana 2 0.820 0.927 0.952 2.699 0.900

AG Bertho1etia 3 1.038 0.935 0.917 2.890 0.963

AGBactris-F 4 0.818 0.875 0.935 2.628 0.876

AGBactris-P 5 0.762 0.913 0.955 2.630 0.877

AG Pueraria 6 0.900 0.875 0.861 2.636 0.879

MTheobroma 7 0.923 0.984 0.897 2.804 0.935

M Grasses 8 1.011 0.983 1.024 3.018 1.006

MBactris-F 9 0.873 0.801 0.909 2.583 0.861

M Bactris-bF 10 0.952 1.017 0.962 2.931 0.977

M Bactris-P 11 0.848 1.028 0.870 2.746 0.915

M Bactris-bP 12 0.937 1.005 0.977 2.920 0.973

Vismia spp 13 0.925 0.940 0.835 2.700 0.900

Eschweilera 14 0.824 0.874 0.908 2.606 0.869

Oenocarpus 15 0.767 0.814 0.867 2.448 0.816

Totais 13.373 13.852 13.798 41.023

Averages 0.892 0.923 0.920 0.912



Statistical rules 85

Estimated residual using the statistical model for RBD [pg I in this Appeodix]

Si te I Site 2 Site 3

Specie Number Rep I Rep2 Rep3 Rep I Rep2 Rep3 Rep I Rep2 Rep 3

AG Theobroma I 0.098 -0.062 -0.036 0.077 -0.053 -0.025 0.027 -0.066 0.039
AG Bixa 2 -0.117 0.025 0.092 -0.050 -0.001 0.050 -0.012 0.023 -0.011

AG Bertholetia 3 0.111 -0.021 -0.090 0.108 -0.050 -0.057 0.066 -0.049 -0.017

AGBactris-F 4 -0.007 -0.029 0.036 -0.047 -0.069 0.116 -0.060 0.059 0.001
AGBactris-P 5 -0.168 0.079 0.089 -0.073 -0.014 0.087 -0.044 0.009 0.035

AG Pueraria 6 -0.005 -0.002 0.007 0.051 -0.024 -0.028 0.077 -0.021 -0.056

MTheobroma 7 0.052 o.oro -0.062 -0.057 0.037 0.020 0.031 0.066 -0.097
M Grasses 8 0.039 -0.052 0.013 0.000 -0.027 0.026 0.037 -0.026 -0.011

M Bactris-F 9 0.058 -0.027 -0.031 -0.013 -0.103 0.115 0.050 -0.085 0.035
M Bactris-bF 10 0.021 -0.044 0.023 0.039 0.050 -0.090 -0.074 0.078 -0.004

MBactris-P II -0.026 0.136 -O.lIO -0.063 0.104 -0.040 -0.054 0.063 -0.009
M Bactris-bP 12 -0.044 0.040 0.004 -0.015 0.030 -0.016 0.011 -0.010 -0.001

Vismia spp 13 -0.007 0.029 -0.022 0.082 0.040 -0.123 0.059 0.015 -0.074

Eschweilera sp. 14 -0.004 -0.023 0.027 -0.086 0.065 0.021 0.017 -0.061 0.044

Oeoocarpus 15 -0.001 -0.059 0.060 0.044 0.015 -0.059 -0.130 0.004 0.126

Estimated residuais from the RBD averaging the subsampling in only ooe mean per treatment per block.

Land use system and specie Number Site 1 Site2 Site 3

AG Theobroma 1 -0.068 0.060 0.007

AGBixa 2 0.059 -0.016 -0.044

AG Bertholetia 3 -0.095 0.040 0.055

AG Bactris-F 4 0.038 0.013 -0.051

AG Bactris-P 5 0.095 -0.025 -0.070

AG Pueraria 6 -0.041 0.016 0.026

MTheobroma 7 -0.009 -0.038 0.046
MOrasses 8 -0.025 0.035 -0.010

MBactris-F 9 -0.032 0.072 -0.040

M Bactris-bF 10 0.005 -0.028 0.023

M Bactris-P li 0.048 -0.101 0.053
M Bactris-bP 12 0.016 -0.020 0.004

Vismia spp 13 -0.045 -0.028 0.073

Eschweilera spp. 14 0.024 0.006 -0.031

Oenocarpus bacaba 15 0.029 0.013 -0.043



Statistical rules 86

MODEL ADEQUACY CHECKING: TESTS FOR NORMALITY, HOMOCESDASTICITY AND
INDEPENDENCE OF THE RESIDUALS

Normal Q-Q Plot of Bulk density
Tests ofNonnality - Shapiro-Wilk 1.2
Specie Statistic df Sigo
1.00 .941 9 .560
2.00 .898 9 .304 1.1

3.00 .911 9 .372
4.00 .925 9 .447
5.00 .874 9 .178 1.0

6.00 .932 9 .485
7.00 .837 9 .063 •• .9"8.00 .966 9 .838 ~
9.00 .975 9 .927 Cii
10.00 .925 9 .449 E .8

11.00 .922 9 .434 oz
12.00 .915 9 .396 ..,

.7••13.00 .913 9 .382 Õ

14.00 .924 9 .445 ••a.
x .615.00 .972 9 .903 UJ

.6 .7 .8 .9 1.0 1.1 1.2

Observed Value

I NORMALlTY

I RESIDUAL ANAL YSIS

L~,----~----~----~----~

Specie

I HOMOCEDASTICITY

PIotol'M"""VI.StandIIrdOeYltlllonI:

Cofret.tion;r-·.298e
0.'1 r-----------------------------------~

I0.07

loos

.'003

O.O~,~,,------:-:.,-------;-0.::••-----,0:-: .•:-2-----:-o.=••-----,-.".oo,--..J

Levene's Test for Homogeneity of Variances

Levene df1 df2 Sigo
Statistic

BD Based on 1.910 14 120 .032
Mean

Based on 1.137 14 120 .334
Median
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Slalistie.a\ llualysis - Varianu ana\yse

Randomised block design with subsampling

Source Surn-of-Squares df Mean-Square F-ratio P

Plants 0.341 14 0.024 2.465 0.020
Site 0.028 2 0.014 1.394 0.265
Error 0.277 28 0.010
Subsampling 0.328 90 0.003

Subsamp1ing [ 0.009] [2] 0.004 1.290 0.283
Plants [0.120 ] [28] 0.004 1.271 0.220
Sites [ OmO] [4] 0.003 0.758 0.557
Error [ 0.189] [56] 0.003

Total 0.697 134

Randomised block design with one mean per treatment

Source Sum-of-Squares df
Plants 0.114 14
Site 0.009 2
Error 0.092 28

Total 0.215 44

Mean-Square
0.008
0.005
0.003

F-ratio
2.465
1.394

P
0.020
0.265

POST HOC TEST • Tukey HSD Multiple Comparisons.
Matrixof airwise com arison robabilities:

1 2 3 4 10 11 12 13 14

1 1.0000
2 00סס.1 1.0000
3 1.0000 0.9850 1.0000
4 0.9980 1.0000 0.8500 1.0000
5 0.9980 1.0000 0.8590 1.0000 1.0000
6 0.9990 1.0000 0.8760 1.0000 1.0000 1.0000
7 1.0000 1.0000 1.0000 0.9920 0.9930 0.9950 1.0000
8 0.9260 0.6180 1.0000 0.3130 0.3220 0.3430 0.9620 1.0000
90.9770 1.0000 0.6740 1.0000 1.0000 00סס.1 0.9510 0.1800 1.0000

10 0.9990 0.9330 1.0000 0.6910 0.7020 0.7270 1.0000 00סס.1 0.4890 00סס.1
11 1.0000 1.0000 0.9990 1.0000 1.0000 1.0000 1.0000 0.8160 0.9970 0.9890 1.0000
120.99900.9520 1.00000.73700.74800.7710 1.0000 1.00000.5370 1.0000 0.9930 1.0000
13 1.0000 1.0000 0.9850 1.0000 1.0000 1.0000 1.0000 0.6200 1.0000 0.9330 1.0000 0.9520 1.0000
14 0.9920 1.0000 0.7720 1.0000 1.0000 1.0000 0.9790 0.2420 1.0000 0.5940 0.9990 0.6430 1.0000 1.0000
150.5400 0.8830 0.1630 0.9910 0.9900 0.9870 0.4480 0.0220 0.9990 0.0910 0.7110 0.1060 0.8820 0.9970 00סס.1

The confidence interval for lhe difference between lhe bulk density in the soil covered by grasses [8] and near the bacabas [15] in the primary forest is
0.190 ±. 0.185 with 95% confidence.
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Table A-3.1 Particle size distribution, indexes of flocculation and particle density evaluated from soil samples taken at
lhe soil surface near different species on a Ferraisol in lhe central Amazon
Land Use Specie Coarse Fine Sand Silt Clay Index of Particle
System sand Flocculation density

2.00-0.2 0.2 -0.05 0.05 - 0.02 <0.002
mm mm mm mm

gkg" % Mg rn'
BlockA

Agroforestry Theobroma grandiflorum 237.9 56.0 117.6 588.5 78.33 2.63
Agroforestry Bixa Orellana 210.5 59.2 110.8 619.5 87.01 2.50
Agroforestry Bertholletia excelsa 265.8 58.9 110.8 564.5 81.93 2.50
Agroforestry Bactris gasipaes t F, 292.4 56.3 119.8 531.5 80.71 2.50
Agroforestry Bactris gasipaes f 281.2 57.8 104 557.0 78.90 2.50
Agroforestry Pueraria phaseoloides 216.1 56.6 55.8 671.5 79.82 2.63
Monoculture Theobroma grandiflorum 246.9 58.2 128.4 566.5 78.91 2.50
Monoculture Pueraria phaseoloides 251.4 57.7 149.9 541.0 63.68 2.50
Monoculture Bactris gasipaes tF, 245.2 53.6 130.7 570.5 76.07 2.50
Monoculture t§ 268.0 54.6 220.9 456.5 71.41 2.53
Monoculture Bactris gasipaes f 273.0 52.4 106.6 568.0 76.41 2.56
Monoculture t§ 189.6 51.6 116.3 642.5 74.16 2.63
Seco Forest Vismiasp 268.5 55.9 122.6 553.0 83.91 2.50

BlockB
Agroforestry Theobroma grandiflorum 219.8 50.2 137.0 593.0 72.60 2.50
Agroforestry Bixa Orellana 212.4 55.2 134.9 597.5 76.23 2.50
Agroforestry Bertholletia excelsa 200.9 59.6 108.5 631.0 78.37 2.59
Agroforestry Bactris gasipaes t 195.6 76.7 124.7 603.0 74.96 2.63
Agroforestry Bactris gasipaes f 215.9 52.6 131.5 600.0 75.33 2.50
Agroforestry Pueraria phaseoloides 165.5 44.6 153.4 636.5 80.52 2.50
Monoculture Theobroma grandiflorum 196.3 57.9 130.3 615.5 64.99 2.50
Monoculture Pueraria phaseoloides 235.0 60.0 93.5 611.5 82.01 2.50
Monoculture Bactris gasipaes rr 200.7 74.3 119.5 605.5 85.63 2.50
Monoculture § 195.7 55.6 145.2 603.5 76.97 2.50
Monoculture Bactris gasipaes f 227.2 62.1 122.2 588.5 74.68 2.50
Monoculture t§ 251.8 63.9 98.3 586.0 70.39 2.50
Seco Forest Vismiasp 210.3 49.1 134.6 606.0 80.12 2.50

Block C
Agroforestry Theobroma grandiflorum 269.8 61.6 159.1 509.5 69.87 2.50
Agroforestry Bixa Orellana 253.7 76.2 134.1 536.0 61.66 2.50
Agroforestry Bertholletia excelsa 229.9 64.1 144.0 562.0 65.93 2.38
Agroforestry Bactris gasipaes t 211.1 57.8 145.1 586.0 71.50 2.50
Agroforestry Bactris gasipaes f 277.8 59.8 144.9 517.5 55.17 2.50
Agroforestry Pueraria phaseoloides 175.6 57.0 159.4 608.0 66.04 2.66
Monoculture Theobroma grandiflorum 246.5 53.4 147.6 552.5 72.49 2.50
Monoculture Pueraria phaseoloides 159.2 56.1 166.7 618.0 64.64 2.50
Monoculture Bactris gasipaes t 260.7 59.6 148.7 531.0 57.63 2.50
Monoculture t§ 184.8 52.5 150.7 612.0 75.65 2.66
Monoculture Bactris gasipaes f 230.2 84.3 166.0 519.5 70.84 2.50
Monoculture t§ 237.9 60.5 168.6 533.0 60.41 2.50
Seco Forest Vismiasp 224.5 64.3 155.7 555.5 61.66 2.50
~ Evaluated between the palms
Peach paim for fruit production

f Peach paim for palm heart production
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Table A 3.2 Soil chemical characteristics evaluated from soil samples taken at lhe soil surface near different
species on an clayey Ferra!sol in Manaus -Brazil.
Land Use Specie Carbon pH Ca 2+ Mg'+ AI j+

System
% cmoí. dm?

BlockA
Agroforestry Theobroma grandiflorum 3.04 3.9 0.73 0.19 1.60
Agroforestry Bixa Orellana 2.99 3.5 0.17 0.14 2.47
Agroforestry Bertholletia excelsa 2.84 4.1 3.42 0.13 0.83
Agroforestry Bactris gasipaes rF, 2.39 4.0 0.6 0.15 1.28
Agroforestry Bactris gasipaes f 2.23 3.9 0.61 0.16 1.23
Agroforestry Pueraria phaseoloides 2.19 3.5 0.09 0.12 2.00
Monoculture Theobroma grandiflorum 2.44 4.0 0.34 0.26 1.22
Monoculture Pueraria phaseoloides 2.01 3.5 0.15 0.12 1.63
Monoculture Bactris gasipaes t F, 2.08 3.8 0.25 0.18 1.63
Monoculture t§ 3.06 3.8 0.23 0.19 1.43
Monoculture Bactris gasipaes f 2.51 3.9 0.45 0.21 1.51
Monoculture t§ 2.65 4.0 0.75 0.29 1.42
Seco Forest Vismia sp 2.80 3.5 0.16 0.19 2.26

BlockB
Agroforestry Theobroma grandiflorum 3.05 4.4 1.04 0.72 1.33
Agroforestry Bixa Orellana 2.77 3.9 0.24 0.23 1.96
Agroforestry Bertholletia excelsa 3.03 4.2 1.59 0.83 0.97
Agroforestry Bactris gasipaes t 2.36 4 2.66 1.88 0.44
Agroforestry Bactris gasipaes f 2.61 3.9 0.34 0.2 1.73
Agroforestry Pueraria phaseoloides 3.37 4.1 0.94 0.62 1.48
Monoculture Theobroma grandiflorum 2.39 4.4 2.39 1.42 0.28
Monoculture Pueraria phaseoloides 2.88 4 1.01 0.58 1.67
Monoculture Bactris gasipaes tF 2.7 4.3 1.12 0.87 0.88
Monoculture § 2.34 4.4 0.82 0.5 1.72
Monoculture Bactris gasipaes f 2.73 3.7 3.2 2.28 0.16
Monoculture t§ 3.14 4.6 2.23 1.3 0.3
Seco Forest Vismiasp 2.36 3.8 0.08 0.14 1.99

BlockC
Agroforestry Theobroma grandiflorum 3.26 5.2 2.45 2.38 0.04
Agroforestry Bixa Orellana 2.13 4.5 0.98 0.63 0.83
Agroforestry Bertholletia excelsa 2.79 4.7 1.77 1.57 0.24
Agroforestry Bactris gasipaes t 2.50 4.6 1.21 0.76 0.48
Agroforestry Bactris gasipaes f 2.36 4.6 1.96 1.28 0.23
Agroforestry Pueraria phaseoloides 2.77 4.9 3.29 3.02 0.04
Monoculture Theobroma grandiflorum 2.40 4.8 2.10 1.53 0.10
Monoculture Pueraria phaseoloides 2.54 3.9 0.33 0.21 1.60
Monoculture Bactris gasipaes t 2.06 4.4 1.33 1.00 0.33
Monoculture t§ 2.71 4.6 0.97 0.53 0.92
Monoculture Bactris gasipaes f 2.80 4.6 1.42 1.12 0.54
Monoculture t§ 2.80 5.1 1.54 1.61 0.33
Seco Forest Vismiasp 2.54 4.0 0.33 0.21 1.60
1Evaluated between lhe pa1ms
Peach palm for fruit production

fpeach palm for palm heart production
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4 LAND USE EFFECTS ON TOTAL POROSITY AND PORE SIZE DISTRIBUTION

4.1 INTRODUCTION

The measurement of total porosity (4)) is a quantitative, indirect approach to soil structure

analysis. Soil pores vary in size and shape, and manifest an interconnected framework typical for each

particular soil type, which, however, may change as a consequence of different land use systems.

Porosity controls the storage, availability and transport of water and air in the soil. However,

this control depends not only on the total volume occupied by pores, but also and specifically on how

the porous space is distributed and connected. It is therefore important to determine not only 4>, but also

pore-size distribution. In summary, the pore size distribution, the relative number, volume,

morphology, stability, connectivity of the pores and the history of wetting and drying processes

determine the ability of a soil to store and transrnit water. This ability compared to that of rainfall

intensity is an important property that influences the soil water balance and controls runoff and erosion.

Techniques have been elaborated to determine 4> based on image analysis using the

microscopical evaluation of soil thin sections (Chauvel, 1982; Moran et al., 1989) and computerised

tomography (Warner et al., 1989; Macedo and Crestana, 1999). However, the most common method to

estimate 4> is still based on bulk density measurements in combination with partic1e density

measurements.

The pore-size distribution can be evaluated by the pressure-intrusion method, in which a

nonwetting liquid, generally mercury, is forced into the pores of a predried sample (Lawrence, 1977;

Danielson and Sutherland, 1986; Carter ánd Ball, 1993). Chauvel et al., 1991 used this technique to

evaluate soil samples from the clayey Ferralsols in the central Amazon. In the mercury intrusion

technique errors can arise especially from the drying methods employed and from deviations from the

assumed contact angles between the mercury and the pore walls (Marshal et al., 1996, pg. 211).

Lawrence (1977) has reviewed some other techniques to describe the pore-size distribution, such as

non-polar liquid desorption and nitrogen sorption. Another approach to evaluate pore-size distribution

is called desorption method, where a saturated soil sample is subjected to a stepwise series of

incremental water pressure head (h), and the paired data are collected relating the volumetric water

content (9) and the h during the drying phase (i.e., the evaluation ofhow much water is retained at each

successively lower matric potential). This information is related to the distribution ofthe pore radii and
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can be interpreted in relation to water availability for plants, for water flow and infiltration. The

capillary theory is used to obtain the "equivalent radius" ofthe soil pore sizes.

The soil water retention curve (SWRC) or soil water desorption curve (SWDC) in which 8 is a

function of h is one of the most important hydraulic functions governing the movement of water and

solutes in the soil. The equation proposed by van Genuchten (1980) is widely adopted to fit the

experimental water retention data and is general1y combined with Mualem's estimation of hydraulic

conductivity. A good fitting ofthe experimental water retention data is fundamental in the evaluation of

the capacity function and the continuous pore-size distribution, further it theoretically leads to better

estimates of coupled hydraulic functions.

In well-aggregated natural soils the pore system is frequently partitioned into intraaggregate or

textural pores and interaggregate or structural pores (Shanna and Uehara, 1968; Chauvel et aI., 1991),

resulting in bi- or tri-modal pore-size distribution. Further, the soil aggregates show frequently a steep

slope of water retention near saturation (see e.g., Durner, 1994), which the original van Genuchten

equation has not the necessary flexibility to fit (Smettem and Kikby, 1990; Durner, 1994; van

Genuchten and Leij, 1999). A better description of the SWRC of soils exhibiting bimodal pore-size

distributions has been given by linearly overlapping two Van Genuchten equations (Othmer et aI.,

1991; Durner, 1994; Mallants et aI., 1997; Coppola, 2000).

The c1ayey Ferralsols in the central Amazon show in their original conditions a high ~ (Côrrea,

1985; Camargo and Rodrigues, 1979; Teixeira et aI., 1997) and their pore-size distribution was shown

to be clearly bimodal by Chauvel et aI. (1991), with a large proportion of the ~ concentrated in

extremely fme pores and further a large proportion concentrated in the macro and large mesopores.

These heterogeneous pore systems are a consequence of the pore genesis. One peak or mode represents

the interaggregate pores caused by bonding the c1ayparticles, the other creates from biological activity;

evidence of these processes for the clayey Ferralsols in the central Amazon is given by Chauvel (1982).

Moreover, a study ofthe soil hydraulic properties conducted by Tomasella and Hodnett (1996) showed

the inability of the original van Genuchten equation (unimodal) to fit a soil SWRC for the clayey

Ferralsols in the central Amazon as a probably consequence ofthe bimodal pore size distribution.

The objective of this chapter is to characterise ~ and the pore-size distribution of the c1ayey

Xanthic Ferralsol in the central Amazon on different land use systems. Methodological problems and

the capacity of more flexible retention functions to describe the measured soil water retention data are

also reviewed and discussed. The discussion is focused on the consequences of <l>on hydraulic
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properties but practical inferences about the pore size distribution in relation to water availability and

fluxes are pointed out.

4.2 MATERIAL AND METHODS

4.2.1 Study area and site history

The study area and the site history of the selected plots have been described in detail in Chapter

2.

4.2.2 Soil sampling

The soil sampling scheme and the positions sampled was the same as described to collect

samples to determine soil bulk density in Chapter 3 (Table 3.2). The steel cylinders to collect the

samples for SWRC were similar to those described in the bulk density determination.

4.2.3 Evaluated parameters

4.2.3.1 Total porosity [$]

The total porosity ($) of a soil sample is the volume of the pores related to the total volume of

the sample. It is calculated from measurements ofbulk density (p - M L·3) and average particle density

(pp - M L·3) using Equation 4.1.

<I>=I-~
PP

[4.1]

4.2.3.2 Soil water retention curve (SWRC)

For the evaluation of SWRCs five samples were collected at each position described in Table

3.2. The samples were taken in the same area concentrated in the area where the disc infiltrometer were

installed. It was an attempt to permit posterior comparisons between the results from the direct
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evaluation of the hydraulic properties and indirect estimation from SWRC. This topic is discussed in

Chapter 5. Soil samples were collected on the same or the next day after the evaluation of the

infiltration, determined with the disc infiltrometer.

The samples, collected with steel cylinders of 100 em", were wrapped into plastic for a

convenient transport to the Soil Physics Laboratory at the Embrapa - Amazônia Ocidental station in

Manaus, where the SWRCs were determined. Initially, the soil cores were saturated in a shallow bath

and, after saturation had been reached, the water retention data were determined successively at O, 0.5,

1.0, 1.5, 1.8,2.0 and 2.2 'pF (log 10 em H20) employing the tension-plate method. Afterward, the soil

water retention was determined in a pressure-plate apparatus for h of 2.5, 3.0 and 3.5 pF. Finally, the

samples were removed from the cylinders and disturbed soil samples were put into rubber rings and

submitted to an h of 4.2 pF in a special pressure-plate apparatus. Details about the measurement of

SWRCs with desorption method from soil cores are given by Klute and Dirksen (1986); Topp et a!.

(1993), Mathieu and Pieltain (1997).

The evaluation of the complete SWRC lasted about 2 months. The time to reach equilibrium

ranged from few days for the low h to more than a month for the last one.

In addition, a profile of 100 em depth was sampled in steps of 10 em intervals and analysed for

characterising SWRC in the subsurface layers. The profile was located at the centre ofthe experimental

area. Methodological limitations of the evaluation of SWRC by desorption are given by Hillel and

Mottes (1966), Madsen et alo (1986), Ball and Hunter (1988), Klute and Dirksen (1986) and Moraes

and Libardi (1993a, b).

Fitting eguation to SWRC

The SWRC, which relates e and h, can be parameterised to obtain a simple description of a

comprehensive set of measurements. Several parametric functions have been proposed to describe

empirically SWRC. Most popular are the piecewise equation of Brook and Corey and the equation of

van Genuchten (1980) further referred as VG-equation. The VG equation is now widely used in

numerical simulation of water fluxes, with no sharp transition at the air entry value as produced by the

• The water potential is the potential energy per unit volume (or mass) ofwater in a system. It has in the S.I the units of
J m" or J kg", which are dimensionally equivalent to N rn' or Pascal. To facilitate comparisons with other studies the
pF unit was adopted. The following relations are useful to convert units: J J kg? '" J 000 Pa '" O.J bar '" J 00 em of water.
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Brooks and Corey equation. Two equivalent forros ofthe VG- equation are shown in Equations 4.2 and

4.3.

e=e+ es-e,
r [1+ (ajhl)n t [4.2]

S.= e-e, =[I+(ajhl)nj
es -e, [4.3]

Here, es and er are the saturated and residual water eontent, respeetively (L3 L·3- m3 m"); h is

the pressure head (em water - whieh is in absolute value, to simplify notation), a, n and m are fitting

parameters, and Se is the relative saturation. The parameter a (L·I - em") is inversely related to the air

entry-pressure (van Genuehten and Nielsen, 1985), and n represents the slope of the SWRC and is

associated with the width ofthe pore size distribution (Russo, 1988). The parameter es should not be

equated with porosity, beeause under field eonditions, porosity is generally about 5 to 10% smaller

beeause of entrapped or dissolved air (van Genuehten et al., 1991). Moreover, in this ehapter both es

and er are viewed as being essentially empirieal eonstants in SWRC and henee without mueh physieal

meaning.

A restrietion [m = I - lIn] was imposed, beeause this leads to a relatively simple expression for

the hydraulie eonduetivity funetion when Equation 4.2 is eombined with the theoretieal pore-size

distribution model of Mualem (van Genuehten and Nielsen, 1985). The values for the parameters (es,

er, a and n) were obtained by simultaneously fitting the above expression to the experimental soil water

retention data (i.e., the paired e (h) data).

Better deseriptions of the SWRC of soils exhibiting bimodal pore-size distributions have been

given by linearly overlapping two funetions ofVG-equations (Othmer et al., 1991; Dumer, 1994). This

approaeh ean also be used for more modes by overlapping more funetions.

The overlapping van Genuehten's equation proposed by Dumer (1994) is shown in Equation 4.4

[4.4]
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Here, Se is as defined previously, k is the number of subcurves, set at two in this study (for birnodal

distribution), w, are weighting factors indicating the fraction of the total pore space occupied by each

distribution, with [O < w, < I] and the sum of the weight factors equal to one. For each subcurve,

parameters (aj, n., and m.) are defmed similarly to the corresponding parameters in the unirnodal VG-

equation, which was previously defined. The eight unknown parameters in the bimodal approach (9s,

9r, aI, a2, nr, n2, WIand W2)were fitted simultaneously. The Fortran code SHYPFIT (Soil Hydraulic

Properties Fitting) (Durner, 1995) was used to obtain the solution of Equations 4.3 and 4.4 Shiypfit

uses the algorithms of Levenberg-Marquardt (press et aI., 1986) for optimising parameters in non linear

equations.

Nowadays another compute r program is available to fit duaJ porosity mode! of SWRC, the

RETC 6.0 code which provides the dual porosity options with until eight parameters to be

simultaneously optimised for describing or predicting the hydraulic properties of unsaturated soils. The

RETC 6.0 is a public domain software developed by Salinity Laboratory of the United States and a

description ofits functions and the Fortran code is given by van Genuchten et aI. (1991).

Pore size distribution from SWRC

From the measurement of the discrete paired data of 9 and h, the equivalent pore size

distribution curve is ca1culated based on the capillary equation described as Equation 4.5.

r = 2ycosÇ
(PI-P.)gh

[4.5]

Where, ris the radius (L; m) ofthe biggest pore which remains filled with water after a water pressure

head (h) has been applied to the soi!; h is expressed as equivalent height in a capillary tube (hydrostatic

tension) (L - m); (y) is the surface tension between the liquid and the air (M rI - 0.0728 N m-I at

20°C); ~ is the contact angle between the liquid and the solid, or the pore wall, norrnally considered 0°

hence its cosine assumes the value one; PIis the water density (M L-3 - 998 kg m-3 at 20°C); p. is the air

density (M L·3 - 1 kg m-3 a 20°C), which is generally neglected, and g is the acceleration of gravity (L

r2 _9.81 m S-2).
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Although [r] in the capillary theory represents the radius of a capillar, at the scale of soil pores it

is norrnally called the "equivalent radius", with no attempt made to quantify the real radius ofthe soil

pores (Kutilek and Nielsen, 1994).

Equation 4.5 may be approximated for most cases (using typical values at room temperature) by

calculating only

0.149r=--
h

[4.6]

Here, h is water pressure head (tension) applied in centimetres ofwater and r is the radius ofthe

equivalent pore in centimetres.

The pore size distribution is commonly calculated from the specific moisture capacity [C],

which is the slope of the soil-moisture characteristic curve and represents the change of e per unit

change ofh. It is calculated deriving the function of 6(h).

Another approach to visualise the pore-size distributions in continuous forrn was presented by

Durner (1994) and Mallants et aI. (1997) and can be calculated using Equation 4.7. The retention

characteristics are frequently plotted on a logarithmic pressure head scale, which is conveniently

expressed in pF [logl0 (-h)], where h is expressed in centimetres.

d8(h)1 1= [log,(IO)lhlc]
d log., h

[4.7]

The Fortran code Shypfit was used to obtain the parameter C. The discrete results evaluated

with Equation 4.5 agree with the estimates given by Equation 4.7 (obviously, at the discrete measured

values of h). Therefore, our discussion concentrates on the continuous distribution of the pore-size

frequency, they are mathematical abstraction and do not necessarily describe the real situation.

Moreover, the density function estimated was norrnalised for values of pF between -3 to 7 in

one hundred intervals, and the total area covered by the curve is regarded as one. It simplifies the

comparison between the curves and allows calculating the percentile contributions of determined range

of pore radii to $.
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The criteria applied in the discussion of the results to cIassify the equivalent pore-size are shown in

Table 4.1.

Table 4.1 Pore size classification and pressure range (Afier Brewer, 1964 and Kusnetsova, 1991)
Class Equivalent pore diameter, range [um] TPressure range, tpressure range,

(PF] [em H,O]

Macropores

coarse >5000 > 1.47 30

mediurn 5000-2000 1.48 - 1.87 30-75

fine 2000-1000 1.88 -2.17 75 -150

very fine 1000-75 2.18 - 3.30 150 - 2000

Mesopores 75-30 3.31 - 3.70 2000- 5000

Micropores 30-5 3.71 - 4.47 5000 00סס3-

Ultramicropores 5-0.1 4.48 - 6.17 30000 -1500000

Cryptopores <0.1 < 6.17 1500000

t Estimated with Equation 4.6.

The nonnalisation ofthe pore size density (i.e. the area below the curve equals one) allows the

comparison of released water in a determined range of pore radii. It was calculated using the

trapezoidal rule to estirnate a specific area (range). The ranges selected representing the relative water

released following the criteria proposed in Table 4.1 are: i) by coarse macropores (> 5000 um); ii) by

medium, fme and very fine macropores (pore radii between 5000 and 75 um); iii) mesopores (pore radii

between 75 and 30 um); iv) micropores (pore radii between 30 and 5 um) and v) ultrarnicropores and

cryptopores (pore radii < 5 um). This calculation allows subdividing the $ of a soil into size classes of

pores, which may differ in their ecological functions in the soi!.

The discussion of the results was focused differently for the results from the soil profile and the

results from the superficial measurement carried out on the different land use systems. For the results

on the soil profile, the discussion stresses the fitted parameter and problems in the methodology itself.

For the results evaluated on the soil surface the discussion focus on the pore size distribution in terms

of water supply characteristics, based on the pore-size cIassification presented in Table 4.1, current

concepts of the role of pores of different sizes in the migration and retention of water, gas exchange to

the plant roots and microorganisms.
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4.2.4 Statistical analysis

The statistic results for $ are the same as presented for the bulk density in Chapter 3. This is

because estimation of $ was done using a fixed number for particle density (for the soi! surface of 2.50

Mg m·3 and 2.60 Mg m·3 for the subsurface layers).

The calculation of $, using Equation 4.1, does not change the statistical results showed for the

bulk density analysis in Chapter 3. It is because the bulk density data set was divided by a constant

value (particle density) and then subtracted of one. These operations have the effect of coding the

original bulk density. Therefore, the F value and the statistical significance shown for the bulk densities

remain unchanged. Details ofthe effect of coding on the parametric ANOVA are given by Zar (1999).

As measure of the goodness of fit, the average deviation (AD) was calculated using Equation

4.8. The code Shypfit calculates AG automatically

1 n

AD=- 2:ly; -y;jn ; [4.8]

Here, n is the number of parameters used in the optimisation, Yi is the ith measured value and y
is the estimation of Yi.

Finally, because of possible problems related to convergence and parameter uniqueness, some

equations were recalculated using different constraints, and in some cases, when as was fixed (at the

maximal value measured) the program converges to better results.

4.3 RESULTS AND DISCUSSION

4.3.1 Profile

The location and complete experimental data set to estimate <li is given in Appendix 3-A (data

from bulk density measurements and particJe density). The complete data set of measured water

retention from the soi! profile is given in Appendix 4-A. The mean values and standard error for the

measured retention data are shown in Table 4.2 and the fitted parameters for SWRC are given in Table
4.3.
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Figure 4.1 (a) shows a box plot of <I>on the soil profile until 100 em depth. Figures 4.2, 4.3 and 4.4

show the measured water retention data, the fitted functions of VG and VG- bimodal and the pore size

distribution, respective1y. The box plot for the soil profile (Figure 4.1 a) shows a drift owing to the

existence of a more porous layer placed at ""60 cm depth, which is situated between two more compact

layers. Chauvel (1982) and Tomasella and Hoddnet (1986) also reported a similar trend in a clayey

Ferralsols near Manaus. Differences in the depth ofthis layer were more clearly identified by analysing

the pore-size distribution (Table 4.3 and Figure 4.4), which show pores with radii larger than those in

the layers above and below. Table 4.2 also indicates some differences between the first layer (10 em)

and the other ones, with the first one showing reduced water content at low h (i.e. because of its greater

macroporosity).

Table 4.3 shows another slight trend towards an increase of the water holding capacity with

depth. Apart from an increase in the ciay content with depth (see Table 3.1 in Chapter 3 for values of

the clay). A higher macro and mesoporosity in the superficial layers may be explained by a higher

biological activity near the soil surface or because of cracks because of a more intense drying and

wetting. This phenomenon, which happens in the dry season in the central Amazon is only observed in

the first layers of the soil, because deeper layers never seem to be dry enough for the occurrence of

cracks (see results about water dynamic in the Chapter 7 and also the results of soil water monitoring

carried out in Manaus by Cabral, 1991; Hoddnet et aI., 1996; Teixeira et aI. 1997).

In Figures 4.2 and 4.3, the SWRC for the lower h range resembles SWRCs for a coarse textured

soil, although this soil has over 600 g kg" clay. In the dry range, the magnitudes ofthe values resemble

typical ciayey soils. This paradoxical behaviour was partially explained in Chapter 3 by the strong

aggregation of the ciay particles and the formation of two pore systems. In this chapter, these

phenomena are further discussed in relation to their consequences for the water fluxes.



100

.66

Q
O

.64 **
*

~~~
.€ .62
ê

~~
o

~

c.
] ºgo .60E-<

.58

.56
10.00 30.00 50.00 70.00 90.00

20.00 40.00 60.00 80.00 100.00

Depth [m]

.8

GJ
.7 O

O
.~
oc.

~E-<
.6

.5~ ~

1.00
2.00

3.00 5.00
4.00 6.00

7.00 9.00 11.00 13.00 15.00
8.00 10.00 12.00 14.00

Identifieation number [Plant and land use system]

Figure 4.1. Box plot of lhe estimation of lhe total porosity on an c1ayey Ferralsol in lhe central Amazon a) at a soil

profile of 100 em depth evaluated at each 10 em, b) at different positions within three land use system. The dark

horizontal line shows the median of lhe porosity. The top and bottom lines of lhe box show the 251h and 751h

pereentiles - half lhe porosity values fali within this range. The "whiskers" show lhe highest and lowest porosity (not

eonsidered outliers). The stars show lhe outliers (i.e. lhe values Ihat fall outside ± 1.5 lhe height of lhe box). The empty

circles, ealled far outside values, show extreme values. (i.e., ± 3.0 lhe height of lhe box ).The identificarion is given in

Table 3.1.



Table 4.2 Volwnetric water content [!ines] and soil water pressure head [colwnns] evaluated in soil samples from a profile of 1m depth evaluated at each 10 cm
depth in a clayey Ferralsol.

Depth Statistics pFO.O pF 0.5 pF 1.0 pF 1.5 pF 1.8 pF 2.0 pF 2.2 pF 2.5 pF 3.0 pF 3.5 pF 4.2

cm e [rn3 m·']

10 Mean 0.5735 0.5381 0.5006 0.4392 0.4260 0.4099 0.4033 0.3927 0.3780 0.3648 0.2188

SE 0.0057 0.0050 0.0049 0.0043 0.0051 0.0049 0.0049 0.0050 0.0050 0.0050 0.0085

20 Mean 0.5377 0.5128 0.4909 0.4568 0.4446 0.4296 0.4226 0.4122 0.3983 0.3875 0.2453

SE 0.0084 0.0065 0.0035 0.0024 0.0028 0.0032 0.0025 0.0026 0.0024 0.0025 0.0045

30 Mean 0.5353 0.5117 0.4927 0.4619 0.4510 0.4359 0.4302 0.4209 0.4067 0.3942 0.2643

SE 0.0104 0.0111 0.0106 0.0117 0.0115 0.0124 0.0121 0.0121 0.0120 0.0121 0.0048

40 Mean 0.5414 0.4991 0.4816 0.4482 0.4396 0.4267 0.4184 0.4117 0.3994 0.3825 0.2516

SE 0.0062 om05 om08 0.0119 0.0122 0.0101 0.0118 0.0117 0.0118 0.0117 0.0038

50 Mean 0.5424 0.5022 0.4851 0.4507 0.4409 0.4279 0.4188 0.4095 0.3960 0.3830 0.2583

SE 0.0139 0.009 0.0096 0.0089 0.0086 0.0089 0.0085 0.0083 0.0084 0.0081 0.013

60 Mean 0.5524 0.5096 0.4886 0.4499 0.4388 0.4224 0.4149 0.4057 0.3891 0.3753 0.2530 IISE 0.0139 0.009 0.0096 0.0089 0.0086 0.0089 0.0085 0.0083 0.0084 0.0081 0.0132

70 Mean 0.5314 0.5024 0.4844 0.4461 0.4291 0.4204 0.4093 0.4037 0.3885 0.3754 0.2635
.,.

SE 0.0082 0.0068 0.0059 0.0061 0.0047 0.0061 0.006 0.0059 0.0056 0.0050 0.0073
80 Mean 0.5383 0.5126 0.4965 0.4555 0.4370 0.4281 0.4153 0.4093 0.3927 0.3784 0.2849

SE 0.0052 0.0037 0.0061 0.0067 0.0088 0.0086 0.0089 0.0093 0.0089 0.0082 0.0038
90 Mean 0.5493 0.5176 0.5019 0.4617 0.4434 0.4333 0.4211 0.4146 0.3949 0.3801 0.2741

SE 0.0069 0.0074 0.0074 0.0083 0.0087 0.0086 0.0086 0.0091 0.0093 0.0095 0.0071
100 Mean 0.5409 0.5170 0.5026 0.4817 0.4576 0.4461 0.4376 0.4250 0.4073 0.3885 0.2949

SE 0.0065 0.0048 0.0031 0.0029 0.0022 0.0023 0.0024 0.0026 0.0029 0.0028 0.0045

8



Table 4.3 Soil water retention measured at tbe soi! surface on different positions within land use systems in a c1ayeyFerralsol.
Plant and land use system Statistics pFO pF 0.5 pF 1.0 pF 1.5 pF 1.8 pF 2.0 pF 2.2 pF 2.5 pF 3.0 pF 3.5 pF 4.2

Cupuaçu-AG Mean 0.558 0.5162 0.461 0.3963 0.3727 0.3617 0.3470 0.3357 0.3254 0.311 0.199
[I] SE 0.0113 0.0101 0.009 0.0111 0.0116 0.0104 0.0099 0.0098 0.0103 0.011 0.023

Annatto-AG Mean 0.5708 0.532 0.4824 0.4193 0.3989 0.3875 0.3725 0.3565 0.3463 0.331 0.2265
[2] SE 0.0079 0.0053 0.010 0.0133 0.0136 0.0141 0.0144 0.0125 0.0118 0.0128 0.0105

Brazil nut - AO Mean 0.5627 0.5275 0.484 0.4201 0.3950 0.3836 0.3680 0.3552 0.3381 0.3132 0.2118
[3] SE 0.0132 0.0113 0.006 0.0097 0.0113 0.0121 0.0121 0.0123 0.0112 0.0103 0.0040

Peach palm - AG - F Mean 0.5646 0.5101 0.4490 0.3944 0.3763 0.3620 0.3471 0.3359 0.3260 0.3123 0.2067
[4] SE 0.0095 0.0088 0.0084 0.0093 0.0103 0.0100 0.0105 0.0104 0.0113 0.0130 0.0108

Peach palm - AO -P Mean 0.5570 0.5207 0.4717 0.4126 0.3904 0.3763 0.3638 0.3479 0.3307 0.3164 0.2094
[5] SE 0.0058 0.0101 0.0151 0.0195 0.0201 0.0201 0.0199 0.0195 0.0187 0.0201 0.0122

Pueraria - AO Mean 0.5760 0.5526 0.5251 0.4790 0.4576 0.4473 0.4307 0.4150 0.3938 0.3612 0.2255
[6] SE 0.0082 0.0089 0.009 0.0077 0.0089 0.0098 0.0091 0.0096 0.0068 0.0058 0.0082 I~Cupuaçu-M Mean 0.5733 0.5330 0.4822 0.4286 0.4036 0.3904 0.3789 0.3693 0.3536 0.3307 0.2228 ~[7] SE 0.0134 0.0150 0.0107 0.0104 0.0097 0.0101 0.0098 0.0099 0.0078 0.0075 0.0070 ~.

Grass-M Mean 0.5533 0.5289 0.503 0.4643 0.4447 0.4279 0.4123 0.3996 0.3897 0.3675 0.2441
[8] SE 0.0104 0.0095 0.0093 0.0085 0.0084 0.0077 0.0077 0.0081 0.0071 0.0064 0.0057

Peach palm - M - F Mean 0.5982 0.563 0.5023 0.4391 0.4160 0.4030 0.3835 0.3634 0.3415 0.3281 0.2127
[9] SE 0.0134 0.0099 0.019 0.0214 0.0203 0.0203 0.0225 0.0156 0.0154 0.0155 0.0115

Peach palm - M - bF Mean 0.5677 0.5439 0.5080 0.4653 0.4476 0.4333 0.4161 0.3995 0.3756 0.3643 0.2404
(10] SE 0.0073 0.0060 0.0070 0.0073 0.0071 0.0085 0.0095 0.0075 0.0077 0.0073 0.0089

Peach palm - M - P Mean 0.5925 0.5535 0.5005 0.4392 0.4194 0.4061 0.3910 0.3672 0.3489 0.3367 0.2165
[11] SE 0.0153 0.0110 0.0172 0.0187 0.0181 0.0187 0.0181 0.0170 0.0146 0.0146 0.0092

Peach palm - M - bP Mean 0.5755 0.5525 0.5257 0.4790 0.4626 0.4506 0.4361 0.4153 0.3895 0.3761 0.2397
[12] SE 0.0060 0.0071 0.0064 0.0065 0.0065 0.0065 0.0065 0.0071 0.0055 0.0054 0.0055

Vismia - SecoForest Mean 0.5690 0.5340 0.5044 0.4685 0.4479 0.4318 0.4156 0.3995 0.3849 0.3505 0.2102
[13] SE 0.0153 0.0176 0.0181 0.0191 0.0193 0.0162 0.0165 0.0163 0.0157 0.0152 0.0090

Matá matá - PrimoForest Mean 0.5762 0.5306 0.4748 0.4095 0.38850 0.3744 0.3601 0.3471 0.3233 0.3088 0.1685
[14] SE 0.0078 0.0091 0.0090 0.0090 0.0102 0.0098 0.0092 0.0087 0.0080 0.0076 0.0049

Bacaba - Prim. Forest Mean 0.5772 0.5275 0.4859 0.4325 0.4138 0.4011 0.3884 0.3728 0.3519 0.3339 0.1706
[15] SE 0.0073 0.0077 0.0090 0.0083 0.0091 0.0091 0.0086 0.0088 0.0088 0.0084 0.005

AG - agroforestry system; M - monoculture system; b - between tbe palms; F - Peach palm for fruits production; P - Peach palm for
palm heart production

e
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The discussion about SWRC will be concentrated on data evaluated between pF 1.5 and pF 3.5.

Capillary pores compose this range, and the fluid permeating them generally obeys the laws of

capillary and Darcy flow. Moreover, most processes ofwater redistribution occur in this range, and the

flow can be considered laminar.

The data evaluated at h ofO, 0.5 and 1.0 pF were an attempt to enlarge the range ofthe SWRC

and to give some idea about the magnitude of these values. Accurate evaluation of the water holding

capacity at low water potentials is an unsolved problem in soil physics. The empty macropores

constitute barriers to capillary flow, permitting only very slow filrn of water creep along their walls.

When filled with water, however, macropores permit very rapid flow, often turbulent rather than

strictly laminar (see, e.g., Beven and German, 1982; McCoy et ai., 1994; Myasaki, 1995). Therefore,

these data have many uncertainties. Specifically, at pF = O the saturated samples were subjected to a

quick drainage and have lost some amount ofwater during the weighting procedures. The gradient in a

soil core, for instance, when it was equilibrated at pF 0.5 ('" 32 mm ofwater pressure at the centre of

the core), and considering that the steel cylinder had 5 em high, actually the soil core had at the upper

surface apressure head potential of e 57 mm and at the bottom '" 17 mm, yielding a relatively large

percentile variation across the core. The same calculations of gradient apply to the water determined at

samples subrnitted to pF 1.0. Moreover, Corey (1992) asserted that at conditions above 85 % ofthe soil

saturation capacity, the nonwetting phase is not continuous and the air is not free to enter ali parts of

the porous medium, and the regions of the soil matrix containing some of the larger pores may be

entirely isolated from the air phase surrounding water filled pores. The problem is further complicated

by the large presence of macropores in the clayey Ferralsols.

Recently, methods have been developed to even out gravitational gradients in evaluation of low

h in the laboratory (Rosenberg and McCoy, 1990; Logsdon et ai., 1993); they showed positive air entry

values for some soils. The phenomenon of positive air entry values was also observed in the present

project, when deterrninations were carried out in field conditions using a tension infiltrometer. The

positive air entry values means that at zero water potential (h = O)some pores are still empty.

The most prornising field technique for the evaluation of macroporosity distribution is tension

infiltrometry, where the field near-saturated hydraulic conductivity and sorptivity have been used to

distinguish infiltration in the macropores from that of the soil matrix (Messing and Jarvis, 1993; Wilson

and Luxmoore, 1988; Watson and Luxmoore, 1986). The tension infiltrometer method is further

discussed in Chapter 6.
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The magnitude of the value obtained from at pF 4.2 in both data sets analysed [0.20 - 0.30 m3

m·3] show lower values of water retained than previously published data (Camargo and Rodrigues,

1979). Apart from difIerences in the c1ay content of the soil profiles evaluated by the difIerent studies,

errors may arose from the transformation of soil mass base into soil volume base (pF 4.2 is evaluated

with disturbed samples, see details in the methodology). Further, because of an extremely low

unsaturated hydraulic conductivity at pF 4.2, the soil samples need a long time to achieve the

equilibrium at pF 4.2. The indication of equilibrium is normally the stop of outflow flux from the

sample. However, because of the low flux, sometimes it seems that the outflow flux stopped and the

analyses are fmished, but, actually the equilibrium was not achieved. Many researchers working with

samples from clayey Ferralsols have found greater values ofwater retained with increasing h, which is

theoretically impossible. The reasons for that are probably related to insufficient time for the

equilibrium to be achieved and variations in the temperature in laboratory, which may have a

significant efIect on the values of water surface tension (see Equation 4.5). Lack of equilibrium may

also be a result of poor contact between the sample and the porous plate. The use of a linear scaling

approach was proposed by Moraes and Libardi (1996) to recuperate part of the physically incorrect

values in the soil water retention measurements.

The amount of water held by soils at higher water pressure heads is fair1y well correlated with

the surface area of a soil and would represent molecular layers of water around the soil particles (Hillel,

1998), therefore, it is improbable that capillary models and Darcian flow apply for these slight films of

water subjected to adsorptive force fields (Corey, 1992; Iwata et ai, 1995).

Table 4.3 and Figures 4.2 and 4.3 show that the original VG equation does not have enough

flexibility to fit reasonably the experimental water retention data. Better fits (see also statistical

parameter in Table 4.3) were achieved using the VG-bimodal, which had enough flexibility to fit the

two pore systems present in the clayey Ferralsols in the central Amazon. A better fit could be achieved

by optimising the VG equation without constraining the m parameter or employing more modes.

However, if the objective of the fitting procedure also inc1udes to use the fitted model in numerical

simulations or inverse method to determine hydraulic functions, keeping the equations with a small

number ofparameters may avoid considerable numerical problems (van Genucthen and Nielsen, 1985;

Dumer, 1994). The small n values presented in Table 4.3 and in Table 4.5 indicate a relatively broad

pore-size distribution (van Genuchten and Nielsen, 1985). The a values equal approximately the

inverse of the pressure head at the inflection point where [de / dH] has its maximum value (van

Genuchten and Nielsen, 1985; Wõsten and van Genuchten, 1988).
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The VG parameters can be physically interpreted in both Tables 4.2 and 4.3 as well in both approaches

of VG and the VG - birnodal. In a comparison between two layers in Table 4.2, the smaller a indicate

that the air began to enter at lower h (reiatively more saturated conditions). It can be visualised in

Figures 4.2 and 4.3. These results agree with the results of <l>(Figure 4.1) indicating a soil with higher

porosity in the layers at 10 and 60 em (i.e., the smaller a indicate that the porosity is composed by large

pores in relation to the other layers). Evidentiy, completely different pore systems are represented when

using different models (see, in Figure 4.4 the representation of the pore size distributions from

unimodal and bimodal distribution for the depths of 10 and 60 em). The unirnodal distributions are

fairly similar in the location of the maxirnum pore size (Table 4.3), but because it was not able to fit

reasonably the measured data set, it is not discussed further.

Better fits were obtained using the VG - birnodal approach (Table 4.3 and Figure 4.2 and 4.3).

Pore size distributions based on the birnodal retention curve display a secondary structural pore system

at the left side of the prirnary (textural) pore system (Figure 4.4). The secondary pore system is due to

the effect of aggregation ofthe clay particles, which was discussed in the Chapter 3. It shows basically

two principal air entry points; one for the interaggregate porosity and another for intraaggregate

porosity. The interaggregate pores include macropores, mesopores and part of the micropores range

(probably with adjacent aggregates intirnately continuos); the intraaggregate pores include micropores,

ultramicropores and cryptopores (see Table 4.1 for the division ofthe pore classes).

The clearly bimodal pore size distribution ofthe clayey Ferralsols is shown in Figure 4.4 for the profile

and Figures 4.7 and 4.8 for the samples collected at the soil surface.

4.3.2 Soil surface

The complete data set of measured water soil retention from the fifteen positions in the soil

surface is given in Appendix 4-A. The mean values and standard error for the measured retention data

are shown in Table 4.4. Figure 4.1 (a) shows that the effect ofthe exposition ofthe soil in the position

between cupuaçus growing in monoculture (position 8) had as a consequence the lowest value of $. In

contrast, the soil under prirnary forest (positions 14 and 15)] shows the highest $, the causes for this

difference have already been discussed in Chapter 3. As for bulk density, statistical tests were oniy able

to detect a significant difference between the position between the cupuaçus in the monoculture and the

bacabas, indicating a difference between the lower porosity of 0.08 Mg m'3 for the soil near bacabas.



Table 4.4 Estimated hydraulie parameters from soil samples taken in different land use systems in a elayey Ferralsol in lhe eentral Amazon.
Parameters Cupuaçu Annatto Brazil Peaeh Peaeh Pueraria Cupuaçu Orasses Peaeh Peaeh Peaeh Peaeh Vismia Matá- Baeaba

AG AG nut paimF palmP AG M AG palm F palm aF palm P palm aP matá
AG AG AG M M M M

1+ 2+ 3 4+ 5 6 7+ 8 9 10 11 12 13 14T 15

unimodal

9.(m'm-') 0.56 0.57 0.61 0.56 0.61 0.57 0.57 0.65 0.56 0.57 0.65 0.57 0.56 0.62 0.59

9r(m'm·') 0.19 0.09 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

a (em-I) 0.41 0.52 1.42 0.66 1.88 0.13 1.09 1.51 0.24 0.30 1.68 0.16 0.14 1.31 0.63

n 1.20 l.ll 1.09 l.l4 1.09 1.09 1.08 1.09 1.08 1.08 1.09 1.09 1.09 l.l0 l.l0

SAG 0.0134 0.0148 0.0122 0.0164 0.0118 0.0160 0.0160 0.0116 0.0134 0.0117 0.0112 0.0144 0.0175 0.0151 0.0196

bimodal

9.(m' m") 0.57 0.58 0.57 0.59 0.57 0.58 0.59 0.55 0.61 0.58 0.61 0.58 0.58 0.49 0.60

9r(m'm-') 0.12 0.06 0.10 0.12 0.08 0.06 0.09 0.06 0.07 0.09 0.00 0.02 0.00 0.01 0.00

a, (em") 0.29 0.30 0.26 0.54 0.32 0.22 0.33 0.20 0.32 0.29 0.36 0.27 0.52 0.26 0.49

11n, 1.46 1.40 1.38 1.39 1.35 1.26 1.41 1.31 1.32 1.23 1.31 l.l9 l.l8 1.42 1.28

w, 0.60 0.50 0.57 0.62 0.56 0.47 0.51 0.42 0.59 0.56 0.50 0.51 0.49 0.49 0.49

a,(em-') 0.09x 0.07 x 0.12x 0.09 x 0.08 x 0.12x O.lIx 0.08 x 0.07 x 0.07x 0.06 x 0.06 x O.IOx 0.09x 0.09x
10·' 10·' 10-' 10·' 10·' 10-' 10-' 10·' 10-' 10·' 10·' 10-' 10·' 10-' 10-'

n, 1.25 2.37 1.99 2.87 2.68 1.90 1.89 2.28 3.86 5.17 5.47 5.78 2.00 2.23 2.44

w, 0.40 0.50 0.43 0.38 0.44 0.53 0.48 0.58 0.41 0.44 0.50 0.49 0.51 0.51 0.51

SAG 0.0020 0.0022 0.0021 0.0017 0.0017 0.0016 0.0014 0.0028 0.0015 0.0019 0.0024 0.0024 0.0029 0.0029 0.0021
AG - agroforestry system; M - monoeulture system; b - between lhe paims; F - Peaeh palm for fruits produetion; P - Peaeh palm for paim heart produetion
+ Fixed 9s at lhe maximum vaiue measured (unimodal). t Fixed 9s at lhe maximum measured (bimodal).

oa-
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The difference between the bulk density of the soil near bacabas and between the cupuaçus is

contained within the interval [0.02 to 0.15 Mg m"] at 95% of confidence (details about how to

caJculate confidence intervals using the Tukey's test are given in Appendix 3-A).

Analysing the heights ofboxes and whiskers in Figure 4. 1 (b) (see legend on Figure 4.1 for a

statistical explanation) they show a high variability of $ in some positions, especially near the peach

palms. This is probably not only due to a higher soil variability near peach palms in comparison to the

other sampling position, but it is also a consequence ofthe methodology employed to take the samples.

The insertion of the soil cylinders into the soil was done by hammering the cylinder into the soil, which

is the most usual method to collect soil samples to evaluate bulk density and SWRC. However, these

processes cause some disturbance in the soil, especially, when a higher concentration of roots is

present. In order to reduce the variability and increase the reliability of the measurements more refined

methods like hydraulic jacks should be used.

On the other hand, the small range evaluated in the soil covered by pueraria in the agroforestry

system (position 6 on Figure 4.1 b) confirms field observations that the well developed canopy of

pueraria created a partial buffer against weather variations, and probably a better environrnent for fauna

activities, leading to a homogenisation of the soil at that position. The homogeneity is also corroborated

by smaller variations ofthe water holding capacities at different h at those positions (Table 4.4).

Table 4.5 Estimated parameters for soil water retention curves at different depths in a clayey Ferralsols in the central
Amazon.
Parameters Depth (em)

10 20 30 40 50 60 70 80 90 100
unimodal - van Genuehten

e,(m'm·3) 0.57 0.53 0.51 0.52 0.52 0.55 0.53 0.55 0.55 0.54
er(m3 m") 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
a (em-I) 0.45 0.08 0.02 0.03 0.05 0.56 0.07 0.33 0.13 0.05

n 1.08 1.08 1.08 1.08 1.07 1.06 1.07 1.06 1.08 1.07
bimodal - van Genuehten

SAG 0.0188 0.0186 0.0198 0.0225 0.0211 0.0177 0.0190 0.0135 0.0158 0.0133
e,(m3m-3) 0.56 0.54 0.53 0.54 0.54 0.58 0.54 0.54 0.55 0.54
er(m3m-3) 0.08 0.07 0.23 0.18 0.20 0.07 0.21 0.15 0.12 0.11
a (em-I) 0.20 0.18 0.09 0.31 0.35 1.06 0.16 0.12 0.16 0.11

n, 1.52 1.30 1.40 1.26 1.28 1.25 1.38 1.53 1.36 1.24

WI 0.39 0.35 0.40 0.42 0.43 0.42 0.41 0.37 0.36 0.41

a, 0.09 x 0.07 x 0.12 x 0.10x 0.11 x 0_07 x 0.12 x 0.10 x 0.09 x 0.07 x
10-3 10-3 10-3 10-3 10-3 10-3 10-3 10-3 10-3 10-3

n, 2.72 3.20 3.80 3.63 3.52 3.73 3.28 2.05 2.34 2.39
W, 0.61 0.65 0.60 0.58 0.57 0.58 0.59 0.51 0.64 0.59

SAG 0.0028 0.0021 0.0025 0.0021 0.0018 0.0026 0.0015 0.0023 0.0019 0.0036

SAG : Statistic average deviation
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Figure 4.4 Pore-size density estimated from the fitted soil water retention curves from soil samples collected
at different depths in a soil profile on an clayey Ferralsol in the central Amazon.
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4.3.3 Laod use effects 00 pore size distributioo

Table 4.4 shows the measured soil water retention evaluated in soil samples collected near

different plants species growing in the agroforestry system, monoculture of cupuaçu, monoculture of

peach palm, secondary forest and primary forest. Table 4.5 shows the estimated parameters ofthe fitted

VG and VG-bimodal equations. Figure 4.1 shows cjl and Figures 4.5 and 4.6 the fitted equations for the

models of VG and VG- bimodal. As for the soil profile, only the VG - bimodal was able to fit

reasonably the measured water retention data and these results will not be discussed further. Figures 4.7

and 4.8 show the continuous pore-size distribution evaluated from the VG - bimodal model.

The analysis of the pore size distribution was more effective to detect some differences that

were indistinct when the pore system was analysed pooling the pore sizes (i.e., cjl).

For explanatory reasons, the discussion of the pore size distribution was divided according to

the land use systems.

4.3.3.1 Agroforestry system

Table 4.6 shows that the macropores represent as much as 40% of cjl near ali plants in the

agroforestry system. The plotted pore-size distribution in Figure 4.7 shows a peculiar pore-size

distribution for the cover crop pueraria. It changes to the lower curve in the macropore range to the

higher curve in the mesopore range (this phenomenon is pointed by arrows in Figure 4.7). Macropores

are the least stable of ali pore size classes, and are very sensitive to management and collapse when

they experience stress (Kay and Angers, 2000). For instance, the degradation of the macroporosity

because of agricultural use was clearly shown on clayey Ferralsols by Medina (1985), Chauvel et aI.

(1991), and Teixeira et aI. (1996). Pueraria creates a higher percentile of pores with radii in the

mesopore range that are more effective to hold water and maintain it available for the plants. A higher

percentile ofthe pore size in the mesopore range could help plants to tolerate water-limiting situations,

as the mesopores are more effective in water storage than the macropores. Moreover, water is not held

in the mesopores with so high energy that are unavailable to the plants, as happens in micropore range.

The more efficient storage of water from the irregular rainfalls that occur in the central Amazon in the

dry season can be very important when water availability seems to be a limiting factor for many plant

species. Conversely, under dry conditions, transmission of water across the matrix potential occurs

more rapidly in the mesopore range than in the small ones as presented in the primary forest.
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different species of plants in an monocu1ture of peach palm, and secondary and primary forest on an cJayey
Ferralsol in the central Amazon.
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The controversial advantages and disadvantage of changing the pore size distribution is

discussed further in the primary forest results. Nevertheless, pueraria seems to be a good option to

maintain or rehabilitate the soil porosity of clayey Ferralsols. Certainly, other processes like

connectivity and tortuosity of pores also influence the soil water retentivity evaluated in different pore-

size arrangements.

4.3.3.2 Monoculture of cupuaçu

Table 4.6 shows a greater reduction ofpores in the macropore range in the position between the

cupuaçus covered basically by grass and some plants of pueraria. However, the analysis of cjl could not

identify a clear difference between the soil near the cupuaçus and between them; the distribution of cjl

was more efficient to explain some field observations. The pore size distribution clearly indicated a

rearrangement of the pore space with probable consequences for the water dynamics. The porosity in

the soil covered partially by grasses between the cupuaçus was not only reduced in magnitude (Figure

4.1) with a greater reduction of the macroporosity (Table 4.6), but also shows an enlargement of the

percentage of ultramicropores and cryptopores. 10 those pore ranges, water is not only located in pores

but the most part is adsorbed on the surface of clay particles with completely different properties in

comparison to free water (see, discussion about free water and bound water in Chapter 5). Little

amount ofthis water is available to plants and its flow rate is very slow.

A complex process may explain the observed effects of the water deficit on plants growing

between the cupuaçus in the dry season. As a general rule, roots of plants penetrate pores larger than 10

J.lIIl (Kay and Angers, 2000), but these pores need to be easily expandable for the roots to grow through

them, and continuous for the root to extend norrnally (Greenland, 1979). With reduction of the porosity

in the soil covered by grasses between the cupuaçus only few roots could penetrate the remaining small

pores (because they are too small) and could not use a part of the water (i.e., water held with high

energy by the soil forces) by simply interception between roots and water. Probably, in the compacted

sites between the cupuaçus with reduced porosity, only few roots may penetrate small pores and the

interception mechanism of the root growth is blocked.
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4.3.3.3 Monoculture ofpeach palrn

In Table 4.4 and Figures 4.5 and 4.6, the high amount of water retained by samples collected

near the peach palrns when submitted to increasing water potential in relation to the other plants can be

seen. Apart from some bias introduced by the core sampling method, a rearrangement of the pore size

classes occurred on the soil surface near the peach palrns. The field observations indicating that the

aggressive superficial and coarse root system of the peach palrn which seems to compact the soil have

already been discussed in Chapter 3. The rearrangement of the porosity in other classes with small

pores is shown in Table 4.6. It indicates that even if ~ remains practically unchanged (Figure 4.1),

alteration in the pore distributions can have a considerable effect on the water dynamics, because the

radii of the pores govem not only the rate of water movement but also the availability of water to these

palrns. The smaller the pore, the greater the suction by which water is held. It is frequent1y observed

that weed plants are less common near the peach palrns, which is in part explained by light

competition, which is usually a correct explanation. A reduced soil water content (Teixeira et aI., 1997;

Renck, 2000) due to a high absorption by the palms is also another explanation. However, it is also

important to point out that not only the amount of water is reduced near the peach palrns, but also a

large amount of the water is strongly held by the soil, which could cause drought conditions for many

weed plants. The explanation given above, conceming the reduction of root growth in the soil owing to

the small size ofthe pores is also valid in this situation. However, the phenomenon ofredistribution of

the porosity near the peach palms seems to be distinct from that in the soil covered partially only by

grass in the monocuIture of cupuaçus. The range where the porosity increases near the peach palms was

between 30 and 5 um and in the grasses the highest range is in the pores > 5 um. This fact indicates

that, probably, distinct processes of degradation ofthe soil structure occurred.

The highest peak in the micropore range in the monoculture of peach palm in Figure 4.8 is

presumably a consequence of a specific process of compression of the soil, leading to concentrate the

pore in a small group of radii, with a specific air entry value. The analysis of the VG - bimodal

parameters show that the n2 parameters for the peach palms assume high values. The n2 value

represents the slope of the second peak, and a greater value can be interpreted as an indication that the

pores are concentrated in a specific radius or small radii of pores. In the soil between the cupuaçus it

seems to be more an effect of the water absorbed on the surface of the clay partic1es (i.e., the peak is

from the addition of ultramicropores and cryptopores which are pooled together in the last category of

pores> Sum inTable 4.6).
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4.3.3.4 Primary and secondary forest

Between the land use systems analysed in this study, probably only the porosity in the soil

under primary forest (Figure 4.8) can be considered to be in a dynamic equilibrium, with a rate of

formation and destruction controlled basically by the soil fauna and by plant roots. Any change in soil

conditions may affect that balance. Macropores formed by shrinkage resulting from desiccation of the

first layers by plant roots is probably another explanation for the porosity in the clayey Ferralsol

(Chauvel, 1982). However, the forest canopy creates a layer with saturated air humidity, which

operates as a buffer system against the direct evaporation ofthe soil water (Leopoldo et ai, 1997). The

reduced rainfall and the continuous evapotranspiration at high rates during the dry season in the central

Amazon (normally on July until September) lead the first layers of soil under the primary forest to be

dry, due to the continuos uptake of water by the plant roots. Some c1imate aspects are discussed in

Chapters 2.

Pores with diameters > 300 J.1msupport infiltration when large amounts of water reach the soil

surface (Kay and Angers, 2000). Therefore, the existence ofpores with greater diameters is essential to

infiltrate large rainfalls, for instance with an intensity of 70 mm h·1 for more than an hour (Marques et

a!., 198I). The existence of this large pore system, which represents about 40% of the <jl in the primary

forest (Table 4.6), is responsible for the higher hydraulic conductivity at and near saturation shown by

the c1ayey Ferralsols (see Chapter 5) and is essential for the maintenance of a system of rapid drainage

into this soil to avoid runoff and hence water erosion processes. The macropores drain water rapidly

and are responsible for soil aeration and the deep penetration of water and nutrients (or pesticides,

herbicides) into the soil. However, the macroporosity can also reduce the leaching rate when the

nutrients are already in the soil matrix (Larsson and Jarvis, 1999), because it diminishes the amount of

water that perco lates through the soil. This fact may indicates that the pore-size distribution under

original conditions in the clayey Ferralsol seem to be very well adapted to the climate conditions in that

region. It allows a rapid drain of water, avoiding runoff and consequently erosion process and also

reduces nutrient leaching from the soil matrix bypassing the water to deep layers through the

macropores. On the other hand, the very small radius of the other pores as a consequence of a reduced

hydraulic conductivity and f1uxes through the soil matrix increases the residence time of water and

nutrients to be absorbed by plant roots, macro and micro fauna in the soil matrix.

The results between primary and secondary forest are similar for the measured water retention

data (Table 4.4), <jl (Figure 4.1), the VG parameters (Table 4.5) and the relative volumetric fraction of
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the pores within the macropore and mesopore range (Table 4.6). This fact indicates a relative fast

capacity of the natural regrowth of the spontaneous vegetation to rehabilitate soil porosity to values

found in the original conditions when the primary forest covers the soil. Further, it also indicates the

resilience of the cJayey Ferralsol. However, the limit of disturbance at which the cJayey Ferralsol is

able to return to its original pore-size distribution need to be established. The concepts and processes

involved in soil resilience and soil rehabilitation are given by Blum (1998).



Table 4.6 Relative volumetric fractions ofthe pores within various size ranges for a clayey Ferralsol with different land use systems in the central Amazon.
Relative Cupuaçu Annatto Brazil Peach Peach Pueraria Cupuaçu Grasses Peach Peach Peach Peach Vismia Matá- Bacaba

volumetric AG AG nut palm F palm P AG M AG palm F palm aF palm P palm aP matá
fraction AG AG AG M M M M

withradii
Coarse Macropores

> 5000 JUII 0.39 0.30 0.32 0.42 0.32 0.19 0.32 0.19 0.32 0.23 0.27 0.18 0.21 0.29 0.28

Macropores
between 0.16 0.15 0.19 0.15 0.17 0.19 0.16 0.16 0.18 0.19 0.15 0.17 0.16 0.15 0.14
5000 and

75 JUII

Mesopores
between 75 0.03 0.03 0.05 0.03 0.03 0.07 0.05 0.04 0.02 0.01 0.02 0.02 0.06 0.04 0.04
and 30 JUII

Micropores
between 30 0.23 0.27 0.22 0.27 0.29 0.26 0.23 0.23 0.32 0.33 0.42 0.43 0.47 0.28 0.32
and 5 JUII

f Ultramicropores and cryptopores
> 5 JUII 0.19 0.25 0.22 0.13 0.19 0.29 0.24 0.62 0.16 0.24 0.14 0.20 0.10 0.24 0.22

AG = agroforestry system; M = monoculture system; a - between the palms; F = Peach palm for fruits production; P - Peach palm for palm heart production
t Rounding errors adjusted at this leveI

IV
o
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4.4 CONCLUSIONS

4.4.1 Soil water retention curve (SWRC)

Because the structured clayey Ferralsols have two pore systems, one from the intraaggregate

and the other from the interaggregate porosity, the original single sigmoidal model of van Genuchten

VG could not satisfactorily relate the measured volumetric water content (6) and water pressure head

(h).

The results show that using the VG-bimodal approach, excellent fits were obtained,

characterising the 6 and h relationships for the soil surface in different land use systems, and also for

different depths in a soil profile.

The parameters n and a in the VG models interpreted in its physical meaning were useful to

confirrn the presence of a layer with higher porosity and pores with higher radius about 60 em deep in

the clayey Ferralsols, located between two more compact ones.

It is emphasised that the VG and VG - bimodal model are empirical models to represent the

SWRC, and the continuos pore size distributions derived from that function are probably a good

approximation to the real pore size distributions.

The development of physically based models taking into account different physicallaws for the

range near saturation and the dry range, when the capillary law is not applicable anymore, could

improve the understanding of soil water retentivity processes.

4.4.2 Pore size distribution

Pueraria seems to change the pores for the mesopore range, which appears to be more effective

to hold and maintain water available for plants than the macropores.

The soil near the peach palms has a concentration of pores with a reduced radius in the

micropore range, apparently originating from the pressure exerted by the root development on the soil

structure.

The soil, which was not well covered by cover crops (between the cupuaçus growing in

monoculture), shows a reduced total porosity and a relative pronounced reduction in the macropore

range.
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The soil covered by the primary forest shows more than 30% of the total porosity in the

macropore range, this macropore system which drains water rapidly and is responsible for the soil

aeration and the deep penetration of water and nutrients (or pesticide, herbicides) into the soi\. It

appears to be very well adapted to the c\imate conditions in that region. It allows a rapid drain of large

amount of water, and avoids runoff and consequently erosion processo Further, it also may reduce the

nutrient leaching of the soil matrix bypassing the water to deep layers through the macropores.

Furthermore, under unsaturated conditions, the very small radius of the other pores has as a

consequence a reduced hydraulic conductivity and fluxes through the soil matrix enhancing the

residence time ofwater and nutrients and the likelihood ofbe absorbed by plant roots, macro and micro

fauna.

The relative volumetric fractions ofthe pores between the primary and secondary forest are very

similar. It shows a relative fast capacity of the spontaneous vegetation to rehabilitate the soil porosity

near the values found under the original conditions.

The evaluation of the pore size distribution permits to explain field observation and to do some

inferences about water behaviour on the different land use systems, and its use instead the total porosity

is strongly recommended.
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TableA.4.1- Volumetricwatercontentsrelatedwithwaterpressureheadevaluatedin samplescoUectedat different
depthsin a profileon a clayeyFerralsolin lhe centralAmazon.Bulkdensity- BD [Mgkg-'j

Deplh pFO pFO.5 pFI.O pFI.5 pFI.8 pF2.0 pF2.2 pF2.5 pF3.0 pF3.5 pF 4.2 BD
0-10 0.5615 0.5197 0.4876 0.4387 0.4194 0.4025 0.3978 0.3934 0.3804 0.3689 0.2191 0.95
0-10 0.5424 0.5287 0.5072 0.4552 0.4395 0.4237 0.4194 0.4156 0.4037 0.3926 0.2320 1.07
0-10 0.5489 0.5252 0.4827 0.4284 0.4110 0.3942 0.3894 0.3852 0.3733 0.3628 0.2316 0.99
0-10 0.5756 0.5464 0.5067 0.4418 0.4340 0.4116 0.4048 0.3983 0.3870 0.3744 0.2251 1.03
0-10 0.5534 0.5185 0.4953 0.4431 0.4238 0.4082 0.4035 0.3997 0.3868 0.3740 0.1861 1.06
10-20 0.5302 0.5085 0.4962 0.4679 0.4480 0.4294 0.4221 0.4154 0.4010 0.3858 0.2548 1.02
10-20 0.5566 0.5338 0.5077 0.4717 0.4548 0.4436 0.4280 0.4239 0.4098 0.3970 0.2485 1.10
10-20 0.5448 0.5213 0.5026 0.4743 0.4605 0.4386 0.4321 0.4272 0.4123 0.3992 0.2514 1.04
10-20 0.5370 0.5212 0.4997 0.4707 0.4580 0.4368 0.4316 0.4250 0.4089 0.3957 0.2430 1.08
10-20 0.5061 0.4958 0.4867 0.4601 0.4461 0.4259 0.4194 0.4144 0.4006 0.3900 0.2289 1.06
20-30 0.5323 0.5203 0.5059 0.4852 0.4683 0.4483 0.4430 0.4397 0.4299 0.4173 0.2812 1.07
20-30 0.5073 0.4987 0.4854 0.4660 0.4538 0.4366 0.4306 0.4268 0.4133 0.4001 0.2597 1.04
20-30 0.5057 0.5000 0.4917 0.4604 0.4500 0.4333 0.4243 0.4197 0.4070 0.3970 0.2665 0.94
20-30 0.5630 0.5595 0.5452 0.5254 0.5129 0.4990 0.4910 0.4865 0.4736 0.4633 0.2528 1.06
20-30 0.5301 0.5119 0.4965 0.4718 0.4576 0.4360 0.4318 0.4275 0.4170 0.4065 0.2615 1.05
30-40 0.5542 0.5483 0.5285 0.5085 0.4989 0.4825 0.4747 0.4726 0.4624 0.4470 0.2448 1.01
30-40 0.5347 0.5215 0.5064 0.4792 0.4636 0.4463 0.4398 0.4388 0.4276 0.4120 0.2481 1.02
30-40 0.5433 0.5279 0.5120 0.4851 0.4733 0.4630 0.4501 0.4489 0.4379 0.4259 0.2515 1.02
30-40 0.5306 0.4925 0.4686 0.4383 0.4270 0.4240 0.4038 0.4024 0.3915 0.3782 0.2662 0.96
30-40 0.5170 0.4950 0.4810 0.4589 0.4466 0.4380 0.4260 0.4250 0.4150 0.3993 0.2473 1.02
40-50 0.5629 0.5260 0.5144 0.4887 0.4767 0.4740 0.4579 0.4546 0.4458 0.4333 0.2266 1.01
40-50 0.5202 0.5178 0.5033 0.4799 0.4688 0.4601 0.4505 0.4480 0.4387 0.4247 0.2594 1.02
40-50 0.4976 0.4825 0.4646 0.4408 0.4284 0.4215 0.4097 0.4075 0.3978 0.3868 0.2830 1.03
40-50 0.5212 0.5047 0.4835 0.4574 0.4465 0.4395 0.4281 0.4261 0.4176 0.4047 0.2918 0.94
40-50 0.5704 0.5341 0.5132 0.4805 0.4627 0.4505 0.4382 0.4367 0.4254 0.4125 0.2306 1.01
50-60 0.5503 0.4985 0.4719 0.4333 0.4179 0.4065 0.3969 0.3949 0.3833 0.3718 0.2532 0.91
50-60 0.5356 0.5106 0.4831 0.4582 0.4437 0.4349 0.4223 0.4198 0.4085 0.3971 0.2536 0.99
50-60 0.5737 0.5398 0.5160 0.4830 0.4637 0.4467 0.4373 0.4361 0.4245 0.4100 0.2281 1.06
50-60 0.5504 0.5073 0.4833 0.4564 0.4420 0.4266 0.4215 0.4199 0.4087 0.3975 0.2569 0.97
50-60 0.5346 0.4948 0.4754 0.4497 0.4343 0.4255 0.4144 0.4131 0.4017 0.3884 0.2733 0.95
60-70 0.5630 0.5458 0.5284 0.4950 0.4727 0.4721 0.4622 0.4560 0.4439 0.4294 0.2853 1.06
60-70 0.5371 0.5194 0.5077 0.4751 0.4624 0.4545 0.4447 0.4411 0.4271 0.4137 0.2404 1.04
60-70 0.5449 0.5203 0.5047 0.4656 0.4507 0.4407 0.4310 0.4249 0.4136 0.3979 0.2606 1.00
60-70 0.5340 0.5227 0.5048 0.4722 0.4580 0.4488 0.4405 0.4356 0.4248 0.4103 0.2615 1.01
60-70 0.5124 0.5033 0.4918 0.4588 0.4456 0.4378 0.4289 0.4235 0.4130 0.4113 0.2697 1.01
70-80 0.5514 0.5188 0.4997 0.4454 0.4177 0.4103 0.3993 0.3920 0.3786 0.3671 0.2900 0.93
70-80 0.5609 0.5306 0.5191 0.4697 0.4513 0.4431 0.4336 0.4261 0.4123 0.3981 0.2938 1.00
70-80 0.5304 0.5171 0.5014 0.4598 0.4433 0.4325 0.4235 0.4164 0.4049 0.3911 0.2714 0.97
70-80 0.5508 0.5372 0.5327 0.4859 0.4712 0.4617 0.4528 0.4480 0.4322 0.4163 0.2859 0.98
70-80 0.5409 0.5268 0.5096 0.4723 0.4557 0.4477 0.4384 0.4325 0.4185 0.4042 0.2834 1.01
80-90 0.5568 0.5327 0.5159 0.4760 0.4554 0.4488 0.4397 0.4320 0.4149 0.3997 0.2792 0.96
80-90 0.5370 0.5189 0.5044 0.4672 0.4493 0.4417 0.4325 0.4298 0.4058 0.3924 0.2789 0.98
80-90 0.5666 0.5413 0.5296 0.4755 0.4572 0.4473 0.4381 0.4256 0.4078 0.3922 0.2476 0.96
80-90 0.5369 0.5251 0.5062 0.4669 0.4522 0.4431 0.4345 0.4295 0.4162 0.4032 0.2747 0.99
80-90 0.5686 0.5615 0.5437 0.5115 0.4967 0.4879 0.4785 0.4746 0.4568 0.4432 0.2903 0.96
90-100 0.5311 0.5261 0.5141 0.5090 0.4806 0.4705 0.4683 0.4536 0.4378 0.4193 0.2977 0.99
90-100 0.5655 0.5505 0.5256 0.5191 0.4811 0.4679 0.4661 0.4466 0.4301 0.4101 0.2831 0.97
90-100 0.5376 0.5268 0.5066 0.5012 0.4700 0.4589 0.4561 0.4396 0.4225 0.4050 0.3080 1.00
90-100 0.5599 0.5450 0.5188 0.5112 0.4730 0.4601 0.4579 0.4405 0.4234 0.4062 0.2991 0.98
90-100 0.5501 0.5371 0.5154 0.5088 0.4741 0.4607 0.4586 0.4415 0.4232 0.4040 0.2869 0.97
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Tab1e A 4.2 - Soi! water retention curve from collected near different p1ant species - B10ck A
pFO pFO.5 pF1 pFl.5 pFl.8 pF2 pF2.2 pF2.5 pF3 pF3.5 pF 4.2

1 [Cupuacu - AG]
0.5320 0.5060 0.4760 0.4208 0.4002 0.3862 0.3730 0.3600 0.3530 0.3330 0.2495
0.5130 0.4600 0.4150 0.3628 0.3424 0.3325 0.3190 0.3070 0.2980 0.2810 0.2139
0.5460 0.5060 0.4590 0.3988 0.3724 0.3625 0.3440 0.3280 0.3240 0.3030 0.2166

2 [Annato - AG]
0.5680 0.5100 0.4220 0.3478 0.3290 0.3156 0.2980 0.2860 0.2820 0.2570 0.1748
0.5820 0.5390 0.4920 0.4149 0.3913 0.3784 0.3560 0.3420 0.3370 0.3190 0.2209
0.5640 0.5282 0.4538 0.3886 0.3734 0.3470 0.3290 0.3170 0.3120 0.3020 0.2129

3 [Brazi1 nut - AG]
0.5280 0.5150 0.4760 0.4160 0.3840 0.3691 0.3490 0.3340 0.3280 0.3030 0.2273
0.5330 0.5220 0.4830 0.4021 0.3707 0.3496 0.3360 0.3170 0.3150 0.2900 0.2123
0.5370 0.5010 0.4570 0.3868 0.3622 0.3509 0.3350 0.3190 0.3140 0.2920 0.2013

4 [Peach palm - Fruit - AG]
0.5520 0.4880 0.4330 0.3694 0.3484 0.3407 0.3190 0.3090 0.3070 0.2840 0.1651
0.5390 0.4970 0.4410 0.3845 0.3630 0.3501 0.3310 0.3190 0.3160 0.2880 0.1742
0.5420 0.4700 0.4210 0.3668 0.3457 0.3314 0.3170 0.3010 0.2990 0.2750 0.1741

5 [Peach palm - AG]
0.5470 0.4720 0.4000 0.3287 0.3033 0.2853 0.2720 0.2580 0.2560 0.2350 0.1510
0.5500 0.4740 0.4050 0.3286 0.3077 0.2945 0.2810 0.2690 0.2650 0.2470 0.1756
0.5530 0.5180 0.4440 0.3732 0.3504 0.3371 0.3240 0.3100 0.3060 0.2860 0.1830

6 [Pueraria - AG]
0.5430 0.5091 0.4776 0.4453 0.4237 0.4100 0.3970 0.3760 0.3720 0.3430 0.2247
0.5800 0.5435 0.5028 0.4593 0.4316 0.4180 0.4030 0.3850 0.3750 0.3390 0.2418
0.5500 0.5273 0.4987 0.4625 0.4380 0.4230 0.4090 0.3910 0.3880 0.3600 0.2647

7 [Cupuaçu - M]
0.543 0.519 0.477 0.432 0.405 0.394 0.382 0.366 0.364 0.345 0.2371
0.655 0.604 0.509 0.451 0.419 0.407 0.399 0.385 0.381 0.358 0.1956
0.594 0.575 0.489 0.441 0.399 0.388 0.369 0.356 0.353 0.332 0.2192

8 [Grass]
0.512 0.492 0.467 0.436 0.418 0.409 0.388 0.374 0.372 0.360 0.2401
0.550 0.535 0.496 0.448 0.425 0.413 0.398 0.381 0.377 0.359 0.2822
0.537 0.511 0.484 0.455 0.437 0.427 0.415 0.398 0.395 0.376 0.2380

9 [Peach palm - F - M]
0.575 0.554 0.439 0.364 0.347 0.332 0.278 0.309 0.298 0.290 0.2033
0.615 0.590 0.426 0.345 0.328 0.314 0.300 0.299 0.281 0.271 0.1816
0.549 0.527 0.431 0.373 0.359 0.346 0.326 0.323 0.322 0.313 0.2178

10 [Peach palm - between F]
0.578 0.560 0.516 0.469 0.451 0.434 0.414 0.395 0.382 0.369 0.2214
0.539 0.529 0.479 0.430 0.413 0.390 0.368 0.366 0.341 0.333 0.2023
0.564 0.552 0.491 0.435 0.414 0.394 0.371 0.365 0.340 0.329 0.2000

11 [Peach palm - PH - M]
0.553 0.528 0.451 0.392 0.378 0.358 0.344 0.337 0.323 0.312 0.2068
0.554 0.524 0.453 0.376 0.355 0.341 0.329 0.308 0.301 0.289 0.2044
0.543 0.508 0.410 0.344 0.327 0.311 0.298 0.271 0.270 0.256 0.1604

12 [Peach palm - between PH - M]
0.611 0.601 0.555 0.509 0.495 0.475 0.456 0.442 0.421 0.405 0.2261
0.575 0.561 0.504 0.445 0.432 0.418 0.408 0.403 0.379 0.363 0.2379
0.553 0.541 0.502 0.465 0.448 0.432 0.416 0.415 0.389 0.377 0.2556

13 [Vismia]
0.601 0.529 0.456 0.419 0.386 0.381 0.366 0.350 0.348 0.309 0.1645
0.557 0.518 0.496 0.469 0.448 0.438 0.427 0.405 0.398 0.369 0.2275
0.540 0.528 0.517 0.489 0.464 0.448 0.430 0.406 0.404 0.388 0.2420

AG - Agroforestry, M - monocu1ture; F - Fruits; PH - Palm heart
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Tab1e A 4.3 - Soil water retention curve - B10ck B
pFO pFO.5 pF1 pF1.5 pF1.8 pF2 pF2.2 pF2.5 pF3 pF3.5 pF 4.2

1
0.5680 0.5278 0.4508 0.3712 0.3463 0.3401 0.3265 0.3204 0.3028 0.2898 0.2206
0.5662 0.5074 0.4428 0.3627 0.3361 0.3310 0.3193 0.3133 0.2961 0.2817 0.1993
0.5207 0.4929 0.4481 0.3782 0.3518 0.3459 0.3334 0.3237 0.3139 0.2997 0.2230

2
0.5933 0.5344 0.4835 0.4068 0.3833 0.3781 0.3654 0.3607 0.3437 0.3278 0.2181
0.5579 0.5221 0.4665 0.3932 0.3695 0.3645 0.3564 0.3483 0.3337 0.3181 0.2293
0.6165 0.5638 0.5065 0.4355 0.4075 0.4028 0.3907 0.3816 0.3615 0.3436 0.1980

3
0.6164 0.6066 0.5189 0.4507 0.4309 0.4180 0.4078 0.3976 0.3790 0.3629 0.2217
0.6002 0.5518 0.4869 0.3932 0.3615 0.3502 0.3341 0.3248 0.2963 0.2743 0.1962
0.6220 0.5276 0.4648 0.3867 0.3575 0.3480 0.3342 0.3277 0.3007 0.2856 0.1946

4
0.5402 0.5050 0.4477 0.3807 0.3556 0.3477 0.3331 0.3277 0.2997 0.2876 0.2075
0.5637 0.5116 0.4398 0.3856 0.3721 0.3355 0.3232 0.3155 0.2926 0.2887 0.1939
0.5444 0.5066 0.4582 0.4067 0.3881 0.3814 0.3671 0.3564 0.3356 0.3210 0.2396

5
0.5509 0.5221 0.4965 0.4276 0.4037 0.3946 0.3800 0.3678 0.3307 0.3187 0.2290
0.5553 0.5434 0.4702 0.3969 0.3718 0.3613 0.3583 0.3335 0.2917 0.2760 0.1832
0.5945 0.5639 0.5217 0.4564 0.4246 0.4130 0.4131 0.3826 0.3393 0.3254 0.2233

6
0.5790 0.5640 0.5376 0.4842 0.4660 0.4608 0.4477 0.4350 0.4065 0.3900 0.2461
0.6131 0.5874 0.5416 0.4638 0.4355 0.4237 0.4066 0.3950 0.3646 0.3476 0.2146
0.5912 0.5828 0.5521 0.4935 0.4695 0.4608 0.4397 0.4251 0.3995 0.3783 0.241

7
0.5767 0.5296 0.4776 0.4215 0.3964 0.3781 0.3693 0.3558 0.3425 0.3242 0.213
0.5640 0.5105 0.4592 0.4045 0.3816 0.3575 0.3510 0.3400 0.3266 0.3069 0.237
0.5857 0.5562 0.5163 0.4521 0.4213 0.3985 0.3865 0.3758 0.3621 0.3426 0.235

8
0.6183 0.5848 0.5506 0.5082 0.4859 0.4458 0.4263 0.4111 0.3973 0.3735 0.220
0.5515 0.5300 0.5034 0.4702 0.4488 0.4162 0.4025 0.3924 0.3767 0.3548 0.243
0.5632 0.5267 0.4840 0.4473 0.4262 0.4025 0.3905 0.3787 0.3666 0.3383 0.235

9
0.5910 0.5740 0.5491 0.4824 0.4437 0.4249 0.4081 0.3912 0.3496 0.3300 0.2012
0.6571 0.5759 0.5228 0.4236 0.3911 0.3836 0.3789 0.3309 0.2871 0.2639 0.1603
0.6622 0.6192 0.5843 0.4991 0.4591 0.4440 0.4283 0.4087 0.3724 0.3584 0.2022

10
0.5667 0.5434 0.5091 0.4665 0.4468 0.4335 0.4169 0.4041 0.3601 0.3491 0.2479
0.5933 0.5771 0.5508 0.4995 0.4764 0.4639 0.4463 0.4308 0.3864 0.3730 0.2579
0.5618 0.5395 0.5229 0.4871 0.4640 0.4514 0.4324 0.4219 0.3839 0.3750 0.2505

11
0.5597 0.5351 0.5139 0.4497 0.4272 0.4194 0.4061 0.3980 0.3672 0.3571 0.2451
0.6014 0.5768 0.5510 0.4870 0.4627 0.4491 0.4373 0.4241 0.3906 0.3794 0.2462
0.6202 0.5890 0.5455 0.4625 0.4307 0.4174 0.3986 0.3828 0.3470 0.3345 0.2071

12
0.5614 0.5439 0.5178 0.4692 0.4483 0.4369 0.4217 0.4112 0.3684 0.3556 0.2062
0.5794 0.5429 0.5262 0.4810 0.4618 0.4523 0.4373 0.4242 0.3816 0.3636 0.2413
0.5715 0.5603 0.5535 0.5013 0.4833 0.4737 0.4660 0.4521 0.4058 0.3942 0.2526

13
0.6366 0.6141 0.5630 0.5285 0.5050 0.4692 0.4523 0.4355 0.4132 0.3639 0.1898
0.5983 0.5767 0.5578 0.5046 0.4858 0.4562 0.4384 0.4238 0.4056 0.3660 0.2265
0.6048 0.5862 0.5683 0.5416 0.5250 0.4956 0.4840 0.4729 0.4526 0.4176 0.2233
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Tab1e A 4.4 - SoU water retention curve - B10ck C
pFO pFO.5 pF1 pF1.5 pFl.8 pF2 pF2.2 pF2.5 pF3 pF3.5 pF 4.2

1
0.5824 0.5542 0.4726 0.4033 0.3800 0.3666 0.3508 0.3343 0.3204 0.3087 0.2302
0.6213 0.5484 0.4763 0.4020 0.3792 0.3611 0.3448 0.3315 0.3273 0.3148 0.2132
0.5725 0.5434 0.5095 0.4670 0.4463 0.4296 0.4120 0.4033 0.3933 0.3835 0.2567

2
0.5553 0.5326 0.5064 0.4613 0.4452 0.4325 0.4176 0.3871 0.3776 0.3671 0.2544
0.5345 0.5155 0.4975 0.4682 0.4519 0.4416 0.4293 0.4030 0.3965 0.3857 0.2784
0.5656 0.5421 0.5135 0.4575 0.4392 0.4272 0.4101 0.3831 0.3723 0.3584 0.2515

3
0.5647 0.5217 0.4963 0.4448 0.4268 0.4189 0.4003 0.3901 0.3681 0.3340 0.2120
0.5299 0.4962 0.4819 0.4446 0.4249 0.4184 0.4043 0.3898 0.3715 0.3449 0.2203
0.5331 0.5057 0.4912 0.4563 0.4366 0.4290 0.4110 0.3971 0.3702 0.3319 0.2205

4
0.6144 0.5126 0.4256 0.3788 0.3633 0.3555 0.3415 0.3282 0.3224 0.3160 0.2207
0.5845 0.5457 0.4989 0.4499 0.4366 0.4175 0.4002 0.3906 0.3883 0.3821 0.2597
0.6011 0.5547 0.4758 0.4271 0.4135 0.3978 0.3917 0.3753 0.3736 0.3687 0.2259

5
0.5543 0.5285 0.4920 0.4497 0.4322 0.4142 0.3922 0.3862 0.3833 0.3714 0.2389
0.5737 0.5387 0.5114 0.4739 0.4564 0.4368 0.4241 0.4076 0.4014 0.3913 0.2458
0.5344 0.5253 0.5042 0.4782 0.4636 0.4501 0.4299 0.4164 0.4033 0.3965 0.2550

6
0.5574 0.5483 0.5341 0.4958 0.4796 0.4710 0.4528 0.4357 0.4047 0.3532 0.2023
0.6064 0.5750 0.5590 0.5193 0.5037 0.4954 0.4743 0.4602 0.4275 0.3756 0.1900
0.5640 0.5356 0.5227 0.4864 0.4700 0.4624 0.4456 0.4322 0.4061 0.3647 0.2050

7
0.5272 0.4566 0.4307 0.3757 0.3601 0.3551 0.3454 0.3360 0.3265 0.3047 0.2547
0.5890 0.5547 0.5290 0.4777 0.4632 0.4564 0.4436 0.4355 0.3927 0.3600 0.2245
0.5250 0.4910 0.4521 0.4019 0.3872 0.3788 0.3640 0.3733 0.3342 0.3030 0.1891

8
0.5335 0.5124 0.4972 0.4592 0.4416 0.4336 0.4190 0.4111 0.4022 0.3792 0.2542
0.5338 0.5092 0.5000 0.4509 0.4324 0.4252 0.4081 0.3968 0.3840 0.3602 0.2484
0.5808 0.5593 0.5459 0.5043 0.4868 0.4788 0.4634 0.4536 0.4364 0.4066 0.2363

9
0.5995 0.5401 0.5105 0.4674 0.4521 0.4388 0.4202 0.3933 0.3678 0.3576 0.2202
0.5772 0.5524 0.5415 0.5144 0.4987 0.4856 0.4686 0.4146 0.4015 0.3862 0.2558
0.5581 0.5334 0.5163 0.4826 0.4660 0.4570 0.4440 0.4008 0.3952 0.3826 0.2719

10
0.5562 0.5315 0.5079 0.4727 0.4605 0.4511 0.4412 0.4127 0.4040 0.3922 0.2705
0.6061 0.5453 0.5004 0.4654 0.4529 0.4413 0.4280 0.3988 0.3913 0.3784 0.2440
0.5444 0.5167 0.4944 0.4623 0.4487 0.4406 0.4276 0.4019 0.3923 0.3798 0.2692

11
0.6704 0.5895 0.5348 0.4886 0.4692 0.4554 0.4376 0.3957 0.3770 0.3649 0.2057
0.5817 0.5386 0.4959 0.4499 0.4393 0.4305 0.4169 0.3768 0.3624 0.3503 0.2397
0.6492 0.5920 0.5491 0.5044 0.4853 0.4731 0.4518 0.4111 0.4034 0.3878 0.2331

12
0.5965 0.5577 0.5348 0.4869 0.4733 0.4659 0.4535 0.4061 0.3937 0.3815 0.2410
0.5630 0.5327 0.5175 0.4717 0.4535 0.4429 0.4282 0.3847 0.3738 0.3645 0.2371
0.5686 0.5319 0.5207 0.4819 0.4677 0.4586 0.4387 0.3998 0.3934 0.3804 0.2598

13
0.5056 0.4580 0.4260 0.3871 0.3712 0.3641 0.3475 0.3335 0.3169 0.2876 0.1862
0.5057 0.4619 0.4381 0.3906 0.3735 0.3672 0.3476 0.3365 0.3157 0.2870 0.1937
0.5719 0.5343 0.5182 0.4873 0.4725 0.4665 0.4475 0.4326 0.4099 0.3663 0.2379
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Table A 4.5 - Soil water retention curve - samples collected in lhe primary forest,
pFO pFO.5 pFI pFl.5 pFl.8 pF2 pF2.2 pF2.5 pF3 pF3.5 pF 4.2

mata- mata [14]
0.5880 0.5424 0.4887 0.4268 0.4105 0.3964 0.3779 0.3640 0.3358 0.3207 0.1956
0.6236 0.5702 0.5184 0.4322 0.4124 0.3947 0.3730 0.3586 0.3283 0.3093 0.1651
0.5973 0.5726 0.5136 0.4423 0.4238 0.4062 0.3866 0.3722 0.3424 0.3206 0.1810
0.5682 0.5232 0.4503 0.3782 0.3549 0.3434 0.3370 0.3261 0.3083 0.2985 0.1538
0.5530 0.5190 0.4753 0.4267 0.4108 0.3964 0.3879 0.3656 0.3442 0.3291 0.1745
0.5676 0.5091 0.4574 0.3840 0.3653 0.3464 0.3301 0.3124 0.2895 0.2740 0.1501
0.5540 0.5011 0.4680 0.4197 0.3961 0.3859 0.3751 0.3678 0.3482 0.3419 0.1601
0.5567 0.5011 0.4422 0.3652 0.3345 0.3232 0.3100 0.3028 0.2831 0.2769 0.1601
0.5771 0.5365 0.4593 0.4107 0.3886 0.3768 0.3631 0.3548 0.3296 0.3078 0.1765

bacaba [15]
0.6016 0.5598 0.5285 0.4769 0.4606 0.4472 0.4310 0.4187 0.3972 0.3776 0.1726
0.5602 0.5428 0.5198 0.4541 0.4358 0.4212 0.4022 0.3881 0.3607 0.3422 0.2003
0.6132 0.5605 0.5100 0.4352 0.4181 0.4011 0.3883 0.3672 0.3429 0.3262 0.1559
0.6014 0.5409 0.4779 0.3913 0.3699 0.3511 0.3368 0.3204 0.2970 0.2820 0.1544
0.5555 0.5107 0.4781 0.4289 0.4077 0.4006 0.3811 0.3718 0.3509 0.3373 0.1752
0.5682 0.5071 0.4790 0.4453 0.4351 0.4186 0.4075 0.3873 0.3692 0.3500 0.1627
0.5700 0.5121 0.4651 0.4174 0.3974 0.3893 0.3841 0.3655 0.3505 0.3305 0.1714
0.5663 0.5060 0.4521 0.4125 0.3908 0.3805 0.3739 0.3594 0.3439 0.3262 0.1636
0.5584 0.5080 0.4626 0.4307 0.4092 0.4004 0.3911 0.3765 0.3548 0.3333 0.1792
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5 EVALUATION OF SOIL WATER CONTENT IN THE CLAYEY FERRALSOLS USING

TDR TECHNIQUE - A CALIBRA TION STUDY

5.1 INTRODUCTION

Volumetric soil water content (9) can be evaluated in the field by direct or indirect methods.

The direct gravimetric method is regarded as highly reliable and thus often preferred. Its main

disadvantages are that the sampling and laboratory procedures are labour intensive, and that the method

is destructive, what makes resampling the same point impossible.

Time domain reflectometry (TDR) is increasingly used as a non-invasive technique for the

estimation of volumetric water content (9 TDR). It is based on the deterrnination of the dielectric number

(e) ofthe soil through the measurement ofthe propagation velocity of electromagnetic waves, using the

large difference of s between water ("'81), air (",I), mineral constituents ofthe soil (3-30), and frozen or

bound water (",3.2) (Lide, 1999). e: is measured with probes that are installed in the soil (down to

several meters deep, if required) and that are either perrnanently connected to an automatically data-

logger, or temporarily connected to a mobile device. It was initially believed that a single universal

equation could be found relating 9 to e. However, subsequent work showed that various factors may

influence the measurement of e: so that site-specific calibrations may be necessary for improving the

accuracy of 9 TDR, especially in c1ayey soils or soils with low bulk density (Roth et al., 1992; Dirksen

and Dasberg, 1993; Malicki et aI., 1996) and soils with high organic matter content (Herkelrath et aI.,

1991; Roth et aI., 1992).

The temperature effect on deterrnination of s is reported to be linear (pepin et aI., 1995; Persson

and Bemdtsson, 1998; Wraith and Or, 1999; Or and Wright, 1999) and should be corrected where large

tempe~ature fluctuations occur, especially near the soil surface. Saline conditions or presence of large

amounts of fertilizers can interfere in e: measurements (Dalton, 1992; Ferré et at., 1998; Kim et aI.,

1998). In some tropical soils, the high amounts of iron components and the presence of magnetic

minerais can likewise interfere in e: deterrninations (Roth et al., 1992; Robinson et al., 1994) as well as

technical characteristics of the measurement device, such as the length, diameter and geometry of the

rods (Zegelin et aI., 1992; Knigth, 1992; Petersen et aI., 1995; Rothe et al.; 1997) and the signal

frequency used (Hook and Livingston, 1995). Another factor influencing the accuracy of

e: measurements is the sampling procedure used, such as the direction (i.e., vertical or horizontal) along

which the TDR probes are installed (Ferré et aI., 1996; Zegelin et aI., 1992; Topp and Davis, 1985), the
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mode of insertion of the probes into the soil (Rothe et al., 1997) and the time elapsed between the

installation of the probes and the beginning of the measurements (Jacobsen and Schjenning, 1993 and

Rothe et al., 1997).

In research and monitoring projects which aim to analyse the soil water dynarnics at high levels

of precision and accuracy, it is necessary to take into account the sources of error in the TDR

technique, so that they can be excluded or minirnised, (e.g., through appropriate calibration and

measurement procedures).

Some studies have shown that empirical equations generated in temperate soils frequently

correlate unsatisfactorily e TDR and e Grav in tropical soils (Dirksen and Dasberg, 1993; Tomasseli and

Bachi, 1996; Weitz et al., 1997).

The fine texture and low bulk density values that are typical characteristics of the clayey

Ferralsols in the central Amazon conducted to failure of most equations of TDR calibration to provide

accurate estirnates of e TDR (Teixeira et aI., 1997). Therefore, the objectives of this work were to

calibrate the TDR technique using either empirical or physically based equations for the clayey

Ferralsols in the central Amazon. Sources of errors, which may arise when using the TDR technique

under field conditions, are also discussed with particular reference to the study region.

5.2 MATERlALS AND METHODS

5.2.1 Site characteristics

The study was carried out within selected plots ofthe experiment detailed in the Chapter 2. The

plots comprising the monoculture of cupuaçu, peach palrn and the agroforestry system.

Records of E were taken with the TDR probes inserted vertically into the soil at ""40 em from

the trunk of trees of cupuaçu and peach palrn which were grown either in monoculture or in an

agroforestry system, as well as under the legurninous pueraria used as cover crop in the monoculture of

cupuaçu and the agroforestry system. Measurements were also made close to two species in the

adjacent primary forest, the palrn bacabeira and the dicotyledoneous tree matá-matá In addition, a soil

pit was opened and measurements and samples were taken from the subsoil. The samples were

collected during both the dry and the rainy season ofthe year 1996.

The E measurements were carried out with a commercial device (EASY TES~, Lublin -

Poland) with the following technical specifications: pulse rate 250 ps, probes with two transrnission
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rods of 0.10 m length and 2.0 em diameter, spaced 1.6 em from each other. Details about the volume

assessed by the TDR probes are given by Teixeira et alo2001.

Immediately after the evaluation of E, a layer of e 2 em was removed and steel cylinders were

driven vertically into the soil so that their geometric center coincided with that of the TDR probe. Then

the soil samples were collected and carried to the laboratory. The steel cylinders were 5 em long and

had a volume of 100 cm3. The soil samples were dried in an oven at 105°C for 48 hours for

determination ofbulk density (p) and volumetric water content determined gravimetrically (8 Gra.). To

calculate 8 Gravs a water specific gravity of 1000 kg m-3 was assumed. The water content determined in

this way (8Gra.) was considered the "correct value" of 8. The data set characteristics are surnrnarised in

Table 5.1; the complete data set is shown in Appendix 5 -B.

5.2.2 Calibration Equations

5.2.2.1 Empirical equations

Univariate equations

The commercial TDR device used has a built-in calibration for mineral soils that give directly

the volumetric soil moisture 8roR in % (Equation 5.1 in Table 5.2). However, for mineral soils where p

differs by more than ± 0.2 Mg m·3from the range 1.4 Mg m-3 < p < 1.8 Mg m", the manufacturer

suggests the use ofthe equation given by Malicki et aI. (1996) (Equation 5.2 in Table 5.2).

In addition to these empirical equations, the suitability ofthe empirical equation given by Topp

et aI. (1980) was tested (Equation 5.3 in Table 5.2). All these empirical equations tested matched 8 Grav

and 8 roa unsatisfactorily (Figure 5.1, 5.2 and Table 5.2). Therefore, linear, quadratic and cubic

regression equations were calculated in an attempt to obtain a better accuracy in the 8 roa estimates

(Equations 5.4, 5.5 and 5.6 in Table 5.2). Additionally, a linear regression between the square root of

E and 8 Grav was also computed (Equation 5.7 in Table 5.2).



Table 5.1 Volumetric soil moisture assessed gravimetrically [O Onov)' apparent dielectric number [E). soil bulk density [p) and porosity [,) measured on primary forest
and cultivated areas close to different plant species ('" 40 em) and at one soil profile on a clayey Ferralsol in the central Amazon.

Sampling point n OOnov E P q.
mlm"3_-_ [-) Mgm"--- [-)

Mean SD Min Max Mean SD Min Max Mean SD Min Max Mean SD Min Max
Primary forest - sampled at ss [0.02 -0.07 m) depth

Matarnatá
19 0.341 0.065 0.254 0.477 17.31 4.87 10.77 25.49 0.785 0.112 0.620 0.980 0.67 0.04 0.61 0.75

(Eschweilera spp)
Bacaba 18 0.414 0.058 0.302 0.487 21.29 3.95 14.79 26.16 0.808 0.102 0.630 1.000 0.68 0.04 0.60 0.58

(Oenocarpus bacaba)
Cultivated area - sampled at '" [0.02 -0.07 m) depth

Peach palm
58 0.319 0.072 0.203 0.478 15.97 4.91 8.55 26.69 0.920 0.111 0.710 1.200 0.63 0.04 0.51 0.72

(Bactris gasipaes)
Cupuaçu

(Theobroma 33 0.418 0.026 0.347 0.468 22.43 2.58 16.08 27.47 1.103 0.212 0.910 1.540 0.56 0.08 0.64 0.38
grandiflorum)

Puerarla
20 0.376 0.029 0.308 0.425 20.35 2.54 16.50 25.02 1.049 0.060 0.930 1.180 0.58 0.02 0.53 0.63

(Pueraria phaseoloides)
Soil profile. [three depths)

0.30m 26 0.436 0.031 0.345 0.474 23.02 2.56 15.15 26.45 1229 0.064 1.060 1.330 0.51 0.03 0.47 0.58
O.90m 27 0.483 0.031 0.408 0.534 26.11 2.64 20.45 29.43 1211 0.060 1.050 1.300 0.52 0.02 0.48 0.58
1.50m 25 0.483 0.002 0.445 0.532 28.22 2.51 24.00 31.61 1220 0.063 1.140 1.290 0.51 0.02 0.48 0.54
Total 226 0.399 0.078 0.203 0.534 21.21 5.46 8.55 31.61 1041 0.195 0.620 1.540 0.58 0.08 0.38 0.75

SD = standard deviation. Min = minimum datum; Max = maximum datum; n = number of data

I.H.,.



Eq. TypeorName

Table 5.2 Empirical equations to estimate lhe volumetric soil water content [OroR- m' m"] with lhe apparent dielectric number [E]as predictor variable. As goodness offit are
shown the coefficient of determination [R']. adjusted coefficient of determination [R'.] and root mean square of error [RMSE].

RMSE

5.1 EasyTestc

5.2 Malickiet ai.

5.3 Toppet ai.

5.4 linear

5.5 quadratic

5.6 cubic

Soil characteristicswerelhe modelwasdevelopedandcoefficientsof equations

1400< p <1800kgm'

0.20< O< 0.53m' m'
1200< P< 1400kgm'
0.10< O< 0.53m' m"
1300< p < 1400kgm'

Po=' 5.3·xI0·'; P,= 2.92x 10" ; p,=. 5.5x 10"; p,= 4.3x 10-6

Po = 1.0879" X 10" ; p, = 1.3690" x 10"

Po= 4.6367" x 10" ; p, = 2.0444" X 10" ; p,= - 1.6852" X 10-'

Po= 1.4252" x 10 "; p, = 4.2068"' X 10-'; p, = 6.8439"' X 10 -4; p,= - 1.41527"'x 10-'

Equation

aTOR= 17.54x-!t -57.21 íf s ~ 36

aTOR= 10.64x -!t -15.82ifE >36

O _ -!t -0.819-0.168p-0.159p'
TOR- 7.170+ 1.l80p

aTOR= Po + P,E+ ~2E2+ PlEl

aTOR= Po + P,E

aTOR= Po + ~,E+ ~2E2+

0TOR= Po + ~,E+ ~,E2 + PlEl

5.7 Rootsquare Po= - 1.4747" X 10" ; p, = 1.1980" x 10 -, OTOR= Po + p,-!t

R' R'.

0.6236 0.6219 0.0760

0.7603 0.7582 0.0364

0.7195 0.7157 0.0536

0.9080 0.9076 0.0239

0.9124 0.9116 0.0233

0.9134 0.9122 0.0232

0.9113 0.9109 0.0234

•• and ': significant at lhe 1% and 5% probability levels respectively [F test]. Equation ofEasy test and Malicki in lhe original form, lhe units are Mg m·l and Oin %.

Table 5.3 Comparison among several procedures of computing multivariate regressions oflhe apparent dielectric number [t] and bulk density [p - kg m"] as predictor ofvolumetric
soil water content [OTOR- m' rn"] on a Xanthic Ferralsol in Manaus - Brazil. As goodness of fit is shown lhe significance of coefficients. coeflicients of determination [R'J. adjusted
coeflicients ofdetermination [R'.] and root mean square error [RMSE].
Eq. Pararneters Procedure Model R'-- R" RMSE

5.8' Po.El,E', p' &mR= 1.5620" X 10" + 8.7019"x 10" E' - 1.7399" x 10" El+ ~.0799" xlO" p' 0.9212 0.9202 0.0222

5.9 P E', E', P Ali subset &mR= 1.3493" x 10"+ 8.6733" x IO'V - 1.7322" x 10-, E' + 4.3316" x 10" P 0.9209 0.9199 0.0222

5.10 Po.E',E',p,p' &mR=1.6680"xI0·'+8.7199"xI0"E'-1.7441"xI0·'E'-2.1266xI0·'p- 3.0740xI0·'p' 0.9212 0.9198 0.2222

5.11 Po.E, E),p, p' 'Forward &mR-5.5489"xI0·'+1.6769"xI0·1E-3.l217"xI0"E'+2.0916' xlO"p' 0.9207 0.9197 0.0222

5.8' Po.tl,E),p' 'Backward &mR=1.5620"xI0·'+8.7019"xI0"El-1.7399"xI0·IEI+2.0799"1O·'p' 0.9212 0.9202 0.0222

5.12 Po.t, El,E),p, p' Standard Oro.- 1.3947'x 10"+ 4.4956"'xI0·' E+ 6.4057" x 10"El- 1.3670" x 10"E) - 2.1064 ,. x 10·'p· 3.0659" X 10')p' 0.9213 0.9195 0.0223

t -F to enter 11 and 4 - F to remove 10.9 and 3.9, respectively. Both procedures wilh lhe sarne results; • and •• respectively significant ai p>O.05and p>O.OIrespectively. by F

test. 1 The sarne equation obtained using different approaches,
w
'-"
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Multiple regression

Diverse statistical multiple regression procedures were computed, assurning that both predictor

variables (E and p) could be included or excluded from the equation. The original data set ofmeasured

variables (Table 5.1) was extended with other variables ca1culated from them, which included the

squares of E and p, and the cube of E. First, ali subset regressions were performed and the best three

subsets were selected based on the criteria discussed below (Equations 5.8, 5.9 and 5.10 in Table 5.3).

Afterwards, the following procedures were performed: the stepwise procedure with forward selection

(Equation 5.11 in Table 5.3); stepwise procedure with backward elimination (Equation 5.8 in Table

5.3); and standard multiple regression (Equation 5.12 in Table 5.3). The stepwise procedure with

forward selection and backward elimination evaluates the independent variables at each step, adding or

deleting variables in the equation. Two specified F values criteria to remove or enter variables in the

equations were tested, respectively 10 - 9 and 4 - 3.9; these values determined how significant the

contribution of a variable to the equation had to be in order for it to be added or removed in the

equation by using the partial F-test (Draper and Smith, 1998; Graybill and Iver, 1994). Multiple

regression analysis were performed using the computer package Statistica® for Windows 6.0 (StatSoft,

1998, Tulsa).

5.2.2.2 Physically based equations

Physically based equations are an altemative approach to obtain e from measured E. Their

advantage is that the description of the relationship between the soil characteristics is selected not on1y

by the mathematical procedures, but it also has a physical meaning. The physically based equations

assume that E is a function of a multiphase mixture dependent on their dielectric numbers, shapes and

geometrical arrangement reiative to the applied electromagnetic field, and volume fractions of the soil

components (Ansoult et al., 1984; De Loor, 1990). The Alpha-3, Alpha-4 and Maxwell-De Loor

equations were ca1culated and statistically tested.

Alpha-3 Eguation

In the Alpha-3 Equation, the E is divided into three compontents: i) the dielectric number of

water (E w), ii) the dielectric number of the solid phase (E ,), and iii) the dielectric number of the air
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phase (1).) (Equation 5.13 in Table 5.5). The respective volume fractions are calculated from soil

porosity ($).

The parameter a phenomenally summarizes the geometry of the medium in relation to the

applied electric field (Ansoult et ai, 1984; Roth et aI., 1990). Several researchers assume a as being a

constant value ofO.5 which corresponds to the refractive mixing model (Alharti and Lange, 1987; Roth

et aI., 1990; Whalley, 1993; Heimovaara et aI., 1994; White et aI., 1994). In another interpretation, a is

considered an empiricaI factor and requires fitting (Roth et aI., 1990 Dasberg and Hoppmans, 1992;

Dirksen and Dasberg, 1993; Yu et aI., 1997; Yu et aI., 1999). Both procedures were investigated

(Equation 5.13 A, 5.13 B and 5.13 C in Table 5.5). First, the optimum value of a was found using the

minirnization procedures of the Levenberg-Marquardt method for nonlinear regression (press et aI.,

1992). In another attempt a was optimized and subsequent1y, the optimized vaIue was fixed and Es was

optimized. Values assumed and constraints (used to avoid unrealistic values) are shown in Table 5.6.

The Marquardt-Levenberg algorithm basically seeks the values of the parameter(s) that minimize the

sum of the squared differences between the values observed and predicted. The process of calculation

is iterative, the curve fitter begins with the initial parameters given, checks how well the equation fits,

then continues to make change until the differences between the residual sum of squares no longer

decrease significant1y (i.e., the equation converged to a solution). The initial parameters ideally should

be as close to the real value as possible, and an adequate selection of them may be critical for a

successful convergence (press et aI., 1992; Draper and Smith, 1998). False convergence to a local

minimal instead of a global minimal (i.e., the correct solution) is an associated problem using "bad"

initial parameters.

Alpha - 4 Eguation

Soils with a low clay content have a tendency to show higher I> values at water contents around

0.10-0.30 m3 m" than clayey soils (Topp et aI., 1980; Jacobsen and Schjanning, 1995). This

phenomenon is caused by layers of water bound to colloidal particles, which induce a restricted

rotational freedom of water molecules in these layers lowering their dielectric number (BohI and Roth,

1994). The magnitude ofthis effect depends on the surface area and surface charge. Therefore, related

to texture and mineralogy ofthe soil (Dirksen and Darsberg, 1995; Hall and Rose, 1977).

The Alpha-4 Equation considers this phenomenon and divides the water component into free

water (9 fw) and bound water (9 bw). This equation may potentially improve the estimation of 9 in fine
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textured soils, especially in the dry range, where e bw assumes an important role in E determinations

(BoW and Roth, 1994; Heimovaara et al., 1994; Jacobsen and Schjenning, 1995; Weitz et al., 1997).

To calculate e bw the Equation 5.16 was used (Dirksen and Dasberg, 1993)

Bbw =uSpS [5.16]

where l is the number of molecular layers of tight1y bound water, 15 is the thickness of one molecular

water layer (L - 3 x 10 -10 m), S is the specific surface of soil (L2 M"I - m2 kg·l) and p is the bulk

density (M L3 - kg rn") (Dirksen and Darsberg, 1993; BoW and Roth, 1994; Jacobsen and Schenning

1995).

First1y, the Alpha-4 was calculated assuming a = 0.5 (Equation 5.14 in Table

5.4). Subsequent1y, the Alpha-4 was computed in three different combinations of pararneters

(Equations 5.14 A; 5.14 B and 5.14 C in Table 5.5).

Maxwell-De Loor Eguation

The Maxwell-De-Loor Equation uses on1y physical parameters and assumes that E consists of a

homogeneous mixture of one or more substances randorn1y distributed in an isotropic dielectric

medium, the solid phase (De Loor, 1990). This equation was calculated with the same values for the

dielectric components of the soil used in the Alpha-4. Then various combinations of parameters were

performed (Equation 5.15 in Table 5.4 and Equations 5.15 A, 5.15 B and 5.15 C in Table 5.6).

Additionally, a curtailed data set formed on1y with e Grav 5 0.30 was also used to test this equation

(Equation 5.15 D in Table 5.5).
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Table 5.4 Physically based equations to estimate the volumetric soi! water content [9 TDRl in a c1ayey Ferralsol in Manaus
using the apparent dielectric number [E] of soil components, bulk density [p] or porosity [,] as predictor variables. The root
mean square error (RMSE) is shown as measure of accuracy.

Eq. Type Parameter Equation R'. RMSE

t&,=4;

5.13 A1pha &.= 1;
3 .w=81;

a=O.5
t••=4;

tl= 1;
5.14 A1pha e .,= 81;

4 Ebw=3.2
a=O.5

te, =4;

5.15 M.- tl= 1;
De E fw= 81;

Loor • bw=3.2

9 _Ea-(I-cp)E~-'1E~
roR - a a

Ew -E.
0.8759 0.8732 0.274

0.8155 0.8130 0.391

RMSE [5.17]

3·<•• -.)+e...{2· <•••• - •••. )- •. {t-t)]+cp{ 2·<•• - •• )- •.•• ( ~ -~)]

•.••(~ -~)+2.(•.-••..l 0.8282 0.8235 0.312

t: 9 bw[SOi!bound water] calculated with Equation 5.16 assuming that S = 13 X 10' m' kg"; Õ = 3 X 10'IOm; and one
monomolecular layer ofbound water.
t: E_ apparent dielectric number of the soi!; E.= apparent dielectric number of solid phase; E. = apparent dielectric number
of air phase; E fw = apparent dielectric number of free water, Ebw= apparent dielectric nwnber ofbound water.

5.2.3 Data analysis

5.2.3.1 Criterions for goodness offit

The following criteria were used to assess the goodness offit ofthe equations: root mean square

of residual (RMSE), coefficient of correlation (R2), adjusted coefficient of correlation (R2.), average

deviation (AD) and statistical significance of f3 coefficients on regression analyses (Draper and Smith,

1998; Graybill and Iyer, 1994).

The RMSE statistic measures the dispersion of the observed values around the regression line.

The RMSE is an estimate of the uncertainties of the regression coefficients. It was calculated with the

Equation 5.17.

~L.n;1(y; _ y),
n-I

Where Yi is the measured value (e.g., e Orav), yis the predicted value by the calibration equation (e.g.,

e TDR), and n is the number of data used in the calibration. This criterion was used in TDR calibration

studies by Bohl and Roth (1994) and Jacobsen and Schjenning, (1995).
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The R2 measures the reduction in the total variation of the dependent variable due to the

independent variables (Draper and Smith, 1998 and Graybill and Iyer, 1994). It is calculated with the

Equation 5.18

[5.18]

Here, y is the mean value ofthe measured data, the other parameters are as detined above.

The R2. is a measure ofhow well the regression equation descrihes the data as the R2 criterion,

but it takes into account the numher of dependent variables (e.g.; E; E2, p). It is used to compare

equations fitted with different numher of variables (Draper and Smith, 1998 and Graybill and Iyer,

1994). It is calculated with the Equation 5.19.

[5.19]

Where p is the numher of parameters in the equation.

The AD is an estimation of the mean residual in absolute values. It is calculated using the

Equation 5.20

1 n •

AD=- Lly; -ydn ; [5.20]

The residuais (a Grav - a TDR) were plotted as ordinate against the corresponding fitted values

a TDR' using the fitted equation, and the corresponding E values. Although, it is a procedure commonly

used, the residuais were not plotted against aGIav hecause, while the residuais and estimator (a GIa.) are

usually correlated, residuais and estimated values (a TDR) are not (Draper and Smith, 1998). Further

details about residual analyses are given in the Appendix 3-A.

5.2.3.2 Sensitivitv analysis and validation

Sensitivity analysis was carried out to test the impact of different values of p on the resuIts of

the Malicki Equation, and the impact of ~ on the Alpha-3 Equation. It was carried out to estimate the
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impact of inaccuracies 00 the measuremeots of p and ljI or of the use of their mean values 00 the e TDR

estimates. The graphical results of seositivity analyses are illustrated 00 Figure 5.3 and 5.7.

To validate the predictive capacity and the accuracy ofthe calibratioo equatioos, an independeot

data set, which had oot been used in the calibratioo, was used. This data set was obtained 00 a paralIel

study about soil variability carried out 00 the same experimento In this study, the same steel cylinder

used in calibratioo studies was employed to obtain soil samples for buIk density and volumetric water

conteot determinatioos. The soil samples were colIected at the surface with the cylinder inserted at ""2-

7 em depth and the e measurements were carried out with the same TDR device, with the probe

inserted verticalIy until 10 em into the soi!. The data set characteristics are summarised in Table 5.6.

The complete data set is shown in the Appeodix 5 -A.

5.4 RESULTS AND DISCUSSION

5.4.1 Variability of bulk density

In this project, significant pattems of throughfall, stemflow (Schroth, et aI.1999a) outrieots

(Schroth et aI., 1999b) and p (Chapter 3) in relatioo to the proxirnity to differeot plant species have

been described. In Chapter 3 and Table 5.1 differences of p and coosequeotly of ljI are shown. The

difference are caused by different soil management, and the presence of different plant species; as welI

as differences on p and ljI between sampling points measured at the surface and subsurface were found.

The values of p increase with depth at alI sampling points (Tables 5.1) but very smaIl differences were

found within subsurface sampling layers.

In the primary forest, the lower vaIues of p than in agriculture areas are a consequence of the

high concentration of roots and intense biological activities near the soil surface. The subsurface values

of p show higher uniforrnity than the soil surface values, shown by smaller standard deviations and a

reduced range (Table 5.1). Among the sampled points in the cultivated area, the smallest vaIues of p

were found near trunks of peach palmo Similar results about buIk density and more detaiIed discussion

about p are shown in Chapter 3.
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5.4.2 Calibration with empirical equations

5.4.2.1 Linear univariate eguations

Table 5.2 shows the empirical equation used in this calibration study, the conditions assumed to

perform the equations and, as measure of the goodness of fit, RMSE, R2and R2a.

Figure 5.1 shows the values of E and the corresponding e Grav deterrnined gravimetrically from

the soil sampled with cylinders and also the fitted equation proposed by Topp et aI., 1980. Although,

the Topp equation has been used successfully by many researchers in temperate conditions, it has been

shown to underestimate eTDR in c1ayey soils (Dasberg and Hopmans, 1992; Dirksen and Dasberg, 1993;

Jacobsen and Schjenning, 1993). An underestimation of e can be observed in Figure 5.1, where

practically ali data are above the fitted Topp Equation. This fact is probably related to the anomalous

behaviour of the dielectric properties of water bound in colloidal particles (c1ay and organic matter),

which is discussed in detail below with the physically based methods.

A scatter plot between e Grav and e TDR' either by direct reading from the display of the EASY

TEST device (Equation 5.1 in Table 5.2) or by ca1culation with the equation proposed by Malicki et aI.,

(1996) is presented in Figure 5.2. The matching of B Oravby e TDR is unsatisfactory and the RMSE was

unacceptably high for the EASY TEST equation (Table 5.2).

The Malicki Equation shows reasonable matching in the Figure 5.2 and acceptable value of

RMSE (Table 5.2). The partial failure ofthe Malicki Equation for our data set is probably because it

was developed with a data set with a range of p between 1200 kg m-3 and 1400 kg m", whereas the

clayey Ferralsols show values of p below this range (Table 5.1). The sensitivity analysis ofthe Malicki

Equation in relation to the range of p found in these experiment shows that when using the Malicki

equation, larger errors would be expected with small p values when the soil is wet (Figure 5.3). This

condition is commonly found in Amazonian Ferralsols. Therefore, the Malicki Equation may be used

and will provide reasonable predictions ofeTDR on clayey Ferralsols when accurate p data are available.

The results between the linear, quadratic and cubic regressions are shown in Table 5.2. Small

differences between the linear and the quadratic equations using the RMSE criterion were found,

whereas the cubic equation contained non-significant coefficients, therefore is not further discussed.

Therefore, the quadratic Equation, which shows slightly higher R2aand a smaller RMSE, is a suitable
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relationship for predicted e TDR. This is a partial conclusion that applies to the polynomial regressions

using only E as variable predictor.

A comparison among the RMSE values in Table 5.2 shows results with a similar accuracy were

obtained with the simple linear relationship between the square root of E and e Grav (Equation 5.7 in

Table 5.2). This linear equation has not on1y the advantage of mathematical simplicity, but has also a

physical meaning. It is equivalent to a linear relationship between E and the travei time of the

electromagnetic waves in the soil ( Ledieu et aI., 1986; Alharti and Lange, 1987; Yu et aI., 1997).

The residual analysis plotted in Figures 5.5 and 5.6 exhibits a small scattering with no trends, showing

also no lack of fit for this equation. Other parameters to measure the goodness of fit, such as R2 and

R2., also indicate that the linear-root-square Equation is also a suitable option to calibrate E as a

function of'B TDR. The linear-root-square Equation was also found by Yu et aI., (1997 and 1999) to be

the best choice for the TDR calibration. Moreover, a potential advantage of using a linear equation is

the theoretical1y need of sample points on1y at the dry and wet end to estimate the coefficient for a

calibration equation.
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determined gravimetrically [9Grav) on a clayey Ferralsol in lhe central Amazon.
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5.4.2.2 Multivariate equations

Table 5.3 shows the results obtained from various multivariate regression procedures.

Following the criteria R2. and RMSE, the Equation 5.8 in Table 5.3 was chosen as the most suitable

between the multivariate equations tested. The same equation was obtained through the stepwise

procedure with backward elimination. Table 5.3 shows that difIerent equations may be obtained from

the same data only by using different type of multiple regression procedure. Although, for some

practical purposes the differences between the vaJues predicted from these equations may not be

significant, some of them are statistically different. Furthermore in studies involving many predictors

the faeilities for using multiple regression in software paekages ean be rnisleading and easily

rnisapplied. In some statistieal paekages the forward selection and backward elimination procedures

have the disadvantage that they do not eliminate variables, what ean beeome non-significant after other

variables have been added to or removed from the equation (Draper and Srnith, 1998).

The multivariate equation obtained from the standard multiple regression (ineluding obligatorily

ali variables in the equation) shows the highest R2 within ali subsets seleeted (Equation 5.12 in Table

5.3). This result exemplifies that by forcing additional variable into the calibration equation the

resultant estimates might become inereasingly unreliable. The larger values of R2 do not always

neeessarily implieate the best prediction equation, and its relevance may be questionable and a

misleading criterion. Figure 5.4 shows that R2. does not neeessarily inerease with inereasing number of

variables, as does R2, beeause of the correetion for number of parameters incJuded in the equation.

Therefore, R2. may be a better eriterion to compare subsets when the equations have a different number

of predietor variables.

Figure 5.5 shows the scatter plot of residuais of the quadratie Equation, the linear-root-square

Equation and the multivariate Equation (Equation 5.8). It shows a similar seatter among theses

equations. A slight improvement on the aecuraey by inelusion of pinto the ealibration equation is

shown by a reduced RMSE, which does not justify the measurement of p only to improve the e TDR

predictions on the elayey Ferralsols (Table 5.3). Multiple regression was used in IDR ealibration

approaches by Tommaselli and Baeehi (1996) and by Jaeobsen and Schjenning (1993), who also found

slightly better adjustments when including pinto the multivariate equation. Contrasting, Malieki et a!.

(1996) obtained a signifieant improvement by including pinto their bivariate equation.



Table5.5Parametersused in physicalmodelsto calibratelhe relationshipbetweendielectricnumber[E]andvolumetricwatercontentdeterrninedgravimetrically[8 Gnv].
Valuesassumed,constraintsusedand resultof parameteroptimizationwithnon-linearproceduresof Levenberg- Marquardt.Asgoodnessof fit are shownlhe significance
of coefficients,coefficientsoKdlltllllllÍIlation[R'].a_djl)Stedcoefficientsof deterrnination[R'a]androot meansquareerror [RMSE].

Number Parametersassumed -- Parameteroptimized-- Constraints R' - iF.
-----------------------Npw-3------------------------

a= 0.4859
a = 0.5233;E,= 4

E,= 3.7449
------------------------Npw-4-----------------------

a = 0.5977;Ebw=2.00
a = 0.6719;Ebw=2.00; t = 1

a = 0.6718;t = 1.2253;S = 122533;
õ=36x 10.9; E,=4

13A
13B
13C

E,= 3.2;E.= I;Erw=81
E.= I;Erw=81

E,=4; E.= I;Ew=81; a=0.4859

14A
14B
14C

E,=4; E.= I;Erw=81; t = I; ô = 3x 10.1°; S = 13x 10"
E,=4; Ea=l;Erw=81; a= 0.50

e, = I; Erw=81;a =0.50;Ebw=3.2

-I :S;a~ I
-I :S;a~ 1;3:S;E.~30

3:S;E,~50

-I s e z 1;2:S;Ebw~50
-I :S;a~ 1;2:S;Ebw~50;I :S;t~ 10
-I s o z 1;2:S;Ebw~50; 1:s;\~ 10;

3x 1O.\O:s;ô ~ 3x 10·'·
5 X 1O':s;S ~ 17X 10'

RMSE

0.8780 0.8780 0.0272
0.8944 0.8939 0.0256
0.8807 0.8807 0.0269

0.9147 0.9143 0.0236
0.9235 0.9228 0.0231
0.9235 0.9220 0.0232

15A
15B
15C

Ea= I; Erw= 81;E,= 4; \ = I; ô = 3x 10.1°;S = 13x10'
Ea= I;Erw=81;E,=4;õ=3x 10.1°;S = 13x10'

E. = I;Erw=81;E,=4; t = I;õ=3x 1O.lo;S= 13X 10'

--------------------------Maxwell-De-Loor--------------------------
Ebw=2.00

Ebw=2.00; t = 1.0
Ebw=2.00; t = 1.0; S =13X 10'

0.8328 0.8328 0.0313
0.8328 0.8320 0.0313
0.8327 0.8312 0.0314

2:S;Ebw~50
2:s;Ebw~ 50; I s t ~ 10

-I :S;a~ I;2 :S;Ebw~50;t s \~ 10;
5 X 10':S;S ~ 17X 10'

15D tEa= I;Erw=81;E,=4; \=1; õ=3x 10·lo;S=13x 10' Ebw=20.00 2:s;Ebw~50 0.6078 0.6078 0.0315
t -Curtaileddata setusing onlydatawilh8Gnv> 0.30.Valuesofdielectric constantsofdifferent materiaiswere taken fromLideet ai. 1999.

.•..
'"
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Figure 5.4 - Coefficient of determinarian [R'] and adjusted coefficient of determinatian [R'.l
in relation to the number ofvariables in the multivariate equation to predict volumetric
soil water content [6 TDR] wilh apparent dieletric number lel and bulk density [p] as

predictors in an clayey Ferralsol in the central Amazon .
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Figure 5.4· Studentized deleted residual afthe volumetric water content [9 TOR] estimated with the
quadratic Equatíon [5]; linear root square Equation [7] and lhe multiple Equatian [8]
against apparent dielectric nwnber [8] measured on a clayey Ferralsol in the central Amazon.



________________________________ S_o_il_wa_t_e_rc_o_n_t~_t 148

5.4.3 Calibration with physicaUy based Equations

Physically based or mixing equations were fust applied assuming E values of 1.0 for soil air, 3.2

for the solid phase, and 81 for free water. For the Alpha-4 the bound water was calculated following

Equation 5.16, whereas the specific surface of the clayey Ferralsol in the central Amazon was

estimated to be 130 x 10 -3 m2 kg" (Morais et al., 1976). Table 5.4 shows the results from physically

based equations without optimization procedures. The Alpha-3 yielded the most accurate results

showed by the lowest RM8E and higher R2a' Other experiments have also shown that the Alpha-3 is a

robust calibration approach (Roth et aI., 1990; BoW and Roth, 1994; Weitz et aI., 1997; Yu et aI. 1999).

The relative small sensitivity ofthe Alpha-3 to inaccuracies in soil porosity determinations is shown in

Figure 5.7.

The optimized a. value in Alpha-3 was found be 0.4859 (Table 5.4). This value is in accordance

with the argurnents ofYu et aI. (1997), who suggested that for TDR probes vertically inserted into the

soil, the electromagnetic fie1d is perpendicular to soil layers with different water contents and, in such

cases, it can be expected that the fitted a. value should be less than 0.5. When Es and a. were optimized

simultaneously, values of 4 and 0.5233 were found, respectively, but with a negligible improvement in

the predictions (Table 5.4). Other optimization approaches of the Alpha-3 with simultaneous or

subsequent optimization using parameters previously optimized did not give significant improvements

in the predictions (Table 5.5).

The Alpha-4 without optimization procedures did not match the data better then the simpler

Alpha-3, and showed a large RM8E (Table 5.4). However, when the a. and E bw were optimized

simultaneously, Alpha-4 gave more accurate results than Alpha-3 (Table 5.5 and Figure 5.8). Other

parameters in several approaches were optimized subsequently, however, changing more parameters

did not significantly improve the predictions of aTOR. Heimovaara et aI. (1994) used a sensitivity

analysis to show the impact of the different parameters in a refmed Alpha-4. They showed that the

Alpha-4 is mainly sensitive to changes in thickness ofthe bound water layer (o), in the specific surface

ofsoil (8) and bulk density (p).

Although, the theoretical Equation of Maxwell-De-Loor has been successfully used in TDR

calibration studies (Dirksen and Dasberg, 1993; BoW and Roth, 1994; Jacobsen and Schjenning, 1995;

Weitz et aI, 1997), it did not yield accurate aTOR predictions for our data set. This is probably because

the accuracy of this equation decreases when the water content increases beyond a third of the total

volume (De Loor, 1990). Therefore, a curtailed data set taking only with values of a Grav above 0.30 m3
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m-3 was tested, but this did not improve the e TDR predictions (Equation 15 D in Table 5.5). Some other

optimizations were also tested but the R2 and RMSE values are too low to consider the Maxell-De Loor

Equation acceptable.

A major problem in applying the Alpha-4 and Maxwell-De-Loor Equations is assigning values

to the volume fraction of e bw, and its average relative dielectric number, E bw- The number of water

layers (l) to estimate bound water properties in Equation 5.16 is probably larger than 1, with a smooth

change between the apparent dielectric number of bound and free water. Further research is needed

about the dielectric properties ofbound water to improve the performance ofthe Alpha-4.

The Alpha-4 with a and E bw titted to the data showed the best performance among the mixing

equations tested. This is in contrast with the results obtained by Dirksen and Dasberg (1993), who did

not fmd an accommodation for the apparently anomalous E behavior in Ferralsols using the Alpha-4.
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Figure 5.6 - Comparison ofstudentized deleted residuais ofwater content calculated
with the Linear root square model [7] against bulk density [p] on a clayey
Ferralsol in the central Amazon.
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5.4.4 Accuracy

The range ofthe RMSE ofthe aTOR estimations (Tables 5.3 to 5.5) is approximately ofthe same

magnitude as those found by other authors: - Herkelrath et aI. (1991) [0.02]; Bohl and Roth, (1994)

[0.02 to 0.03 for mineral soils and 003 to 0.07 for organic soils]; Topp et ai. (1980) [0.013]; Jacobsen

and Schjenning (1995) [O.Olto 0.18] and Weitz et aI. (1997) [0.02 to 0.52]. Moreover, the accuracy of

a TOR for the best equations in Table 5.4 t05.5 are of the same magnitude as the accuracy showed by

a Grav measurements (about 0.02 - Gardner (1986) pg. 56). However, the validation study below, shows

reduced accuracy than the calibration results, this fact is discussed below. The sources of error of

gravimetric methods - norrnally taken as the "corrected" value of a are discussed in details by Gardner

(1986) and errors in the deterrnination of p by Blake and Hartge (1986).

5.4.5 Validation

The quadratic Equation, the linear-root-square Equation and the multivariate fitted for the

c1ayey Ferralsol showed the smallest RMSE in the validation study (Table 5.7). This is not surprising

since these equations were developed for this soil, but confirrns the reliability of these calibration

equations. Moreover, Table 5.7 gives the field accuracy with which the volumetric soil water content

ean be estimated with TDR probes. The lower aeeuraey [ea. 0.05] in eomparison to the values found in

the ealibration study [ea 0.02] is probably related to the faet that the validation data set was obtained

exc1usively at the soil surfaee. Therefore, the high variability norrnally found at the soil surfaee rnight

introduee more uncertainties either in the s deterrninations (e.g .., beeause of air gaps around the TDR

rods) or in the gravimetric deterrnination (Teixeira et aI. 2001). Furtherrnore, this data set contains

more values in the dry range than the data set used in ealibration studies and, as ShOWIlon Figure 5.9

(in the dry range the aeeuraey ofTDR estimations is lower. see diseussion on the seetion range ofwater

content).
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Table 5.6 Volumetric soi! moisture assessed gravimetricaily [e Gnvl, apparent dielectric number fEl, soi! bulk
density [pl and porosity [cpl measured on a clayey Ferralsol in lhe central Amazon.

eGnv e p ~
---m'm-'--- ---Mgm-'--- ----%---
I! SD Min Max I! SD Min Max I! SD Min Max I! SD Min Max

0.3868 0.0858 0.2080 0.5256 18.38 4.03 11.14 26.45 1.008 0_084 0.800 1.183 0.60 0.03 0.53 0.67
I!= Mean; SD = Standard deviation; Min = Minimum datum; Max = Maximum datum; data set of 81 samples

The Alpha-3 and the optimized Alpha-4 for the clayey Ferralsol [Eq. 14 C] showed similar

accuracy with smaller RMSE and AD in the validation study (Table 5.7).

In addition, the e TDR estimates from the Alpha-3 and Alpha-4 Equations were recalculated

using only an average value of p [1.00 Mg kg-3] and $ [0.60 %]. The results [RMSE 0.0764 and 0.0707

for the Alpha 4 and Alpha 3, respectively] show that using an estimated value of p and $ the accuracy

remains in the same order of magnitude. When p measurements are available from the site of

measurement, they should be used, but the improvement might not justify the effort for their

determination. Reliable estimates of p and $ can be used without loss of accuracy if the range of

variation is not so large.
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Table 5.7 Root mean square error[RMSE] and average deviation (AD) as statistics to estimate lhe accuracy
of different calibration equations for estimation of volumetric soil water content (6 roR> in a clayey
Ferrralsol in lhe central Amazon.

Statistical Topp Malicki Quadratic Linear root square Multivariate Alfa-J Alfa-4

parameters [3] [2] [6] [7] [8] [13] [14 c]

RMSE 0.0852 0.0691 0.0675 0.0674 0.0668 0.0760 0.0707

AD 0.0750 0.0483 0.0480 0.0470 0.0420 0.0411 0.0030

5.4.6 Influence of soi! characteristics 00 & determioation under field conditions.

5.4.6.1 Range ofwater conteots

In the calibration procedure with regression analysis, the regression coefficients depend, among

other factors, on the range of B used. In the present study, a range of'B between 0.20 - 0.53 m3 m-3 was

used (Table 5.1). Similar ranges of B were obtained with the neutron probe technique by Cabral (1991)

and by Hodnett et aI. (1996) in field studies on similar soils in the central Amazon. Therefore, the range

used in our calibration corresponds to its normal range encountered under field conditions.

In laboratory calibrations, such as those perfonned by Topp et aI. (1980) and Malicki et aI.

(1996), a larger range of e can be obtained, even if it does not occur in the field. The use of an

increased range ofwater contents in TDR calibration procedures can lead to changes in the coefficients

of the equations. lt should occur principally in c1ayey soils, due to an increase of the relative

contribution ofbound water to s in the dry range. At low soil moisture values, s increases slowly with

increasing soil water content, but after passing a certain soil moisture whose value depends strongly 00

soil texture or organic matter content, a pronounced increase in the inclination of this relationship may

occur.

A better accuracy of the eTDR predictions in the wet range by the Linear-root-square Equation

and the Alpha 4 is shown in Figure 5.9. lt may be explained due to a better contact ofthe rods with the

surrounding soil and a consequent reduced occurrence of discontinuities, such as air-inclusions and

water gaps near the probes. Furthennore, at high water content the relatively lower velocity of

propagation may facilitate the detennination of s (Amato and Ritchie, 1993). Therefore eTDR values are

less reliable for the dry range than in the intennediate to wet range.
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5.4.6.2 Temperature effects

In this calibration study, e measurements were taken on sites relatively protected from direct

radiation. Hence, temperature was probably not a significant source of error. Soil variability among

different probe locations probably causes larger errors in the e measurements than temperature (Yu et

ai., 1999; Roth et ai., 1990). Consequently, for absolute measurements, temperature does not need to be

considered. However, it should be kept in mind that & is also a function of temperature (Lide, 1999;

Pepin et ai., 1995), and errors could be introduced into & measurements when measuring the reIative

changes in e using a singIe probe permanently installed. In this situation, temperature effects may

assume importance and, if not accounted for, they will impose an apparent change in e between, e.g.,

day and night, especially in the topsoil or where significant temperature gradients occur during the

evaluated period.

5.4.6.3 Soil electrical conductivity

Soil bulk electrical conductivity can cause an overestimation of e (persson and Berndtsson,

1998) ifthe soil solution has an electrical conductivity greater than about 8 dS m-I (DaIton, 1992).

In parallel studies of this project, the maximal values of soil electrical conductivity were found to be

about 2 dS m" in brief period after the twice-yearly fertilisation. Therefore, the electrical conductivity

effects in e deterrninations were not considered in this study.

5.4.6.4 Technical characteristics and instaIlation procedures

The measurements of & were taken immediately after installing the probes into the soil. This

procedure may introduce errors due to the compression of the water around the steel rods during the

installation (Jacobsen and Schjenning, 1993; Rothe et aI., 1997). However, this effect had certainly a

reduced importance in this study because ofthe small diameter ofthe rods (2 rnrn) used, but it may be

relevant for rods with larger diameter, especially in clayey soils cIose to saturation.

Ease of insertion and minirnising soil disturbance dictate that the probe wires should have as

small a diameter as possible. Against this, the effect of air gaps, the volume measured and mechanical

strength of the soil requires large diameter rods (Zegelin et aI., 1992). A disadvantage of rods with

small diameter is the occurrence of a short circuit when the probe is being installed into the soil in the
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dry range, such as when the mechanic resistance of the clayey FerraIsols is very high in dry conditions.

A short circuit causes a downward deviation of the propagation signal that could lead to a

subestimation of a (Amato and Ritchie, 1993). It is recommended to check for drifts in the equipment

by reading the E value in air and pure water before starting the measurement in soil.

5.4.6.5 Magnetic effects

In this study, the employed pulse travei time of 250 ps was presumably too smaIl to cause

changes in the process ofmagnetic polarisation ofthe soil (Roth et aI., 1990). Furthermore, the cIayey

Ferralsols on the central Arnazon have apparently not enough iron and magnetic minerais for the

occurrence ofthe polarisation phenomenon.

5.5 CONCLUSIONS

Accurate predictions of a for the cIayey Ferralsols in the central Arnazon may be obtained with the

quadratic Equation or using the simplest linear-root- square Equation .

The commonly used Topp Equation poorly fitted the data and tends to overestimate a.

The Malicki Equation could give accurate results ifreliable estimates ofbulk density are available.

The improvement of the a predictions using empiricaI multivariate functions of E and p was small.

The Alpha-3 Equation rnight be a good altemative, ifthe bulk density vaIues change in a large range

and only estimate of these values are available. Sensitivity analysis and a validation study showed that

the Alpha-3 is a robust calibration procedure that can yield satisfactory accuracy even if only an

estimate ofbulk density is available.

The physically based equation Alpha-4, with a and E bw fitted, gave accurate aTOR estimations and

seems to be a good option if the measured data are concentrated in the dry range. Further research is

needed about the dielectric properties of bound water in order to improve the performance of the

Alpha-4 Equation for fine textured soils.
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The accuracy ofthe estimates of Ousing the TDR technique is higher in thejrY range.
\J

The choice of a specific equation requires the knowledge of soil characteristics and the required

accuracy; not every study requires precise absolute measurements that justify the considerable

investment in time and labour for a field calibration.
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Table A-5.1 Measured gravimetric water content, dielectric number ofsoil; bulk density
and porosity in different depths in an clayey Ferralsol in lhe central Amazon.

Depth 9Gnv & BD porosity Depth 9(Jnv & BD porosity
[em] [Mgkg"'] + [em] [Mg kg"] +

I 30 0.468 23.81 \.27 0.49 41 90 0.498 26.45 \.22 0.51

2 30 0.4526 24.55 \.25 0.5 42 90 0.517 28.22 \.25 0.5
3 30 0.4604 23.45 \.27 0.49 43 90 0.5 28.42 \.26 0.5
4 30 0.426 2\.23 \.21 0.52 44 90 0.511 28.92 \.28 0.49
5 30 0.419 2\.49 1.18 0.53 45 90 0.502 28.32 1.3 0.48
6 30 0.429 20.37 \.2 0.52 46 90 0.476 28.92 \.21 0.52
7 30 0.424 20.54 1.18 0.53 47 90 0.471 27.92 1.18 0.53
8 30 0.394 22.54 1.19 0.52 48 90 0.505 29.02 1.3 0.48
9 30 0.441 2\.92 \.28 0.49 49 90 0.459 24.18 \.22 0.51
10 30 0.425 23.81 \.22 0.51 50 90 0.462 24.64 \.22 0.51
11 30 0.458 24.46 1.33 0.47 51 90 0.471 25.11 \.23 0.51
12 30 0.468 22.9 \.27 0.49 52 90 0.474 24.55 \.24 0.5
13 30 0.462 25.78 1.3 0.48 53 90 0.4807 26.12 \.21 0.52
14 30 0.472 25.4 1.32 0.47 54 150 0.4537 28.22 1.19 0.52
15 30 0.465 25.3 \.29 0.48 55 150 0.4924 27.92 1.16 0.54
16 30 0.427 24.09 1.18 0.53 56 150 0.4782 27.82 1.14 0.54
17 30 0.423 23.72 1.17 0.53 57 150 0.4885 28.72 1.19 0.52
18 30 0.416 25.49 1.13 0.55 58 150 0.4769 28.52 1.16 0.54
19 30 0.44 25.21 \.21 0.52 59 150 0.479 29.02 1.18 0.53
20 30 0.446 2\.92 \.2 0.52 60 150 0.519 30.46 \.25 0.5
21 30 0.453 24.09 \.22 0.51 61 150 0.532 3\.61 \.29 0.48
22 30 0.474 26.45 1.3 0.48 62 150 0.504 29.43 \.27 0.49
23 30 0.456 25.59 \.25 0.5 63 150 0.495 27.52 \.26 0.5
24 30 0.345 15.15 \.06 0.58 64 150 0.494 28.22 \.27 0.49
25 30 0.378 19.03 1.17 0.53 65 150 0.503 27.62 \.28 0.49
26 30 0.419 20.11 1.31 0.48 66 150 0.5 30.04 \.24 0.5
27 90 0.4548 23.26 1.19 0.52 67 150 0.477 29.84 \.21 0.52
28 90 0.4499 22.1 \.2 0.52 68 150 0.48 29.22 \.2 0.52
29 90 0.4867 24.74 \.2 0.52 69 150 0.496 26.64 \.24 0.5
30 90 0.408 20.45 \.11 0.56 70 150 0.476 28.02 \.23 0.51
31 90 0.432 21.57 1.16 0.54 71 150 0.463 28.72 1.17 0.53
32 90 0.423 2\.4 1.16 0.54 72 150 0.487 28.62 \.24 0.5
33 90 0.486 26.55 1.16 0.54 73 150 0.466 29.12 1.22 0.51
34 90 0.496 26.35 \.22 0.51 74 150 0.464 26.45 \.22 0.51
35 90 0.5 25.68 \.25 0.5 75 150 0.466 26.35 \.21 0.52
36 90 0.504 28.02 \.28 0.49 76 150 0.455 24 \.2 0.52
37 90 0.534 29.43 \.28 0.49 77 150 0.48 26.55 \.29 0.48
38 90 0.511 28.32 \.05 0.58 78 150 0.445 26.74 1.19 0.52
39 90 0.511 27.62 \.11 0.56
40 90 0.51 28.72 \.2 0.52

BD is bulk density
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Table A- 5.2 Measured gravimetric water content, dielectric number of soil ; bulk density and porosity
near different species ofplant in an clayey Ferralsol in the central Amazon.

N. treat 8"", E BO • N. treat. 8"", E BO • N. <real. 8"", BO

I PP 0.222 9.63 0.82 0.67 53 P 0.411 25.02 1.06 0.58 105 PP 0.3976 22.46 0.73 0.71

2 PP 0.238 10.04 0.81 0.68 54 P 0.398 23.08 1.04 0.58 106 PP 0.4021 18.87 0.95 0.62

3 PP 0.233 8.55 0.86 0.66 55 P 0.344 18.71 1.04 0.58 107 PP 0.3402 16.73 0.85 0.66

4 PP 0.236 9.75 0.85 0.66 56 P 0.308 17.12 0.97 0.61 108 PP 0.3814 20.07 I 0.6

5 PP 0.231 9.98 0.84 0.66 57 P 0.326 16.5 1.01 0.6 109 PP 0.405 23.13 0.87 0.65

6 PP 0.239 10.28 0.73 0.71 58 P 0.38 21.92 1.13 0.55 110 PP 0.3795 20.97 0.78 0.69

7 PP 0.234 12.63 0.87 0.65 59M 0.287 15.08 0.65 0.74 111 PP 0.3662 19.49 I 0.6

8 PP 0.27 10.28 1.06 0.58 60M 0.296 15.82 0.68 0.73 112 PP 0.4132 20.5 0.97 0.61

9 PP 0.298 14.36 1.22 0.51 61 M 0.267 13.73 0.62 0.75 113 PP 0.4775 25.4 1.04 0.58

10 PP 0.264 9.75 1.03 0.59 62 M 0.337 15.6 0.79 0.68 114 PP 0.4672 25.35 1.16 0.54

I1 PP 0.281 12.11 1.03 0.59 63 M 0.414 25.4 0.85 0.66 115 PP 0.447 25.3 I 0.6
12 PP 0.283 13.52 0.83 0.67 64M 0.397 23.17 0.81 0.68 116 e 0.3467 16.08 I 0.6
13 PP 0.251 13.87 0.96 0.62 65 M 0.415 24 0.9 0.64 117 e 0.394 20.67 0.94 0.62

14 PP 0.273 12.37 I 0.6 66M 0.385 19.95 0.85 0.66 118e 0.4028 20.28 I 0.6

15 PP 0.264 11.14 I 0.6 67 M 0.34 17.51 0.87 0.65 119 e 0.461 26.89 0.93 0.63

16 PP 0.295 11.91 I 0.6 68 M 0.384 17.19 0.94 0.62 120 e 0.4193 23.17 1.04 0.58

17 PP 0.299 11.85 1.04 0.58 69 M 0.3 14.08 0.71 0.72 121 e 0.4136 22.23 0.97 0.61

18 PP 0.28 13.52 0.78 0.69 70 M 0.306 12.11 0.73 0.71 122 e 0.4148 22.86 I 0.6
19 PP 0.322 15.67 0.94 0.62 71 M 0.254 11.91 0.65 0.74 123 e 0.4569 27.47 I 0.6

20 PP 0.33 18.46 1.11 0.56 72M 0.274 12.3 0.71 0.72 124 e 0.415 23.4 1.04 0.58

21 PP 0.268 13.73 0.86 0.66 73 M 0.391 20.37 0.83 0.67 125 e 0.4294 21.4 0.98 0.61

22 PP 0.2027 9.46 0.71 0.72 74 M 0.477 25.49 0.94 0.62 126 e 0.4363 25.92 0.91 0.64

23 PP 0.254 12.84 0.76 0.7 75 M 0.401 21.75 0.98 0.61 127 e 0.4271 25.21 1.03 0.59
24 PP 0.262 13.59 0.72 0.71 76 M 0.273 10.77 0.65 0.74 128 e 0.4113 22.23 0.95 0.62
25 PP 0.33 16.5 0.86 0.66 77M 0.282 12.63 0.76 0.7 129 e 0.4668 24.04 0.98 0.61

26 PP 0.368 17.82 0.98 0.61 78 B 0.348 19.7 0.75 0.7 130 e 0.391 22.63 1.04 0.58

27 PP 0.353 15.15 1.02 0.59 79 B 0.336 15.67 0.77 0.69 131 e 0.382 19.57 0.96 0.62

28 PP 0.272 13.66 0.93 0.63 80 B 0.369 16.96 0.67 0.73 132 e 0.3736 19.16 1.05 0.58
29 PP 0.318 15.89 0.91 0.64 81 B 0.429 19.86 0.74 0.7 133 e 0.3897 18.75 0.93 0.63

30 PP 0.234 11.85 0.82 0.67 82 B 0.453 21.66 0.94 0.62 134 e 0.4449 24.6 0.95 0.62
31 PP 0.292 16.58 0.91 0.64 83 B 0.465 24.36 0.91 0.64 me 0.4413 22.01 0.98 0.61
32 PP 0.29 16.12 0.86 0.66 84B 0.457 25.68 0.89 0.64 136 e 0.42 22.68 1.03 0.59

33 PP 0.301 14.29 0.95 0.62 85 B 0.487 25.68 I 0.6 137 e 0.4152 24.13 0.96 0.62
34 PP 0.291 13.31 0.93 0.63 86 B 0.383 22.9 0.69 0.72 138 e 0.419 24.64 1.07 0.57

35 PP 0.272 11.78 0.96 0.62 87 B 0.465 26.16 0.87 0.65 139 e 0.406 23.58 1.02 0.59
36 PP 0.275 14.57 0.98 0.61 88 B 0.417 22.19 0.77 0.69 140 e 0.4312 21.84 0.95 0.62
37 PP 0.272 11.65 0.96 0.62 89 B 0.472 25.78 0.86 0.66 141 e 0.4463 21.4 1.47 0.41

38 PP 0.262 14.15 0.94 0.62 90B 0.455 22.72 0.72 0.71 142 e 0.4104 18.63 1.32 0.47
39 P 0.37 21.49 0.97 0.61 91 B 0.437 21.49 0.63 0.75 143 e 0.4049 20.45 1.52 0.39
40 P 0.394 22.37 0.93 0.63 92B 0.479 25.4 0.77 0.69 144 e 0.3944 20.37 1.54 0.38
41 P 0.418 21.66 I 0.6 93 B 0.355 16.2 0.88 0.65 145 e 0.4486 26.79 1.43 0.43

42 P 0.398 23.36 1.02 0.59 94B 0.302 14.79 0.78 0.69 146 e 0.4422 23.49 1.48 0.41

43 P 0.367 19.78 1.1 0.56 95 B 0.351 16.05 0.9 0.64 147 e 0.4269 23.08 1.47 0.41
44P 0.37 18.22 1.13 0.55 96 PP 0.4007 24.32 0.95 0.62 148 e 0.414 20.62 1.47 0.41

45 P 0.355 17.67 1.04 0.58 97 PP 0.4219 22.28 0.99 0.6

46 P 0.378 19.78 1.05 0.58 98 PP 0.461 23.49 0.79 0.68

47 P 0.378 17.04 1.06 0.58 99 PP 0.4486 26.69 0.92 0.63

48 P 0.37 18.22 1.08 0.57 100 PP 0.3861 18.71 0.9 0.64

49 P 0.366 20.97 1.18 0.53 101 PP 0.3681 21.14 0.95 0.62

50 P 0.372 21.31 1.02 0.59 102 PP 0.323 17.7 0.71 0.72

51 P 0.396 18.71 1.05 0.58 103 PP 0.4185 20.24 1.03 0.59

52 P 0.425 24.18 1.1 0.56 104 PP 0.3579 20.92 0.93 0.63

P - pueraria, PP - peach palm, C - Cupuacu: M - Matá - matá and B -- bacaba



Hydraulic properties 162

6 LAND USE EFFECTS ON HYDRAULIC PROPERTIES

6.1 INTRODUCTION

Determination of hydraulic properties may be required to solve many questions in agriculture

research. Studies involving water fluxes and chemical transport through the soil profile; changes in soi!

water storage, water balance studies and soil-plant-water relations need accurate estimations of soi!

hydraulic properties. Hydraulic properties are spatially and temporally variable, consequent1y, reliable

soil hydraulic characterisation is complex and time-consurning. Furthermore, many hydraulic

properties are better represented by functions (i.e., unsaturated hydraulic conductivity and soil water

retentivity) instead by the mean values. Besides, the results are dependent on the methods used and soi!

and c1imate conditions at the time of determination.

Soi! hydraulic properties are easi!y altered by natural events such as rainfall, faunal and

microbial activity, and by management practices such as harrowing, ploughing, cultivating, draining,

fertilisation and use of cover crops. The change of cohesive forces between the soil constituents,

determined by alteration of characteristics such as pH, CEC, iron and aluminium oxides and organic

matter, can affect the mechanical and consequently the hydraulic properties of the soil (El Swaify,

1980; Assouline et aI., 1997; Silva et aI., 1999). Other factors that can also interfere in the water

transport processes into the soil vadose zone are the mineralogy of the solid partic1es (Iwata, 1996) the

nature of the ions present (Kutilek et al., 1973), and initial volumetric water content (Hillel, 1998).

Temperature effects are normally considered toa small to be of importance, especially in

comparison with the spatial and temporal variabi!ity encountered in the field. However, the effect of

temperature on the function K (h) was analysed by Stoffregen et aI. (1999) which show that the

temperature dependence is independent of water pressure head, and can be described by an exponential

function. However, the experimental data did not agree with the expected values ofthe theory, and the

hydraulic conductivity can be doubled by varying the temperature by about 15°C, when all other factor

remain equal. Matthieu and Pieltain (1998) presented factors of correction to perrnit comparison

between infiltration tests using water at different temperatures. The magnitude ofthe temperature effect

on the hydraulic properties is not completely understood, and similar conditions should be maintained

during the evaluation process to perrnit comparisons.

In general, most undisturbed tropical forest soils are characterised by a rich organic matter layer

on the surface with considerable biotic activity which apparent1y opens large channels in the soil and

allows for rapid infiltration of water. In addition, the forest canopy and litter effectively intercept



Chapter 6 163

raindrops, slowing their kinetic energy during high intensity thunderstorrns, which are frequent in

tropical c1imates.

The removal of vegetation and introduction of mechanised tillage operations result in

disturbance and exposure of soil to the direct impact of raindrops and more intensive cycles of wetting

and drying. Deforestation frequentIy cause a rapid decline in the infiltration rate (Lal, 1979; 1989;

Côrrea, 1985), which could lead to runoff and erosion processes, especially in hill slope agriculture

fields. The ability of a soil to transmit water at a rate comparable to that of rainfall intensity is an

important property that maintains an adequate soil water balance and controls runoff and erosion. Land

use systems with perennial crops have a potential for erosion control by providing a perrnanent soil

cover of tree canopies, litter and eventually cover crops, in addition of the role of trees as runoff-

barriers and the beneficial aspects in the maintenance of a stabile structure with high inputs of organic

matter (Young, 1997). Although, these positive effects ofperennialland use systems have been verified

in many experiments, we still have to demonstrate this function under other climate conditions, soil

types and management regimes. The hypothesis that land use system with perennial crops maintain

favorable infiltration rates due to bio-channels and better soil structure than annual food-crop-systems

was proven in a long-terrn agroforestry experiment established on an Alfisol in westem Nigeria. The

decline in the infiltration rate, evaluated with a double ring infiltrometer, was less in the agroforestry

than in the food-crop-systems with either plow-till or no-till treatrnents (Lal, 1989).

On an Oxic Paleustalf, a study including Leucaena leucocephala, Gliricida sepium, Alchornea

cordifolia and Dactyladenia bartieri found that the water infiltration was superior in the hedgerow

plots as compared to the control without trees (Hulugalle and Kang, 1990).

Hedgerow intercropping with Senna spectabillis on a Typic Kandiudult in southem Cameroon

increased infiltration rates measured with the double ring infiltrometer (Hululgalle and Ndi, 1993). In

northem Zambia, on an Orthic Ferralsol, an evaluation of the infiltration rate using the inverse falling

head method showed high values in alley cropping with Leucaena leucocephala (Dalland et aI., 1993).

The variability due the presence of macropores or soil cracks commonly found in some soil

classes in the tropics can enhance the naturally high soil hydraulic variability (Beven and Gerrnann,

1982; Bouma et aI., 1982). Other sources of inaccuracy in the evaluation of hydraulic properties arise

from the measurement technique itself, such as soil disturbance during installation of the equipment or

irregular hole diameters for the auger (Amoozegar and Warrick, 1986). Because ofthe high variability

of soil hydraulic properties, it is better for many purposes to have several points with smaller precision

than just a few highly accurate data. Certainly, both properties are desirable but not easily obtained.
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The variability ofthe hydraulic properties in the field needs to be taken into account when choosing the

measurement method and the number of repetitions. If they are insufticient, straightforward treatment

effect can be rnisinterpreted or not detected.

In this chapter, firstly, a review about the equations used to calculate the soil hydraulic

functions and field methods more appropriate to evaluate hydraulic properties on tropical soils is

provided. Specific sources of errors and procedures to avoid or alleviate them are pointed out.

Secondly, results about saturated hydraulic conductivity are shown. The measurements are carried out

using the classical laboratory method of soil cores and the field method of disc infiltrometer.

Furthermore, comparisons between land use systems and statistical methods to analyse data with log

normal distribution are presented and exemplified. Thirdly, to evaluate the unsaturated hydraulic

conductivity the results from an instantaneous profile method experiment is analysed. A detailed

handling of data is presented, and the results in terms ofhomogeneity ofthe hydraulic properties within

the profile are discussed. Moreover, measurements with tension infiltrometer were carried out to

compare the unsaturated hydraulic conductivities between land use systems and between positions

within the land use systems. The scaling theory and the statistical techniques of piecewise continuous

regression are briefly described and used to analyse the results. Finally, the ability of the new method

of inverse simulation to assess hydraulic functions and to mathematically describe the water dynamics

for clayey Ferralsols at several depths is investigated.

Theory and literature review

6.1.1 Equations for calculating water f1uxes

A brief review over the equations used to estimate the hydraulic properties and water fluxes into the

soil are presented below. More detailed mathematical explications are given by Jury et al. (1991),

Kutilek and Nielsen (1994), Libardi (1995), and Hillel (1998), among others.
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6.1.1.1 Saturated flow

Darcy's law for water transport in saturated soil states that the flux density (q) through a given soil

segment is equal to the hydraulic conductivity of that soil multiplied by its hydraulic gradient.

q = -Ks dH(z)
dz

[6.1]

Here q is the flux density (LT'- em dai'), Ks the saturated hydraulic conductivity (LT' - em dai');

~H the hydraulic gradient (L - em) (i.e., the difference between two water potentials applied to two

points in a soil segment), and L is the distance between the two points (L - em) on the segment where

the flux is applied (e.g. between Z2 and Z,). The negative sign means that water flows in the direction

of decreasing potential (Kutilek and Nielsen, 1994).

6.1.1.2 Unsaturated flow

The steady-state unsaturated flux in soil is normally calculated with the Darcy-Buckingham,

which in the finite difference form (for vertical flux) and expressed in function of q is given by

Equation 6.2

[6.2]

Here q (z, t) is the flux density, as detined previously but now related to the unsaturated hydraulic

conductivity which is a function ofthe volumetric soil water content (6) [L3 L-3 - m3 m"]. The variable

z is the vertical depth (L - em), a space coordinate here taken as positive in downward direction, and H

(z, t) the total pressure head (L - em).

The Equation of Darcy-Buckingham describes one-dimensional, isothermal, nonhysteretic

unsaturated flow (Kutilek and Nielsen, 1994; Hillel, 1998), which is fully applicable to steady

unsaturated flow (i.e., when q and 6 are constant during time). However, in many situations nonsteady
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flow exists (i.e.; dq I dt * Oand de I dt * O).In such situations, two equations are needed to describe the

flux density and the change ofwater content in the soi!.

The filling or emptying of the soil pores can be described by the equation of continuity (the law

of mass conservation), which in a simple statement applied for changes of water content in soil says

that the difIerence between the amount of water entering into a determined volume of soil and the

amount leaving it must be equal to the change in water content of this volume. Kutilek and Nielsen

(1994) and Hillel (1998) give details about the equation of continuity applied to soil hydraulic

problems. A forrn ofthe continuity equation applied to water fluxes into the soil is

[6.3]

Here, x, y and z represent the three dimensional water flux variation in space. The other parameters are

as previously described.

The combination ofthe continuity equation (Eq.6.3) and the Darcy-Buckingham equation (Eq.

6.2) lead to the so-called Richard's Equation. In one dimension (vertical direction) this is

ae = ~[K(e) 8H]at õz õz [6.4]

The solution of the Richard's Equation needs many additional assumptions, and many

complications arise because the hysteric and highly variable hydraulic properties of natural soils. Many

of these lirnitations are discussed in this chapter.

6.1.2 Measuring soil hydraulic properties in tropical soils

6.1.2.1 Saturated hydraulic conductivity and infiltration

The terrn "infiltration rate" refers to the vertical entry of freely available water into a soil

surface. It should not be confused with hydraulic conductivity', which is a measure of the ability of a

, The term permeability lha! is some time found as synonym for hydrauJic conductivity is no! correct. Permeability is an
intrinsic property ofsoil and has lhe dimension L'while hydrauJic conductivity has lhe dimension Lr' (Jury e! aI., 1991).
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soil to transmit water in a 3-dimensional system. The infiltration rate tends to be numerically equal to

the saturated hydraulic conductivity if the hydraulic gradient of the soil is unity. This condition is

frequently approximated for homogenous and isotropic soils; it is discussed further in the section about

the instantaneous profile method. For many practical problems of large-scale significance, the mean

flow path over a sufficiently large area is approximately one-dimensional in the vertical direction,

especially in relatively homogeneous soils (Stephens, 1996).

In tropical climates, the exposure of the soil surface frequently leads to the formation of a

superficial soil crust. To verify if such a thin, superficial layer of low permeability controls the

infiltration rate, measurements should be made both under natural surface conditions and after the

surface layer has been carefully removed.

Worms tend to move upwards and crawl out ofthe soil when the surface is covered with water

(Bouwer, 1986). The resulting open worrnholes can greatly increase infiltration rates, particularly ifthe

test is carried out over a long time. Prewetting the site before the measurements alleviates this trouble

frequently encountered in the tropics. The temperature and chemical composition ofthe water used for

infiltration measurements should be the same as those of the soil water to avoid dissolution of soil air in

the infiltrating water (Bouwer, 1986), and changes ofthe flocculation status ofthe ciay particles (Hillel,

1998). If possible, rainwater from the site should be used to avoid such problems.

Disc infiltrometers or ring infiltrometers consist of one or two concentrical metal cylinders that

are pushed or driven a small distance into the soil. The cylinder(s) are filled with water, and the

infiltration rate is measured until it reaches a constant vaIue (Bouwer, 1986). The simplicity and low

cost of the method are its main advantages. As the head of water pounded on the soil surface affects the

infiltration rate, a constant water levei should be maintained in the cylinder with a float valve or a

marriotte siphon arrangement. To prevent leakage between the cylinders, equal water levels must be

maintained in both cylinders.

A multiple automated system can be constructed to allow simultaneous measurements with

several devices (Matula and Dierksen, 1989; Maheshwari, 1996). The use of a double ring, with

measurements confined to the inner ring, may minimise errors due to non-vertical flow at the edge of

the cylinder. However, to assure vertical flow the radius of the outer cylinder would have to be

infeasible large, which may be a restrictive factor to carry out the measurements. Fortunately, Bouwer

(1986) pointed out that the double ring is not essential and measurements conducted with a large disk

alone are not different from measurements carried out with a double ring infiltrometer (except when a

surface crust exists). The best way to reduce the effect of lateral divergence is increasing the size of the
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disk. Soils with a restricting layer deeper in the profile can cause overestimation of the infiltration rate,

because the lateral flow above this layer may exceed the rate that occurs when the entire soil surface is

inundated and ali water has to move straight down through the soil and the restricting layer (Bouwer,

1986; Kutilek and Nielsen, 1994). In this situation it is preferable to use another technique such as the

bore hole permeameter (see below). Beside lateral flow of infiltrating water, several other factors can

affect the results from double ring measurements. The soil compaction by the insertion of the cylinders

can lead to a reduction ofthe true infiltration rate. On the other hand, the measured infiltration rate will

be overestimated if a surface crust or other restricting layer at or near the surface is disrupted by the

installation of the infiltrometer, or if there is imperfect contact between the restricting layer and the

inside cylinder wall (Bouwer, 1986).

The commonly used equations to describe and to extrapolate infiltration results are the Green-

Ampt Equation, Philip's two parameter Equation, the Equations of Kostiakov and Horton. The

applicability and utility of these different equations are discussed by Jury et aI. (1991), Kutílek and

Nielsen (1994); Libardi (1995) and Hillel (1998). Recently, methods to calculate infiltration from a

single ring infiltrometer using scaling approaches have been published (Wu and Pan, 1997; Wu et aI.,

1999).

Rainfall simulators or sprinkler infiltrometers are arrangements of droppers or nozzles

supplying the soil surface with a uniform inflow of water such that the flux density at the soil surface is

kept at a constant levei (Peterson and Bubenzer, 1986; Kutílek and Nielsen, 1994). The principal

advantage in comparison with the ring infiltrometers is a better simulation of the infiltration process

under natural rainfa11 conditions (Bouwer, 1986; Wallace, 1996). The relatively large sample area of

these infiltrometers should increase the representivity ofthe measurements. Small systems are available

(Asseline and Valentin, 1978; Mathieu and Pieltain, 1998) which may be useful for small-scale

applications in land use systems research.

The Guelph permeameter, borehole infiltrometer or well permeameter is a subsurface technique

consisting of a mariotte flask that is lowered into a well or borehole augered into unsaturated soil until

the desired depth of measurement. The mariotte flask maintains a constant depth of water in the hole as

a means of measuring the rate of water flow into the surrounding unsaturated soil (Elrick and Reynolds,

1992). The hole should be excavated using a screw-type or bucket auger. It should be cylindrical and

have a flat bottom at least 20 em above the water table (Reynolds, 1993). Specific factors that can

affect the accuracy ofthe measurements with well permeameters inc1ude smearing, remoulding, and/or

compaction of the well surfaces during augering, gradual siltation of the well and well collapse during
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the measurement (Elrick and Reynolds, 1992; Reynolds, 1993). On clayey soils, scratching the bottom

and side of the hole with a sharp pointed instrument or metal brush normally alleviates the smearing

and compaction caused during augering. On sandy soils, the collapse of the well during the

measurement is the principal constraint to the use of this technique, whereas in silty soils the gradual

siltation (clogging of the soil pores with silt particles) can be partially alleviated by protecting the

bottom ofthe hole with coarse sand or fine graveI (Reynolds, 1993). Solar heating ofthe head space in

the water reservoir can also affect the accuracy ofthe mariotte-based weIl permearneter, but this can be

alleviated by performing the measurements under a tent. Elrick and Reynolds (1992), Reynolds (1993)

and Stephens (1996) give a further discussion of the Guelph method and procedures for caIculating

hydraulic pararneters.

6.1.2.2. Unsaturated hydraulic conductivity

Most of the water movements above the water table in the field, including water and nutrient

fluxes to plant roots, rainfaIl infiltration and leaching of nutrients through the soil profile, occur while

the soil is unsaturated and are thus controIled by unsaturated hydraulic conductivity. Field

measurements of unsaturated hydraulic conductivity are generally preferred to laboratory

measurements if the site is sufficientIy accessible, has reasonable homogeneity, and leveI topography,

is not toa stony, and has predominantIy vertical flow during drainage (HiIlel et aI., 1972; Green et aI.,

1986).

Tension infiltrometer or disc permearneter consist of a porous baseplate, which establishes

hydraulic continuity with the soil through a nylon membrane. It is connected to a mariotte reservoir that

allows supplying the soil surface with water at a constant and regulated tension. The soil water

potential under the infiltrometer is controIled by air entry into the mariotte flask through tubes of

different lengths, with tension infiltrometers normally operating in the range of O to -20 em. The

infiltration rate is measured as the water flow into the soil and the water leveI falls in the bubble tower.

The data can be recorded manuaIly or automatically (Ankeny, 1992; Elrick and Reynolds, 1992).

Tension infiltrometers have been used to characterise near-saturated hydraulic properties,

sorptivity, macroscopic capillary length, characteristic pore size (Ankeny, 1992; Reynolds, 1993;

Stephens, 1996), soil structural conditions at the soil surface as a function of short-term variations in

weather conditions (White and Perroux, 1989), and effects of tillage practices (Ankeny et aI., 1991;

Messing and Jarvis, 1993). The near-saturated hydraulic conductivity and sorptivity obtained using
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tension infiltrometry have been used to distinguish infiltration through macropores from that through

the soil matrix (Watson and Luxmoore, 1986; Wilson and Luxmoore, 1988; Messing and Jarvis, 1993).

The method involves supplying water to the soil surface at different potentials to exclude a range of

macropores from the flow whose contribution to infiltration can thus be quantified.

A good soil surface preparation and hence good contact between the infiltration disc and the soil

is essential. The hydraulic conductivity of the contact material should be greater than or equal to the

hydraulic conductivity of the soil over the range of pressure heads set on the tension infiltrometer. The

pore water pressure head at which the contact material spontaneously saturates should be less than the

minimum pressure head set on the infiltrometer membrane. The supply membrane must be visible

during the infiltration to permit examination for air leaks. Perroux and White (1988) concluded that 3-5

mm thickness of single grain contact material having a fine sand texture and a hydraulic conductivity of

about 10-5 m S-I should be adequate for most agricultural soils and the usual range of tension

infiltrometer pressure heads (e.g., Oto - 150 mm water tension).

For measurements near saturation the infiltration disc must be levei, otherwise the potential

varies across the supply surface. Close to saturation, small changes in soil tension lead to dramatic

changes of the infiltration rate and sometimes to higher variability in structured soils. The contact

material can have a large influence on the pore water pressure head and hydraulic head gradient at the

soil surface, and this can have a substantial impact on the validity of tension infiltrometer results

(Reynolds and Zebchuk, 1996). Solar heating of the headspace in the mariotte reservoir should be

avoided by shading. According to Reynolds (1993), the main factors affecting the accuracy of tension

infiltrometer measurements are soil heterogeneity, soil collapse under the infiltrometer during the

measurement, inadequate hydraulic contact between infiltrometer and soil, and the hydraulic properties

and thickness of the contact material. A shortcoming of the technique is the time necessary to reach

steady flow at 10w tensions in c1ayey soils, which can make manual recording impracticable. In this

situation, an automated infiltrometer should be used.

The Instantaneous Profile Method or IPM method requires measurements of volumetric water

content (9) and hydraulic head (H) [(which is the sum of matric (h) and gravitational pressure head (z)]

as a function oftime and depth, under the conditions that evapotranspiration and absorption ofwater by

roots are prevented. From these measurements, it is possible to obtain instantaneous values of the

potential gradients and fluxes operating within the profile. Accordingly, when the water flux density

and the gradient of the hydraulic head at the same time and depth are measured, the hydraulic

conductivity can be calculated as the only unknown in the Richard Equation. Hydraulic conductivities
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can be deteonined for any distinct soil layer as a function of volumetric water content andlor pressure

head. The data set coJlected with this method is also weJl suited for the inverse parameter optimization

approach. It is probably the most widespread nonsteady-state field method.

The so caJled "unit gradient method", which presumes that the gradient ofthe matrix potential is

practicaJly zero and onJy the gravitational gradient operates the flux, is used in severaI field methods to

caJculate K (e.g. Davidson et aI., 1969; Libardi et ai, 1980; Sisson et aI., 1980; Luxmoore et aI., 1981).

However, the validity of this assumption is frequently questioned (Ahuja et aI. 1988; Reichardt et ai,

1993) and in some conditions the unit gradient is in fact not observed (HiJlel et aI., 1972; Aragão Junior

et aI., 1983; Ahuja et aI., 1988; Prevedelo, 1994). Although gradients near unity are frequently

observed during internal drainage, the validity of the unit gradient approach should be verified.

Common causes of divergence from the unit gradient include entrapped air within the narrow pore

space when an initiaJly dry soil is wetted, and the occurrence ofhorizontal flows (Collis-George, 1977;

Mbagwu, 1995). The unit gradient methods of Libardi (1980), Sisson et aI. (1980) and Chong et aI.

(1981) norrnaJly lead to similar results and work weJl for the wet range (Libardi, 1980; Luxmoore et aI.,

1981; Jones and Wagenet 1984; Comegna et aI., 1996). Moreover, Bacchi and Reichardt (1991; 1993),

analysing the methods of Libardi et aI. (1980) and Sisson et aI. (1980), showed that although these

methods have been developed on a completely different theoretical basis, they are identical when using

an exponential equation to relate K to 9.

6.1.2.3 Indirect methods and inverse solution

The direct measurement of hydraulic properties in situ is expensive, time consuming and labour

intensive, and often the measured data remains unreliable or unrepresentative (Reichardt et., 1998; van

Genuchten et aI., 1999; Jong van Lier and Libardi, 1999). Therefore, severa! empirical and semi-

empirical approaches based on pore size distribution (see review of Mualem, 1992) and particJe size

distribution (e.g., Arya et aI., 1999; Schaap and van Genuchten, 1999) have been made to estimate

hydraulic functions based on more easily measurable parameters.

An estimation method that describes the soil water relationship based on other soil

characteristics is caIled pedo-transfer functions (Tietje and Tapkenhinrichs, 1993). Although,

pedotransfer functions have shown reasonable agreement with experimental data for many temperate

soils, they do not give reasonable predictions for some tropical soils as showed by TomaseJla and

Hodenett (1997, 1998).
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The most common indirect methods to estimate hydraulic functions are the parametric models

of Brooks and Corey (Mualen, 1992), Campbell (1974) and the coupling of the equation of van

Genuchten with the model of Mualem or Burdine (van Genuchten, 1980). However, results to date

indicate that these parametric models are relatively efficient for many coarse and medium textured

soils, but predictions for fine-textured and structured soils like c1ayey Ferralsols remain unreliable

(Dumer, 1994; Tomasella and Hodnett, 1996).

In the inverse methods, analytical equations are first assumed to describe the soil hydrauJic

properties. Assigning values to the parameters in these equations makes it possible to solve the water

flow equation for the same initial and boundary conditions as encountered in experirnents. The fmal

hydraulic properties are calculated by using interactive procedures and simulating the flow processes

numerically. Inverse modelling is a relatively complex procedure that provides a quick method for soil

hydraulic characterisation. Its successful application requires suitable experimental procedures as well

as advanced numerical flow codes and optirnisation algorithrns. The majority of efforts in inverse

methods refers to laboratory experiments (Hoppmans et aI., 2001; Dumer et aI., 1999).

Dane and Hruska (1983) conducted the first application of the inverse problem to IPM

experiment in which the parameters of Van Genuchten-Mualem (afterwards called VGME) soil

hydraulic functions were optimised. Tomasella and Hodnett (1996) also applied inverse procedures to

fit the parameters of VGME for an IPM experiment in a c1ayey Ferralsol. Santini and Romano (1992)

also investigated the feasibility of the inverse method to estimate unsaturated properties for the IPM

experirnent. They showed good stability ofthe results and carried out sensitivity analyses for designing

an optimal field experiment.

The inverse numerical solutions ofthe water flow equation require identical information ofthe

forward problem in numerical simuJation. Time and geometric information, initial conditions, and

boundary conditions. In addition, specific information specific to the inverse problem are needed (e.g.,

the initial parameter estimates, position of the observation points and measurement times with

corresponding data and weighting factors). Additionally, some convergence parameters need to be

defined. The general inverse simulations may be performed using computer programs such like

Hydrus l-D code (Simunek et aI., 1998) or ESHPIM code (Zurmühl and Durner, 1998). The success of

inverse modelling depends on the suitability and quality of the experimental design, the choice of

boundary conditions, the location and time resolution of the sensors, accuracy of the experimental data,

the suitability of the transient flow model and hydraulic functions and the robustness of the

optimisation algorithrn as determined by its convergence to a global minimum (Hopmarms et aI., 2001).
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6.2 MA TERIALS AND METHODS

6.2.1 Study area and site history

The study area and the site history of the selected plots have been described in details in

Chapter 2.

6.2.2 Soi! sampling and the location of the soi! profile

The soil sampling seheme as well as the steel eylinders to eolleet samples for the evaluation of

saturated hydraulie eonduetivity in laboratory were the same as deseribed in Chapter 3 for the

determination of bulk density. After eompletion of infiltration measurements the soil cores were taken

in 3 to 5 replieations direet1y below the area where the dise of the infiltrometer was installed. The land

use systems and the positions evaluated are shown in Table 6.16. The instantaneous profile experiment

was eondueted in the middle of the experiment, between the block A and B.

6.2.3 Saturated hydraulic conductivity

6.2.3.1 Constant head method

The measurement of the hydraulie eonduetivity of saturated soils using the eonstant bead

method in the laboratory is based on the direet applieation of the Darcy equation to a saturated soil

eolurnn of uniform cross-sectional area. A hydraulie bead differenee is imposed on the soil eolurnn, and

the resulting tlux ofwater is measured. Finally, saturated bydraulie eonduetivity (Ks) [L rl- em day ")

is ealculated using Equation 6.5.

Ks = Vxl
[A X t(H2 -H,)] [6.5]

Where V [L3 - cnr'] is the volume of water that tlows through the sample of cross-sectional area

A [L2 - cnr'] during the time t [T - day"] and (H2 - HI) is the hydraulie head differenee [L - em]

imposed aeross the sample oflength (I) [L - em].
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The measurements of Ks were carried out in a special apparatus constructed at the Soil physics

laboratory at Embrapa - Amazonia Ocidental, very similar to those described by Klute and Dirksen,

(1986) and Reynolds (1993). The measurements were carried out for about 4 hours with measurements

being recorded at each 30 mino The hydraulic head difference was maintained constant at I em height

using a mariotte system.

6.2.3.2 Disc infiltrometer

The disc infiltrometer equipment is explained in detail below in the section about unsaturated

conductivity, and it can be visualised in Figure 6.3. The localisation ofthe area evaluated was the same

as for the tension infiltrometer described in Table 6.16.

The l-Dimensional vertical approach ofthe fluxes was calculated using directly the Darcy's law

[Eq. 6.1], which for this specific situation can be represented by the Equation 6.6.

[6.6]

Where Qi is the infiItration rate [L TI - cm day"] in quasi-steady state, and r is the radius ofthe inner

ring [L - em].

The calculation in 3-D approach using Ankeny's equations is explained below in the tension

infiltrometer section. Logarithrnic transformation using natural logarithms was used, because the raw

data deviated significantly from the normality in most ofthe cases (see, data analysis section for details

about lognormal distribution).
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6.2.4 Unsaturated hydraulic conductivity

6.2.4.1 Tension infiltrometer

The tension infiltrometer was installed at '" 40 em from the trunk of the respective trees that

were grown either in monoculture or in association, as well as under the leguminous cover crop,

Pueraria phaseoloides. Measurements and soil samples were also collected close to the dominant

species in the adjacent secondary forest, Vismia spp. Table 6.16 shows the sample ·points and their

localisation relative to the land use systems evaluated.

Water manometer

Marriote reservoir

I Chamber infíltration

Figure 6.1 Scheme ofthe disc infiltrometer.
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A double ring tension infiltrometer constructed by Umwelt-Gerãte- Technik GmbH -

Müncheberg - Germany was used to evaluate the unsaturated hydraulic conductivity. This disc

infiltrometer has a special design (Figure 6.1) where the infiltrometer was constructed separately from

the water tower, making it more stable and accurate under windy conditions and also avoiding the

collapse of the soi! structure near saturation. Moreover, it allows to perform, in addition to the three-

dimensional analysis in unsaturated and saturated hydraulic conditions, also a one-dimensional analysis

for saturated hydraulic conductivity, when the tension infiltrometer was used like a simple double ring

infiltrometer with the outer ring functioning as a small buffer system. The base radii were 77.5 mm and

124 mm for the inner and outer ring, respectively.

At each infiltration site, an area approximately with the same diameter as the ring was cleared

and levelled with the help of water levels. Compactions and disturbances were avoided with carefully

preparations and roots were cut with scissors. To delirnit the surface infiltration area and to prevent

lateral surface flow of pounded water, a sharpened steel ring with 25-cm diameter and 1.0 em height

was pushed 0.5 em into the soi!.

The evaluation was started when bubbling was observed in the mariotte reservoir. The time to

approach steady-state infiltration rates (Q)[L3 ri-crrr' h-I] varied from ca. 2 hours near 50 mm ofh to

less than 5 minutes near saturation. Data were collected manually reading the water levels in the

mariotte reservoirs when the values were stable (not varied during three consecutive readings), then it

was recorded as a pair value of Q and water pressure head (h) [L - cm]. The water pressure head or

tension was evaluated with a double U water-manometer (see, detail in Figure 6.1).

A broadcloth-covered 400-mesh nylon filter (with a bubbling point '" 25 cm of water) was used

as porous membrane for hydraulic contact with the soi! and covered the base of the tension

infiltrometer. A thin layer of fine sand was applied and levelled to the soil surface to provide a

smoother contact between the membrane on the base of the tension infiltrometer and the soi! surface.

Fine sand, with diameter between 0.5 - 0.02 mm (K saturated about 5000 em d-I) was used as a contact

material. A layer of maximal 5 mm thickness was applied on the soi! surface and levelled using a

special equipment, then the disc was installed and the levei was checked by using water balances.

Unsaturated measurements at approximately 50, 40, 30, 20, 10 mm ofh were followed by measurement

of saturated hydraulic conductivity at O h. An ascending sequence of supply pressure was adopted,

since a descending sequence may cause hysteresis with progressive drainage occurring close to the disc

while wetting continues at the infiltration front (Reynolds and Elrick, 1991). The measurements were
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perfonned under a tent to proteet the mariotte reservoir from the direct sunbeam and also to reduee

temperature variations.

The paired K and h values were obtained from Q at sueeessive matrie potentialO (h - values)

using the theory outlined by Ankeny et al., (1991) with modifieation of Jarvis and Messing (1995). The

Ankeny's solution is based on the Wording's solution for a three-dirnensional infiltration from a dise

souree with a eonstant pressure head at the soil surfaee (Wooding, 1968), it is also assumed that the

relation K (h) ean be deseribed by the exponential funetion ofGardner (Eq. 6.7).

K = Kfs exp(ah) [6.7]

Where Kfs is the field-saturated hydraulie eonduetivity [L rI - em day "] and a is the empirieal fitting

exponential slope [L - cm'], The a parameter is ealeulated by measuring the steady-state flow rate at

two different supply potentials (sueh h, and hi+l) and solving Equation 6.8.

ln~
Qi+' . -1 IUi+1/2 = --- 1- ,•.., n-

h, -hi+.
[6.8]

Where Qi is the steady-state infiltration rate [L3 TI - em3 day"] measured at the tension h [L - em] and

Qi+1is the subsequent evaluation rate at the tension hi+l. The notation li, denotes the estimated value of

a is at the midpoint between successive supply pressure heads h.

Finally, hydraulie eonduetivity is ealeulated using Equation 6.9, where r [L - em] is the radius of the

dise infiltrometer.

K ~Qi X Qi+' . 1 1
i+1I2= ( 4 J I = ,..., n-

1+---
mQi+I/2

[6.9]

The denominator tenn in the Equation 6.9 represents the geometrie mean of infiltration rates (Qi and

Qi+l) between adjaeent supply potentials [h, + hi+d/2. Two additional paired values of K and h were

obtained assuming that the largest and smallest supply potentials, respeetively, equal a 3f2 and a n • li

respeetively (Jarvis and Messing, 1995).
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6.2.4.2 Instantaneous profile method (IPM)

The IPM method was carried out on a plot of 5 x 5 m, where the vegetation was previously

eliminated in a radius of about 20 m from the centre of the plot. Therefore, the water processes in the

centre of the plot were practically unaffected by its boundaries and water absorption by plant roots was

improbable. Within this plot, TDR probes were installed at each 10 em until 100 em, A serie of

tensiometers was also installed near the TDR probes at the same depths. The plot was ponded with

water, until saturation had been reached, which was showed by tensiometer readings. Then the soil

surface was covered by a plastic sheet to avoid evaporation. Additionally, a tent was constructed to

prevent the entering of rainwater and to reduce thermal effects. The c1ayey Ferralsols in the central

Amazon have very deep soil profiles that permits free vertical drainage.

The ca1culation ofK performed in this study was based on the method ofHillel et aI. (1972) and

modifications given by Libardi et aI. (1980) and Libardi (1995) as explained above. During the initial

stages of drainage, the time lags between measurements were some minutes, then hours; after the

second day measurements were taken every morning. The experiment was carried out for 28 days until

variations of'B in the deeper layers had become too small to be reliably measured.

A numerical solution ofthe one-dimensional form ofthe Richard equation [Eq. 6.4.] was used

to ca1culate the fluxes in IPM. The initial and boundary conditions that allow the solution of this

differential equation are assumed to be:

q=O t~O z=O [6.10]

e = e (z) t=O z>O [6.11]

e =B, t> o z = oc [6.12]

Here q is the soil water flux [L rI - em h"I], t the time [T - h], z is the depth [L - em] and the subscript

i stands for initial conditions.
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The total water content change per unit time is obtained by integrating the Richard Equation between

successive soil moisture profiles down to depth z

[6.13]

Since ZI = O as an assumed referential on the soil surface, and because the boundary condition 6.10.,

Eq. 6.13 simplifies to Equation 6.14

ji'l6(Z, t). dz = [K(9) iJH(z,t)]
o iJt õz z

Íi'l6(Z't~dz
o iJt

K(9) = iJH(z, t)
õz

[6.14]

In case of unity gradient, this simplifies further to Equation 6.15

[6.15]

Because of the boundary condition [6.10], a simpler method for integrating Equation 6.15 than using

finite differences, as proposed by Hillel et aI., (1972), is simply to taken the partial derivative of the

water storage functions [W (z, t) - Eq. 6.20] at selected times (Libardi, 1995 pg.382).

K(9)1 = awz
z at [6.16]

For the calculation of fluxes in the IPM experiments, the use of smoothing functions before the

derivations may be necessary to reduce the influence of the inherent fluctuations, noises and outliers in

the data. These deviations arise from the natural soil heterogeneity and the limits of precision and

accuracy of TDRs and tensiometers. Smoothed data in the IPM method prior of differencing was used

by Ahuja (1980), Libardi et aI. (1980), Luxmoore et aI. (1981), Reichardt et aI. (1998) and Jong van

Lier and Libardi (1999).
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Katul et aI. (1993) and Seheibke (1998) investigated the influenee of different smoothing

teehniques on the estimation ofK in IPM experirnents. Seheibke (1998) used differential error analysis

and eoneluded that the smoothing proeedures for IPM have to be done twiee, for the measured data and

for the ealculated K values. Therefore, the variations of e during time were smoothed by fitting the

measured e data to the Equations 6.17 to 6.19.

Linear y=a+ ~x

y = a + [~·In (t)]

y=a t~

[6.17]

[6.18]

[6.19]

Logarithmie

Power

Here y represents the measured values of ê and x represents the time (t). The best equation was seleeted

based on the higher eoeffieient of eorrelation [~] (See, Appendix 5-A for details about its ealculations).

Then, the mean water storage (W) for a speeifie layer was estimated for the depths of 10; 20; 40; 60; 80

and 90 em by Equation 6.20.

[6.20]

Here, n is the number of layers evaluated and z is the position referenee [L - em] of the last layer

eonsidered and ti is the time [T - h] in the ith intervalo The depths 30, 50, 70 and 100 em were

eliminated beeause either a tensiometer or a TDR was damaged or gave unrealistie results during the

measurement período

Then the values of W (ti) were fitted for eaeh depth z to the sarne equations [Eq. 6.17 to 6.19].

Again, the seleetion ofthe best equation was based on the higher ~ value.

The water fluxes were ealeulated using the derívative ofthe fitted equation for W (z, t) at the 28

subsequent times as listed in Table 6.5. The values obtained (Table 6.10) are already the flux density Q
or the K values, sinee the unit gradient was verífied (ôHJôz = -1; see, Figure 6.9).



Chapter 6 \8\

Further, Equation 6.21 was selected for describing K (9) and the experimental data were fitted

using regression analysis.

[6.21]

Here, f3 is an empirical constant and K, and 90 are the hydrauJic conductivity and water content

values at the beginning ofthe drainage process or a fitted parameter. Equation 6.21 was used to analyse

IPM experiments by Davidson et aI. (1969); Libardi et aI. (1980); Reichard et aI., (1998) and Jong van

Lier and Libardi (1999). Since the values of K, do not necessarily equal the hydraulic conductivity at

the saturation Ks, it should not be compared to fieJd measurements. Equation 6.21 is a linear model in a

In K vs. (9-90) plot. Hence, the parameters K, and f3 represent the slope and intercept, respectively.

These analyses were carried out with standard procedures of regression analysis. As a measure of

goodness of fit, ~ and the standard error were used.

The equations ofhydrauJic conductivity as a function ofvolumetric water content [K (9)] or in

function of the relative saturation [K(Se)] is frequently preferred because these functions are less

affected by hysteresis compared to the function [K(h)] (Mualen, 1986; Roth, 1996; Hillel, 1998). This

is because the water phase with different values of9 can correspond to the same value ofh, because "h

merely determines the local form of the water-air interface but generally not the entire geometry of the

water phase" (Roth, 1996). Hysteresis is mainly due to complicated shapes of capillary pores in soil.

The wetting curve always has lower water content for a given potential than the drying curve.

Since the water content (9) of the subsoil layers did not decrease markedly from the values

cJose to saturation during the experiment, the precision of the TDR probes was not good enough to

detect the variations in 9. However, variations in the water phase were cJearly identified by the

tensiometer measurements ofh (Table 6.5). The most reliable and precise measurement ofh by water-

mercury tensiometers partially compensates for the inaccuracies from a probably higher hysteresis

effect in the function K (h). Therefore, the functional relationships between K and h were also fitted

using the Equation 6.22.

[6.22]
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The fitted equations K (O, z) and K (h, z) were then tested for parallelism, eoneurrenee and

eoneordanee between the layers. Pieeewise eontinuous regressions were performed when linear

proeedures did not lead to a reasonable fit of the parameters. Details about the regression proeedures

and statistieal analysis are given in the data analysis seetion.

6.2.5 lndirect and inverse method

The inverse modelling was performed using the Hydrus -10 eode (Simunek et aI., 1998). The

Hydrus l-O eode, beside the reduetion of the deviation between the ealeulated space-time variables

(e.g., observed pressure head and water eontent in a time serie) it permit also to inelude soil hydraulie

data independently measured (e.g. O vs. h, or K vs. O or K vs. h). Furthermore, penalty funetions,

which make use of prior knowledge about the values of some parameters, ean also be ineluded in the

objeetive funetion. Weighting eoeffieients are used to minimise differenees in absolute values and

number of data involved. The objeetive funetion eondueted by the inverse algorithm implemented in

the Hydrus -10 eode is aeeomplished by using the Levenberg-Marquardt nonlinear minimisation

method.

In the inverse methods, performed by Hydrus l-O eode analytieal funetions are first assumed to

deseribe the soil hydraulieal properties. Assigning values to the parameters in these funetions makes it

possible to solve the water flow equation for the same initial and boundary eonditions as eneountered in

the experiments. The funetional relationships of van Genuehten - Mualem (VGME) for K (O), O(h)

and K (h) was presumed to be able to deseribe the data eolleeted in the IPM experimento The VGME

are shown below

for m=I-(I-n), n>1 [6.23]

Here, Se is the effeetive saturation expressed by Eq. 6.23

O-Or
Se=--

Os-Or
or Se = [I + (u h)" tl

+
lI
" [6.24]
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The pore connectivity parameter ('I:) in the Eq. 6.22 was assume to be 0.5 as an average found

for many soils by Mualem (1986). However, other workers have shown that the 1: parameter can

assume different optimal values (Wõsten and van Genuchten, 1988; Tornasella and Hodnett, 1996) and

it is nowadays commonly considered a fit parameter to be optimised.

Equation 6.25 expresses the VGME equation as function ofh

[6.25]

The above equations contain six independent parameters: ar, as, a, n and Ks and 1:, which are ali

previously defined. The Hydrus -ID code estimated them simultaneously by using interactive

procedures.

6.2.5.1 Inverse solution ofthe IPM experiment

Simultaneous measurements of a and h monitored in the IPM experiment were used in the

inverse method. The field set-up and the measurements procedures were described in the IPM section.

The data sets of a· (t, z); h (t, z) is shown in Table 6.7 and 6.5. The smoothed a· values were used

instead of the original values because inverse solution presumes error free data (Hopprnans et aI.,

200I). Experimental data with noise tend to destabilise the inverse solution by creating several local

mínima (Simunek and van Genuchten, 1997).

lnitial estimates of the hydraulic functions were found by fitting the field data a (h) using the

RETC code to the van -Genuchten unimodal approach. The initial estimates were then sequentially

optimised for each layer changing the parameter in order to find a better fit between the soil profiles

estimates and measured. As initial boundary condition the measured values of matric potential (h)

evaluated at the top and the bottom of the code was linearly interpolated within the whole profile.

Water flow boundary conditions were set to atmospheric conditions, but the values of precipitation

evaporation and transpiration were set to zero. The soil profile of 100 em depth was divided into four

layers with different hydraulic properties and four subregions for calculating water balances (Figure
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6.13). The soil profile was diseretized using a grid with 101 nodes, using the same spaee in the whole

profile. Observation nodes for which values of pressure head and water eontent are saved at eaeh time

step were implemented to deseribe the depths of 10, 20 40 and 60 em. These depths coincide with the

depths where the TDRs and tensiometers were installed in the field. Therefore, some eomparisons

between estimates and observed values are possible. The times seleeted for output results were the

same as those manually reeorded in the IPM experimento

As bottom boundary eondition free drainage was seleeted. A summary of the initial and

boundary eonditions implemented is shown below

h (z, O) = -I to -10 (linearly interpolated) - 100 m S; z S; O

Q (O, t) = O O S; t S; 428 h

Here, t is time (T - hours), z the depth ofthe profile (L - em) and Q is the water flux (L3rI - crrr' h·I).
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6.2.6 Data analysis

6.2.6.1 Analysis oflognonnal distributions

Logarithmic transfonnation was used to improve the efficiency of estirnates of the mean,

because the raw data deviated significantly from nonnality in most cases. Lognonnal distributions of

measured data in nature are not uncommon. This is a consequence ofthe fact "that many environmental

variables cannot take on negative values and are, hence, constrained by zero" (Parkin and Robinson,

1992).

The high variability of natural processes translates into high uncertainty regarding statistical

estimation and inference processes. More specifically, high uncertainty results in wide confidence

intervals, and low power associated with hypothesis-testing procedures. This suggests that better

quantification of the variability, or at least the recognition that high variability exists, is necessary to

optimise the statistical and experimental designo

In many cases, the high variability exhibited by natural processes is manifested in positively

skewed distributions. A variable is considered to be lognonnally distributed if the logarithm of the

variable is nonnally distributed (Steel et aI., 1997). The "sample mean" of a lognonnally distributed

data set should be calculated by taking the antilogarithrn ofthe average ofthe log-transfonned sample

values. It represents the sample geometric means, which is an estirnator of the population median, and

not the sample mean (Parkin and Robison, 1992). For symmetric distributions mean and median will

have the same value, however, for an asymmetric distribution, such as the lognormal distribution, these

parameters have different values. The mean and the median of a lognonnal distribution actually convey

different infonnation about the distribution. The mean is the centre of gravity of the distribution, while

the median is the centre ofprobability ofthe distribution (parkin and Robinson, 1992).

The log transfonnation was done using naturallogarithrns

Y, = In(x;) x=i, ...,n [6.26]

The mean and the variance of the ln-transfonned data were calculated with Equation 6.27 and 6.28,

respectively.

1 ny = - 2)n(x,) [6.27]
n j=J
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[6.28]

The geometric mean (GM) is computed as Equation 6.29

1 n

GM=exp(- LyJ
n i

[6.29]

The symbol Fl is the product operator, which symbolises the multiplication ofx in the terms that follow

it.

The estimates of the population mean (m) and the variance (S2) were calculated with the

maximum likelihood method (Parkin and Robinson, 1992; Warrick, 1998) Equation 6.30 and 6.31,

respectively

S2
m=exp(y+-)

2
[6.30]

and

[6.31]

To express the data after transformation, the means should be transformed back y' into linear

scale by using their antilogarithms [y'e exp?"]. The back transformed mean of a logarithmically

transformed parameter [i.e., geometric mean (GM)] is an estimator of the population median (parkin

and Robinson, 1992) instead of the mean as suggested by Sokal and Rohlf (1995). The true mean can

be calculated using Equation 6.30; in case of a lognormal distribution. The confidence intervals

assuming a normal distribution of the back transformed variable (y') can be calculated by the method

shown in the Appendix 3-A. The confidence intervals for the median are computed in the logarithrnic

scale, then transformed back into the linear scale (Sokal and Rohlf, 1995). This leads often to

asymmetric limits around the mediano
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For naturallogarithm, the confidence interval is calculated as follow

y'= expry- ±. t
a

•
n
-,..Js2j;;) [6.32]

Here, t is the value of the student distribution with confidence levei a. of probabi!ity, and n-I is the

degree of freedom for the t distribution (n is the number of samples composing the mean) and s is the

standard deviation.

6.2.6.2 Testing the eguality of a set of linear models

Comparing simple linear regression equations or testing the identity of linear equations are

statistical analyses that permit to identify whether the slopes of two or more regression lines differ

significantly. Normally, the following sequence of tests is performed. Firstly, the identity of slopes is

tested, if they are not significantly different then it is tested if the several sets of data are likely to be

from the same population (i.e., if both intercepts and slopes are not significantly different). The use of

statistical tests to compare linear regressions, concerning comparisons of hydraulic functions in this

chapter, permits to answer question such as:

Does a variation of the pressure head (h) in different depths a change in the hydraulic

conductivity in the same magnitude? To answer this question we need to test whether the slopes are

different or noto (See below, hypothesis 6.34 and test 6.35).

Are there significant differences between the hydraulic functions evaluated at different depths

of a soi! profile? For instance, this comparison may permit, to represent the whole profile by only one

function, ifno significant differences between the functions existo To answer this question it should be

first tested ifthe slopes are the same (see, hypothesis 6.34 and Eq. 6.35) and then ifthe intercepts are

the same (hypothesis 6.36 and Eq. 6.37). An overall statistic, that tests both hypotheses together is also

possible (hypothesis 6.39 and Eq. 6.40). However, ifthe overall test shows a difference, it may be still

necessary to employ the previous tests, if one wants to determine whether the differences are due to

different slopes or intercepts. If the tests do not indicate significant differences among depths, a

reduction of the parameters by pooling the data together in a unique equation that represents ali the

pooled depths (or the whole profile) might be possible.
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The statistical tests for the equality of the slopes (i.e., parallelism), the equality of intercepts

(i.e., concurrence) and an overa11 test (i.e., concordance) among k linear equations are given by

Graybill (1976), Seber (1977), Regazzi (1996) and Zar (1999).

Considering the linear equation as

y = ai + r3ix + E [6.33]

Where, a represents the intercept, r3 the slope and E denotes the errors terms.

The statistical hypothesis to test whether. the slopes are the same is (i.e., if the regression lines are

parallel) is

[6.34]

The statistical test to compare slopes is

[6.35]

Here SSc denotes the "common" sum of residuais, SSp is the sum of residuais of a pooled regression, k

the number of equations being compared, and dfp the degree of freedom of the pooled residuais. The F

value estimated by Equation 6.35 should be compared with the F[n. k.l. dfp] critical value calculated from

the F distribution. Here, a is the levei of significance, the other parameters are as defined previously.

The F values can be found in practically ali books ofbasic statistic (e.g., Snedecor and Cochran, 1989;

Steel et aI., 1997; Zar, 1999). If the estimated F value is lower than the critical value of the F

distribution with the appropriate degrees of freedom at the significant a levei, then the hypothesis IL,

should not be rejected, (i.e., the slopes are not different). IfIL, is rejected (F estimated > F crit) it means

that at least a significant difference among the slopes exists, which can be identified using contrast

analysis or multicomparison tests (see, Appendix 3-A for details about multicomparison tests).
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In order to test if the intercepts are identical (i.e., if the lines intercept the y axis at the same

point) the hypothesis is

[6.36]

The test statistic to compare intercepts is

[

SS. -SS, 1
F= k-l

SS,
df,

[6.37]

Here, SS, is the total sum of squares, and df.: is the degree of freedom of the common residuaIs. The

other parameters were previously detined. The F value estimated by the Equation 6.37 should be

compared with the critical F value [a. k·l. dfc]

To test both parameters in an overall test, the hypothesis is

Ho aI = a2 = ...= a" and ~I = ~2 = ...= ~n [6.38]

The overall test for coincidental regression is

[

SS. -ssp]
F= 2(k-l)

SSp
df',

[6.39]

The parameters of the Equation 6.39 were ali previously detined. The F value estimated by the

Equation 6.39 should be compared with the critical F [a. 2(k.1). dfp] value. If this value is not significant (F

estimated > F critical), then ali k regressions are assumed to estimate the same population, and the best

estimate of that population is a pooled regression (Zar, 1999).
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A Fortran Code (Slope) was written by the author to calculate these statistics, which perrnits to

compare the regression lines for parallelism (Eq. 6.35), concurrence (Eq. 6.37), and coincidence (Eq.

6.39). Further, the regression parameter (a and 13)are also calculated. The code is given in Appendix

6.A.

6.2.6.3 Piecewise continuos regression for two segments

The results in Chapter 4 show that the clayey Ferralsols have a bimodal pore size distribution

instead of a conceptualised soil with a continuous unimodal pore size distribution. Furthermore, the

results show a discontinuity in the functional relationship between K and h. Therefore, it may be more

appropriate to consider the function K (h) in discrete intervals and to express the relation by a two-line

regression model. Therefore, the paired data (K, h) obtained from each sequence of infiltration were

then fitted by means of a piecewise continuous regression (with two segments).

A difficulty in fitting a piecewise continuous regression is to determine the break point or joint

point, which separates the two domains. Since its position is unknown, it has to be estimated by

interactive methods of nonlinear squares.

The piecewise regression analysis was used by Ahuja et aI. (1980) in an IPM experiment, and it

has been used to fit data from tension infiltrometer measurements in a soil with multi-domains fluxes

(Keng and Lin, 1982; Messing and Jarvis, 1993; Jarvis and Messing, 1995; Mohanty, 1999)

The exponential model of Gardner (Eq. 6.7) was linearized and rearranged so that Kr = ln (K

Kfs·I).The slopes, the intercept for the second segment, and the water pressure head at the break point

(hp) were determined by non linear least square techniques. A conceptualised piecewise continuous

regression is illustrated in Figure 6.2. A simple computational protocol was developed to estimate the

unknown parameter (ai, a2 and hp) using the non-linear least square method ofLevenberg - Marquardt

in the program Sigma plot 6.0 (SPSS Inc, USA)
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K2 (h)· -if v-h ~ hp

where

KI(h) = u.h

K2(h)=hp(al -(2)+a2·h

20 40 60 80 100

[6.40]

Here ai and a2 are the slopes of segment 1 and 2 respectively. The function K, (h) summarises the

unsaturated hydraulic function govemed by the gravitational process, and K2 (h) segment the relation

which is basically govemed by the flux in capillary pores. The value of hp can be interpreted as a

matric pressure head that divides operationally the two flow domains, i.e., the critical h where flow

changes from gravity dominated to capillary dominated flow or vice versa (Keng and Lin, 1982;

Shouse and Mohanty, 1998). The mathematically and statisticalJy simpler piecewise regression,

however, not a smooth function may have advantages over the others empirical power or exponential

equations normally used to fit hydraulic parameters. Furthermore, the segments, and the break point in

soi! water pressure head

Figure 6.2 Scheme of a piecewise continuous regression
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the piecewise continuous regression can be statistically compared (Seber, 1977; Keng and Lin, 1982;

Draper and Smith, 1998).

6.2.6.4 Scaling theory

Miller and Miller (1956) introduced scaling factors derived from similitude analysis in soiJ

science. Their original geometric similitude concept for scaling hydraulic properties is based on

capillary laws and viscous flow laws, and it presumes that for different locations, the geometry of the

pores is the same with differences only in a characteristic length. Therefore, it can be characterised

completely by scale factors (Figure 6.3). Hence, it implies a constant porosity that limits the use ofthe

original scaling concept for many natural soils (Warrick et a!. 1977). The original scaling concept was

changed, and nowadays scaling methods are based on similarities between soil hydraulic fi.mctions

instead of sirnilarities between respective geometries (Simmons et a!. 1979, Tillotson and Nielsen,

1984; Jury et a!., 1987; Hopmans, 1987; Nielsen et a!., 1998). Scale factors are calculated by regression

methods, and scaling methods based on regression analysis are called "functional normalisation

techniques" (Simmons et a!., 1979; Tillotson and Nielsen, 1980), further they do not require similar

media. Although these scale factors are not directly related to Miller scaling and have no explicit

physical meaning, they are useful to express the variability by a single parameter. The purpose of

scaling is to reduce the number of parameters needed to characterise the variability of soil properties.

(a)

Figure 6.2 Concept of similitude ofMiller and Miller. The porous media (a) and (b) are similar.

(Adapted from Miyazaki, 1993).

In this study, the usefuIness ofthe scaling theory was investigated in combining with piecewise-

regression in order to describe and reduce the spatial variability of hydraulic conductivity fi.mctions.
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The scaling theory was used in a "hybrid media scaling" combining the original concept of Miller and

the functional normalisation. It was based on the scaling technique proposed by Shouse and Mohanty

(1998), however some modifications are explained below. Similar approaches were used for analysing

data from tension infiltrometer by Messing and Jarvis, (1993) and Mohanty (1999).

In this the paired data (K, h.) i....•N obtained by tension infiltrometry under the different positions

within the land use systems were scaled. Application of the scaling method requires a set of reference

parameters. There are several methods for determining the reference parameters, such as using the

field-average parameter values, using parameters for an arbitrary site within the transect, measuring the

parameters at a site independent of the transect, or using previously measured data (Shouse et al.,

1992).

To define the reference model, measured data [K, (h), h] were arbitrarily chosen, and Equation

(6.40) was fitted by non linear regression, giving hp = 21 mm, and ai = -0.1342 and a2 = -0.0803.

Paired [K, (h), h)] i - I•...•N.x -I •...•x] data points were subsequently scaled to the reference curve using the

regression analysis. The scale factors ax for a certain infiltration sequence at position [x], consisting on

N data points (i.e., water pressure heads steps) was then found by rninirnising the sum of squared

differences (SS) between the reference relative hydraulic conductivity curve and the scaled data point

(Eq.6.41).

SS "i=N r h href r= L."i=l LUx i - i [6.41]

A computational code was developed to calculate a.by computing the Equation 6.42 and 6.43

h;'!
(l. =-''.X h.

'.X
i= 1, ...,N [6.42]

I :Li.N
(l =- a·x N j:.l I,X

[6.43]

Here, href is the water pressure head at the reference curve; ax is the scaling factor for a certain

infiltration sequence at a position [x] consisting ofN steps. Once ax for a position x is known, scaled

values h*;,x (= ax h i. x) are calculated for ali water pressure head steps (i = 1,...,N).
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6.3.1.1 Soil core method or constant head method

6.3 RESUL TS AND DISCUSSION

6.3.1 Saturated hydraulic conductivity (K.)

Descriptive statistics ofK, evaluated in the laboratory with the constant head method are shown

in Table 6.1. The complete data set is shown in the Appendix 6.A.

The statistical parameters show a high variability ofK, with a minimum value of96 em d·1 to a

maximum value of 12456 em d·1 in the raw data. The raw K, data show an asymmetric distribution,

indicated by the positive skeweness values (Table 6.1). Therefore, the data were logarithmically

transformed in order to normalise their distribution. The distribution of the logarithmic transformed

data is more symmetrical, what is indicated by the value of skweness around zero. The closer the

skweness value is to zero, the greater is the likelihood for a normal distribution (Hays, 1981). The large

variance and coefficient of variation of the data in Table 6.1 reflects not on1y the true variability of Ks,

but also bias introduced by the sampling method. Two extreme cases are possible when sampling the

clayey Ferralsols to evaluate K, with the constant head method. First, samples could be compacted by

hammering and therefore give minimum values. Conversely, samples containing pores that were open

on both sides in the soil sample (i.e., open-ended macropores) gave maxirnum values. The open-ended

macropores over the length ofthe soi! core caused piping effects (Mohanty et al., 1994). In soils with

macropores like the c1ayey Ferralsols in the central Amazon, evaluation of K, in detached samples,

where the continuity of the macropores outside the length of the soi! sample are not taken into account,

lead to unreliable results.
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Representative elementarv volume CREV)I

Another factor that limits the interpretation of the data from soil core method refers to the soil

volume sampled (in the present experiment 100 cnr'), This volume is probably not large enough to

encompass the REV ofthe saturated hydraulic conductivity for the clayey Ferralsol.

Table 6.1 Saturated hydraulic conductivity - K, [em d -'] evaluated by constant head method in laboratory using soil
samples collected on a c1ayey Ferra1so1 in lhe central Amazon.
Number Commonname SamplesMinimu Maximum Median Mean 95%CI C. V Skewness GM

m Upper Lower %
1.00 Cupuaçu 13 921.4 14665.4 4032.0 4146.2 6314.2 1978.3 90 2.3 3157.3
2.00 Annatto 13 288.0 15624.0 1872.0 3779.0 6501.4 1056.6 120 2.0 2145.0
3.00 BraziI nut 12 1008.0 9360.0 2856.0 3523.1 5064.0 1982.3 70 1.4 2895.7
4.00 Peach palm - F 13 192.0 3528.0 768.0 1264.3 1932.8 595.8 90 0.8 828.6
5.00 Peach palm - P 13 288.0 13296.0 2040.0 3551.4 6114.2 988.6 120 1.5 1797.7
6.00 Pueraria 13 240.7 4560.0 1029.1 1350.3 2059.2 641.4 90 2.0 1011.4
7.00 Cupuaçu 13 2383.4 11208.0 4032.0 4929.1 6436.8 3421.4 50 1.5 4457.9
8.00 Grasses and pueraria 13 607.2 12456.0 1040.2 2293.2 4221.2 365.2 140 3.1 1455.9
9.00 Peach palm - F(m) 14 576.0 4519.9 2537.9 2505.9 3154.3 1857.6 40 0.1 2223.7
10.00 Peach palm - F(ma) 14 144.0 2664.0 856.9 1070.1 1552.9 587.4 80 0.7 752.6
11.00 Peach palm -P(m) 14 360.0 9528.0 1623.5 2607.7 4144.4 1071.0 10 1.8 1737.2
12.00 Peach palm -P(ma) 14 264.0 3912.0 1200.0 1664.7 2460.9 868.6 80 0.7 1151.9
13.00 Vismia 14 96.0 4728.0 2016.0 2432.9 3338.4 1527.5 60 0.3 1728.1

Ln K, [em d·l]
1.00 Cupuaçu 13 6.80 9.60 8.30 8.05 8.51 7.60 9 0.24 8.02
2.00 Annatto 13 5.70 9.70 7.50 7.68 8.35 7.00 15 0.21 7.59
3.00 Brazil nut 12 6.90 9.10 7.95 7.97 8.38 7.55 8 0.14 7.95
4.00 Peach palm - F 13 5.30 8.20 6.60 6.72 7.32 6.12 15 0.04 6.65
5.00 Peach palm - P 13 5.70 9.50 7.60 7.50 8.26 6.74 17 0.17 7.40
6.00 Pueraria 13 5.50 8.40 6.90 6.92 7.39 6.45 11 0.06 6.88
7.00 Cupuaçu(m) 13 7.80 9.30 8.30 8.42 8.69 8.15 5 0.54 8.39
8.00 Grasses and pueraria (m) 13 6.40 9.40 6.90 7.27 7.79 6.75 12 1.39 7.24
9.00 Peach palm - F(m) 14 6.40 8.40 7.85 7.71 8.03 7.40 7 -1.09 7.69
10.00 Peach palm - F(mb) 14 5.00 7.90 6.70 6.63 7.17 6.09 14 -0.28 6.56
11.00 Peach palm -P(m) 14 5.90 9.20 7.40 7.46 8.00 6.93 12 0.21 7.41
12.00 Peach palm -P(mb) 14 5.60 8.30 7.10 7.06 7.59 6.52 13 0.02 6.99
13.00 Vismia 14 4.60 8.50 7.60 7.47 8.09 6.86 14 -1.70 7.37

SE - standard error of lhe mean.
m = monoculture; b = among lhe palms; F = Peach palm for fruits production; P =Peach palm for palm heart production

, A practical definition of a REV is lhe smallest volume of soi! that contains a representation of microscopic variations in ali
forrns and proportions present in lhe system (Bear, 1972). Therefore, it is dependent of the physical quantity investigated
but also on lhe soi! variability under study. Generally, values of REV for capacity or static parameters differ from lhose for
transport parameters. Moreover, values ofa REV oflhe same property for different soi!s are not identical (Warrick, 1998).
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The sampling volume needed to characterise the saturated hyclraulic conductivity of a clayey

soil with macropores was studied by Lauren et aI., (1988). They found that K saturated measurements

made on detached cylinders in the laboratory were extremely unreliable and not at ali comparable with

those made in the field. The discrepancy was primarily explained, because of short-circuiting of water

flow through macrovoids that were continuous through the cylinders.

Relationships between K saturated and core height were also demonstrated by Anderson and

Bouma (1973).

In spite ofbias ofthe method, the higher magnitude ofthe geometric means (GM) ofK, values

in Table 6.1 in relation to the field values of saturated hydraulic conductivity (Kf') (Table 6.2) may be

due to the fact that vertical macropores were filled with water under laboratory conditions. Because

most ofthe entrapped air was removed gradually by saturating the core from the bottom. Moreover, the

differences between the land use systems may be caused by the presence or absence of macropores in

different soil cores. Analysing the K, values in this way, reduced values of K, near the peach palms

[GM around 800 em d·I) and the higher values of K, near the trunks of cupuaçus [GM > 3000 em d·I)

agree with the results of Chapters 3 and 4. Where a reduced range of macropores was found near the

peach palms, and a higher total porosity was found near the trunks of cupuaçus.

The discussion was done using GM (an estimate of the median) instead of arithmetic means,

because GM yields a best estimate of the central tendency of lognormal distributions (Bower and Asce,

1969). GM is frequently used for analyses of K saturated data (Mohanty et aI., 1998; Reynolds et aI.

2000).

In conclusion, although the traditional soil core method with small cores may give some

information about K saturated, this method is not appropriate for the clayey Ferralsols. It produces

highly variable results because of the small sample size, the presence or absence of open-ended

macropores, and variable soil compaction during core extraction. The limitation of the soil core method

reported here agrees with the findings of Anderson and Bouma (1973), Lauren et aI. (1988), Mohanty

et aI. (1994) and Reynolds et aI. (2000).
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6.3.1.2 Field saturated hydraulic conductivity (Krs)

A descriptive analyses of the data set (original values and log transformed) from the disc

infiltrometer calculated with the direct application of Darcy's law (I-dimensional analysis) and the

Ankeny method (3-dimensional analysis) is shown in Table 6.2. The complete data set is shown in

Appendix 6 A. The results of Krs (Table 6.2) are much less variable than the results from the soil core

method (Table 6.1). This is probably related to the fact that in natural conditions the macropores

terminate in the subsoil, and the water had to flow from these filled macropores into the surrounding

matrix. Also, the sample volume assessed by the disc probably approximated the minimum REV for K

saturated in the clayey Ferralsol. The smaller disturbance of the original structure of the soil in relation

to the detached soil core from the constant head method may also be responsible for the higher

precision of Krs. The Krs results are discussed based on the GM of the raw data due to lognormal

distribution as explained above. A brief example of the caIculation of statistical moments in log normal

distributions is given at the end of this section. Details about log normal distributions are given in data

analysis section. In Table 6.2 the results of the logarithmic transformation in the reduction of the CV

are shown.

In the agroforestry system, the soil under the pueraria show the highest values of Krs followed

by those near the trunks of cupuaçu, Krs near the peach palms tends to shows reduced values (the

minimum values), which agrees with the results found using the soil cores and partially confirm the

presence of greater percentage of micropores (Chapter 4). Conversely, these reduced values contrast

with the reduced values of bulk density found near the palms [ca. 0.80 Mg m-3 - Chapter 3]. These

results indicated that bulk density is for many land use systems (or position within the complex

agroforestry system) a rnisleading parameter to infer about hydraulic conductivity (e.g., normally low

bulk density correlates with high hydraulic conductivity).

In agroforestry system several factors, such different pattems in throughfall and stemflow

(Schroth et al., 1999), nutrients (Chapter 3, and Schroth et aI., 2000 a, b) and physical properties

(Chapter 3 and 4) created a deterrninistic or systematic variability within small distances of the same

plot. This variability is a result of different plant species with contrasting characteristics (i.e, growth,

litter production, root distribution and different soil management). The systematic variability is

introduced by different land use system management, and is simultaneously and concurrently
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superposed on changes in soil properties that vary randomly. Therefore, it becomes extremely complex

to interpret parameters such like Kfs in complex land use systems for predictive use.

An expected reduction of the Kfs between cupuaçus growing in monoculture as a consequence

ofhigher soil dispersion, (Chapter 2) and a reduction oftotal porosity (Chapter 3) was not found (Table

6.2 and 6.4). The high values of Kfs found in the more compact soil covered by grasses and pueraria

may be explained that the presence of a small number of macropores (fissures), while comprising a

small portion ofthe total porosity, lead to great Kfs (Beven and German, 1982; Mbagwu, 1995).

Luxmoore et aI. (1981) and Bouma et aI. (1982) show that only few macropores are enough to

lead to high values of Kfs. Wilson and Luxmoore (1988) estimated that 96 % of water flux was

transmitted through the macropores « 0.02 mm of radius) which constituted only 0.32 % of the total

soil volume. Dunn and Philips (1991) reported a value of83 % ofthe saturated flux through 0.10 % of

the total soil volume. These calculations assume that macropore flow follows Poiseuille's law and the

capillary equation. Although these assumptions are not strictly valid, such calculations of field

measurements are still helpful in a relative sense. The capillary equation does not apply to the largest

macropores simply because these are no capillaries.



Table 6.2 Saturated hydraulic conductivities evaluated under field conditions (Kf,) on a clayey Ferralsol in the central Amazon.
Results calculated with Ankeny's method [3-0J and with the direet applieation of Darcy's law [l-O].

Land use system and Saturated Hydraulie conduetivity
specie Kf.[emd·'J

3D 10
Mean Minimum Maximum GM CY+ Mean Minimum Maximum GM CV

Cupuaçu 39.0 12.0 52.7 32.1 60 48.9 11.6 75.9 37.3 68
Annatto 57.0 2.9 101.3 27.1 88 75.8 2.5 135.7 31.2 89

Brazil nut 24.0 3.3 45.9 15.1 89 34.5 4.6 60.3 22.3 81
Peaeh palm - F 11.6 4.7 23.2 9.1 87 24.4 4.6 60.0 13.4 126
Peaeh palm - P 27.0 7.0 41.6 21.1 66 32.3 4.9 54.8 21.6 78

Pueraria 32.0 18.1 50.0 29.3 51 45.4 25.5 62.6 42.5 41
Cupuaçu 115.2 65.1 205.3 100.4 68 136.2 73.5 231.7 121.4 68

Grasses and pueraria 108.8 34.5 187.8 87.7 70 130.3 55.7 191.4 115.3 53
Peaeh palm - F(m) 30.0 10.4 64.9 21.5 100 43.9 15.7 92.8 32.3 97
Peaeh palm - F(ma) 24.5 6.2 56.3 15.7 112 29.5 9.3 65.0 20.5 104
Peaeh palm -P(m) 31.0 2.9 56.9 17.7 87 37.6 3.7 69.6 21.6 88

Peaeh palm -P(ma) 25.2 2.2 39.4 14.4 80 31.6 1.2 51.7 13.6 85
Vismia 76.0 26.7 168.6 53.8 105 90.6 27.6 197.2 63.5 102

IfLnK [em d·'J
3D 10

Cupuaçu 3.47 2.49 3.96 3.39 24 3.61 2.61 4.09 3.51 24
Annatto 3.30 1.08 4.62 2.75 59 3.44 0.91 4.91 2.72 64

Brazil nut 2.72 1.19 3.83 2.43 50 3.10 1.53 4.10 2.85 44
Peaeh palm - F 2.21 1.55 3.14 2.11 38 2.60 1.53 4.09 2.39 51
Peaeh palm - P 3.05 1.94 3.73 2.93 32 3.07 1.60 4.00 2.85 42

Pueraria 3.38 2.89 3.91 3.35 15 3.75 3.24 4.14 3.73 12
Cupuaçu 4.61 4.18 5.32 4.58 14 4.73 4.30 5.45 4.78 13

Grasses and pueraria 4.47 3.54 5.24 4.42 19 4.75 4.02 5.25 4.72 13
Peaeh palm - F(m) 3.07 2.34 4.17 2.97 32 3.48 2.75 4.53 3.40 26

Peaeh palm - F(mb) 2.75 1.83 4.03 2.61 41 3.02 2.23 4.17 2.91 34
Peaeh palm -P(m) 2.87 1.08 4.04 2.48 55 3.07 1.30 4.24 2.73 51
Peaeh palm -P(mb) 2.67 0.80 3.67 2.18 61 2.61 0.15 3.95 1.30 82

Vismia 3.97 3.28 5.13 3.91 25 4.15 3.32 5.28 4.07 24
GM geometrie mean; • CV - coefficient of variation around the arithmetie mean.
m = monoeulture; b = between palms;
F = Peaeh palm for fruits produetion;
P = Peaeh palm for palm heart produetion

I
:õ
'"
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Ca\culations based on PoiseuiUe's law are erroneous because water fiow in rnacropores is not

laminar (Chen and Waganet, 1992), and macropores need not be filled to conduct water (Philips et aI.,

1989; Beven and German, 1981). Therefore, the high values of Kfs found in the more compact soi!

covered by grasses and pueraria may be explained that the presence of a smaIl number of macropores,

while comprising a smaIl portion of the total porosity, lead to great Kfs (Beven and German, 1982;

Mbagwu, 1995).

An intense macrofauna activity in the secondary forest (Rõmbke and Garcia, 2001) are probably

related to the high values of saturated hydraulic conductivity. The true Kfs for this site would even be

higher. Due the fact that , positions with "big holes" originating from the intense activity of earthworms

were avoided for practical reasons. Those position, certainly, have a very high Kfs.

A cornparison between the saturated hydraulic conductivity obtained through different methods

(i.e., the soil core, lD and 3D calculations) shows that although differences in magnitude were found

between the field method and laboratory methods, many trends were similar. As discussed above in the

soil core method, a clear tendency of reduction of the infiltration rate near the peach palms could be

identified. Nevertheless, the magnitude of the Kfs values was still relatively high. Therefore, only

intermittent ponded areas after very intense rains could be observed, especiaIly in the monoculture of

peach palm.

The values of Kfs estimates using the I-D and 3-D approach are similar (Table 6.2). Some

variation is probably related to pockets of entrapped air, and horizontal flow of water due to the

reduced radius of the outer ring.

The values obtained for Kfs in the presented study (Table 6.2 and 6.4) are considerably lower

than previously reported values evaluated in clayey Ferralsols in the central Amazon (Table 6.3). This

great variabi!ity between the results are probably not only a consequence of different land use systems

or the natural soi! variability but it may be also a consequence of the different methods, boundary

conditions and the calculation methods used. When measurements of K saturated are performed in the

fieId to be used in comparisons among different treatments, the conditions of the measurements such as

water quality, temperature, soil moisture, surface conditions, lengths of inundation and infiltration flow

system, should be reported in detail to aIlow reliable comparisons and interpretation ofthe results.
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Table 6.3 Saturated hydraulic (K) conductivity evaluated with different methocls at the soi! surface on clayey Ferralsol in the
central Amazon

Authors Method Land use system evaluated K (em d·')!
Nortcliff and Thornes, 1981 Constant head + Primary Forest 156- 322

Corrêa, 1985 a Constant head + Traditional tillage
Notillage

Rotavator system
Primary forest

800
395
724
1197

Corrêa, 1985 b Double ring Mechanized conventional
No tillage
Rotavator

Primary forest

359
174
323
1500

Medina, 1985 Double ring Land c1earing - Mecbanized
Land clearing - Manual

Primary forest

34
269
708

Medina e Leite 1985 Double ring Rubber tree with pueraria
Rubber tree with grasses
Rubber tree with coffee

Secondary forest
Primary forest

684
792
1416
545
535

Tomassela and Hodnett, 1996 Ring Permeater Pasture 159 [43 - 528]
+ Laboratory method; t Arithmetic mean

The values more appropriate for some comparisons (Table 6.2) are those evaluated by

Tomasella and Hodnett (1996) who also used a similar disc infiltrometer. Their results agree in

magnitude with the values found in the present study. The magnitude ofthe results are lower than those

obtained by ponding water in the double ring method, This may be due not only by a reduced

conductance caused by the contact sand and the porous membrane of the infiltrometer (Reynolds and

Zebchuk, 1996), but and principally because the cJayey Ferralsols show a positive air entry point (i.e.,

when the soil matrix potential is zero some pores still empty). Because of presence of large macropores

in this cJayey Ferralsol, K changes dramatically with even small changes in pressure head (i.e., changes

in two orders of magnitude occur with a rnillimetric variation of the pressure head near saturation and

with small water pressures),

Most of the studies and mathematical equations about K are developed on soils with relatively

low water intake rates in the temperate regions (e.g, Brooks and Corey; Campbel and van Genuchten-

Mualen model, see discussion about this model in the inverse methods section), In these soils a fIat

region of the functions that relate K with e or h near saturation is normally found, Further, K is

normally taken as a constant value for h :<: o.
Figure 6.4 shows an example of measured Kfs where this fIat region is not found and the Kfs

values continues to increase with increasing h for positive values. In the clayey Ferralsols, small

changes of h near the saturation or with positive pressure head lead to significant changes in the

infiltration rates,
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Figure 6.4 Relationship between hydraulic conductivity and matric pressure head evaluated with
tension infiltrometer on the soil surface of an c1ayey Ferralsol in the central Amazon, The line of a
theoretical function K(h) for a theoretical soil without macropores is also plotted.

This phenomenon was also reported by Logdson et al. (1993) and McCoy et al. (1994) in a study on

evaluation of K in macroporous soils. If this phenomenon is not taken into account, it could lead to

serious overestimation when modelling soil water fluxes, especially in situations of the occurrence of

ponding. Therefore, hydraulic models that assume a negative air-entry pressure point, must be modified

to be appropriate for simulation studies, The disc infiltrometer available in this study did not permited

further measurements ofthis phenomenon because ofthe extremely high fluxes that made the readings

and refilling ofthe reservoir unfeasible.

The Kfsvalues evaluated with disc infiltrometer are better characterized indicating that the value

was measured at a water pressure near zero [e.g, Kfs (h '" O)], and it should be pointed out that they do

not represent the maxirnum infiltration rate on clayey Ferralsols, More reliable methods for field

conditions, and a mathematical theory to describe K saturated in soils with macropores are subject to

further investigations.
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As discussed above, K saturated values are frequently lognormal distributed, and the analysis of

log normal distribution is in many studies misleading. Transforming the logarithmically transformed

values (normally used in statistical analysis) back for the linear scale is usually done by taking the

antilogarithm of the mean of the ln transformed values. This is equivalent to an estimation of the

geometrical mean of a log normal distribution and not of an arithmetic mean. Fortunately, in most

studies of soil hydrology the geometric mean will be the most appropriate representation of the central

tendency (Bower and Asce, 1969). In some circumstances (e.g., when mass calculation is involved,

Parkin and Robinson, 1992) the arithmetic mean is more appropriate. Furthermore, high1y variable

parameters such as K saturated are better understood and more completely described if the probability

density function (pdf) is estimated. Stochastic modelling, or statistical modelling analyses, which

include a component to examine the uncertainty of sirnulation result, need estimates of the mean and

variance of the parameters. The maximum likelihood method was used to estimate these moments for

the Kfs (Eq. 6.30 and 6.31). The results are shown in Table 6.4, and give a complete description of Kj,

(h '" O).They will be used in ongoing water simulation studies.

Table 6.4 Saturated hydraulic conductivity [Kf, (h ••O)]evaluated with disc
infiltrometer in a clayey Ferralsols in the central Amazon.

Land use system Specie MeanT Variance

Agroforestry Cupuaçu
Agroforestry Annatto
Agroforestry BraziI nut
Agroforestry Peach palm -F
Agroforestry Peach palm -P
Agroforestry Pueraria
Monoculture Cupuaçu
Monoculture Grass
Monoculture Peach palm - F
Monoculture Peach palm - aF
Monoculture Peach palm - P
Monoculture Peach palm - aP

Secondary Forest Vismia

46.06
176.61
38.42

12.85
33.74
33.40
121.81
126.85
34.50
30.13
61.55
53.33
88.03

2249.64
1296350.05

8056.56
165.49
1771.19
332.03

7106.15
17601.12
1869.81
2434.72
42146.29
36309.10
13742.67

T The probability density function is log normal.
F = Peach palm for fruits production; P = Peach palm - for palm heart production
a = between palms
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6.3.2 Unsaturated hydraulic conductivity (K)

6.3.2.1 Instantaneous profile method (IPM)

In the clayey Ferralsols in the central Amazon, when only internal drainage is allowed, the

variation of6 is very slow and below the precision ofthe TDR. The measured data set with volurnetrie

soil water (6) and matrix potential (h) in the IPM experiment is shown in Table 6.5. The measured data

show some noise behaviour especially in the 6 measurements, beeause the precision of the TDR

technique is not sufficient to evaluate variation lower than about 2 % (see, Chapter 5). It should be

stressed that none of the available methods to evaluate 6 in field conditions show a preeision higher

than 2 %. Concurrentiy, soil variability also eontributed to the noise behaviour of the results between

depths. Therefore, srnoothing function were used to fit the functional relationship between 6 and t for

eaeh depth [6*(t, z)]. The results show that between the equations tested [Eq. 6.17 to 6.19] the power

equation is the best option for the depths of 10, 20, 40 em. However, the linear equation fitted better the

deeper layers (Table 6.5). The linear variation in the deeper layers is related to the small variation of 6.

Table 6.7 shows the estimated [6* (z, t)] data with respect to time for eaeh depth calculated using the

selected funetion presented in Table 6.6.

Table 6.8 shows the eoefficients and statistical parameters of the equations tested to relate soil

water storage CW) to (z, t). The power equation was selected for ali depths and used to estimate a new

W* with respect to time for each depth (Table 6.9).



Table 6.5 Volumetric water content (6) and matrix potential (b) in different depths evaluated in a lPM experiment in an clayey Ferralsol in the central
Amazon.

Time 6 (Volumetric water content - m' m" )___ h [matrix potential- em]
Accumulated hours Depth

10 20 40 60 80 90 10 20 40 60 80 90

O 0.4056 0.4416 0.4956 0.4213 0.5204 0.4990 -13.4 -10.9 -14.9 -13.8 -6.4 -1.4

3.50 0.4011 0.4303 0.4900 0.4146 0.5170 0.4968 -22.2 -24.8 -23.7 -30.1 -26.5 -24.1
21.25 0.3954 0.4168 0.4833 0.4101 0.5046 0.4866 -41.1 -48.7 -45.1 -52.8 -49.2 -48.0

47.25 0.3887 0.4112 0.4844 0.4123 0.5080 0.4911 -53.7 -63.8 -61.5 -66.7 -63.1 -64.4

69.33 0.3864 0.4067 0.4810 0.4078 0.5046 0.4889 -61.2 -71.4 -71.6 -74.2 -66.8 -65.7

93.50 0.3853 0.4067 0.4787 0.4157 0.5137 0.4866 -70.1 -80.2 -79.1 -79.3 -73.1 -72.0

117.33 0.3864 0.4078 0.4787 0.4112 0.5114 0.4855 -75.1 -86.5 -84.2 -84.3 -79.4 -75.7
141.67 0.3808 0.4033 0.4776 0.4078 0.5125 0.4855 -78.9 -89.0 -91.7 -86.8 -84.5 -82.0
165.33 0.3808 0.4022 0.4742 0.4056 0.5103 0.4833 -83.9 -95.3 -94.2 -93.1 -85.7 -83.3

189.42 0.3808 0.4022 0.4742 0.4067 0.5024 0.4697 -86.4 -99.1 -99.3 -94.4 -90.8 -88.3 II212.80 0.3740 0.3966 0.4720 0.4044 0.5024 0.4697 -91.5 -104.2 -103.1 -100.7 -97.1 -94.6
237.92 0.3763 0.3988 0.4720 0.4044 0.5024 0.4731 -92.7 -106.7 -106.8 -103.2 -99.6 -95.9
261.17 0.3785 0.4011 0.4754 0.4078 0.5024 0.4754 -97.8 -111.7 -110.6 -105.7 -102.1 -99.7
286.42 0.3797 0.4022 0.4686 0..3999 0.4934 0.4697 -99.0 -113.0 -114.4 -112.0 -99.6 -103.5
309.33 0.3763 0.3988 0.4720 0.4022 0.4956 0.4731 -104.1 -116.8 -116.9 -113.3 -105.9 -103.5
333.33 0.3774 0.3999 0.4731 0..3988 0.4968 0.4709 -105.3 -119.3 -119.4 -115.8 -108.4 -104.7
357.33 0.3763 0.3999 0.4731 0..3999 0.4956 0.4709 -107.9 -123.1 ·122.0 -117.1 -110.9 -108.5
381.67 0.3774 0.4011 0.4720 0..3999 0.5001 0.4709 -112.9 -125.6 -124.5 -120.9 -114.7 -113.5
407.17 0.3774 0.3999 0.4697 0..3943 0.4923 0.4641 -112.9 -128.1 -127.0 -122.1 -116.0 -113.5

IVov.
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Table 6.6 Selection of smoothing equations to fit volumetric soil water content (8) in function of time for

different depths [a (1,zj]
Depht Model fi d.f. F Sig bo b,
0-10 Linear 0.69 17 37.47 0.0001 0.394 -6.00E-05
0-10 Log 0.94 17 271.25 0.0001 0.4079 -5.30E-03
0-10 Power 0.94 17 252.45 0.0001 0.4082 -0.0135
10-20 Linear 0.54 17 19.88 0.0001 0.4189 -6.00&05
10-20 Log 0.96 17 456.51 0.0001 0.4391 -7.00E-03
10-20 Power 0.97 17 462.75 0.0001 0.4393 -0.0167
20-40 Linear 0.73 17 45.94 0.0001 0.4859 -5.00E-05
20-40 Log 0.92 17 206.33 0.0001 0.4966 -4.20&03
20-40 Power 0.92 17 197.09 0.0001 0.4967 -0.0087
40-60 Linear 0.82 17 79.23 0.0001 0.4154 -5.00E-05
40-60 Log 0.69 17 37.43 0.0001 0.4225 -3.40E-03
40-60 Power 0.68 17 36.5 0.0001 0.4226 -0.0083
60-80 Linear 0.72 17 42.72 0.0001 0.5144 -5.00E-05
60- 80 Log 0.60 17 25.61 0.0001 0.5224 -3.80E-03
60- 80 Power 0.60 17 25.15 0.0001 0.5226 -0.0076
80-90 Linear 0.84 17 87.03 0.0001 0.4932 -7.00E-05
80-90 Log 0.74 17 48.42 0.0001 0.505 -0.0055
80-90 Power 0.73 17 46.8 0.0001 0.5054 -0.0113

!talicised letter indicate the selected equations

Table 6.7 Volumetric soil water content [a. - m' m"] estimated in different depth profiles
in relation to different times in the IPM experiment.

Accumulated hours Depth [em]
[h] 0-10 0-20 0-40 0-60
O 0.4079 0.4391 0.4966 0.4154

3.50 0.4013 0.4303 0.4913 0.4152
21.25 0.3917 0.4177 0.4838 0.4143
47.25 0.3875 0.4121 0.4804 0.4130
69.33 0.3854 0.4094 0.4788 0.4119
93.50 0.3838 0.4073 0.4775 0.4107
117.33 0.3826 0.4057 0.4766 0.4095
141.67 0.3816 0.4044 0.4758 0.4083
165.33 0.3808 0.4033 0.4751 0.4071
189.42 0.3801 0.4024 0.4746 0.4059
212.80 0.3795 0.4016 0.4741 0.4048
237.92 0.3789 0.4008 0.4736 0.4035
261.17 0.3784 0.4001 0.4732 0.4023
286.42 0.3779 0.3995 0.4728 0.4011
309.33 0.3775 0.3990 0.4725 0.3999
333.33 0.3771 0.3984 0.4722 0.3987
357.33 0.3767 0.3979 0.4719 0.3975
381.67 0.3764 0.3975 0.4716 0.3963
407.17 0.3761 0.3970 0.4714 0.3950

0-80
0.5144
0.5142
0.5133
0.5120
0.5109
0.5097
0.5085
0.5073
0.5061
0.5049
0.5038
0.5025
0.5013
0.5001
0.4989
0.4977
0.4965
0.4953
0.4940

0-90
0.4932
0.4930
0.4917
0.4899
0.4883
0.4867
0.4850
0.4833
0.4816
0.4799
0.4783
0.4765
0.4749
0.4732
0.4715
0.4699
0.4682
0.4665
0.4647
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Table6.8 Selectionof smootlúngequationsto fit soilwater storage(W) in functionoftime fordifferent
depths (W(I, z)] in the IPM e~ent

0-10 Linear 0.68 17 36.57 0.0001 3.9363 -0.0005
0-10 Log 0.91 17 161.71 0.0001 3.9793 -0.0331
0-10 Power 0.90 17 151.96 0.0001 3.978 -0.0085
0-20 Linear 0.67 17 34.5 0.0001 8.1351 -0.0012
0-20 Log 0.91 17 161.86 0.0001 8.2371 -0.0768
0-20 Power 0.90 17 151.82 0.0001 8.2337 -0.0095
0-40 Linear 0.67 17 35.08 0.0001 17.3142 -0.0022
0-40 Log 0.90 17 160.5 0.0001 17.4951 ~0.1371
0-40 Power 0.90 17 152.01 0.0001 17.49 -0.008
0-60 Linear 0.78 17 58.97 0.0001 25.711 -0.0033
0-60 Log 0.86 17 103.97 0.0001 25.8949 -0.1826
0-60 Power 0.85 17 98.91 0.0001 25.8899 -0.0072
0-80 Linear 0.84 17 89.71 0.0001 35.6534 -0.0043
0-80 Log 0.81 17 73.13 0.0001 35.8243 -0.2236
0-80 Power 0.81 17 70.18 0.0001 35.8199 -0.0063
0-90 Linear 0.89 17 143.53 0.0001 40.8253 -0.0051
0-90 Log 0.76 17 53.48 0.0001 40.9551 -0.2487
0-90 Power 0.75 17 51.5 0.0001 40.9512 -0.0062

Italicisedletters indicatethe selectedequation.

Table 6.9 shows the soil water storage (W) ealeulated for eaeh depth using the e·data (Table

6.7) in the Equation 6.20. The relationships [W, (t, z)] were smoothed with respeet to time for eaeh

depth generating the smoothed funetional relationships W"(z, t) (Table 6.10)

Tensiometers were used in the IPM experiment to evaluate the hydraulie gradient and their

possible fluetuation in time. Figure 6.5 shows profiles ofthe total potential (H) and matrie potential (h)

as a funetion of time. Only small deviations are observed from the unit gradient (partieularly for the

depth of 10 em in the dry period). However, in praetiee, these deviations are not signifieant in the tlux

ealeulations sinee the tluxes in the dry range are too small. Conc1uding, these results permit the use of a

unit gradient approaeh in the tlux ealeulation for this c1ayey Ferralsol. Moreover, it is also an indieation

ofthe predominanee ofvertieal flow. Certainly, when the interests lay in the dry range, the assumption

of the unit gradient may yield inaeeurate K values. Sinee the unit gradient was verified, taking the

derivative of the funetional relationships W· (z, t) at seleeted times gives already values of the

instantaneous flux whieh equals K (Table 6.10).
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Table 6.9 Storage water content (W) in different depth in function of time for different
depths in the IPM experimenl- After smoothing of ê (I, z)].

Accumulated hours Depth
[h) 0-10 0-20 0-40 0-60 0-80 0-90

W[mm)
O 4.08 8.47 17.91 26.39 36.37 41.50

3.50 4.01 8.32 17.64 26.07 36.04 41.18
21.25 3.92 8.09 17.24 25.61 35.53 40.69
47.25 3.88 8.00 17.07 25.40 35.28 40.42
69.33 3.85 7.95 16.98 25.28 35.14 40.27
93.50 3.84 7.91 16.91 25.19 35.02 40.14
117.33 3.83 7.88 16.87 25.12 34.93 40.02
141.67 3.82 7.86 16.82 25.05 34.84 39.91
165.33 3.81 7.84 16.79 24.99 34.76 39.81
189.42 3.80 7.83 16.76 24.95 34.69 39.72
212.80 3.80 7.81 16.74 24.90 34.62 39.63
237.92 3.79 7.80 16.71 24.85 34.55 39.54
261.17 3.78 7.79 16.69 24.81 34.48 39.45
286.42 3.78 7.77 16.67 24.77 34.42 39.37
309.33 3.78 7.77 16.65 24.73 34.36 39.29
333.33 3.77 7.76 16.64 24.70 34.31 39.21
357.33 3.77 7.75 16.62 24.66 34.25 39.13
381.67 3.76 7.74 16.61 24.63 34.19 39.05
407.17 3.76 7.73 16.59 24.59 34.14 38.97

Table 6.10 Instantaneous hydraulic conductivity K [em h·') in function of time for
different layers evaluated with IPM method on a clayey Ferralsol in the central Amazon.

Accumulated Layers [em]
hours

0-10 10-20 20-40 40-60 60-80 80-90
aWlôtt
K[cmd-')

O 8.43908 19.61236 34.84103 46.24599 55.75402 62.70029
3.50 0.02294 0.05300 0.09499 0.12667 0.15353 0.17275

21.25 0.00372 0.00858 0.01542 0.02059 0.02500 0.02814
47.25 0.00166 0.00383 0.00689 0.00921 0.01119 0.01259
69.33 0.00113 0.00260 0.00468 0.00626 0.00761 0.00856
93.50 0.00084 0.00192 0.00346 0.00463 0.00563 0.00634
117.33 0.00066 0.00153 0.00276 0.00368 0.00448 0.00504
141.67 0.00055 0.00126 0.00228 0.00305 0.00371 0.00417
165.33 0.00047 0.00108 0.00195 0.00261 0.00317 0.00357
189.42 0.00041 0.00094 0.00170 0.00227 0.00277 0.00311
212.80 0.00036 0.00084 0.00151 0.00202 0.00246 0.00277
237.92 0.00033 0.00075 0.00135 0.00181 0.00220 0.00248
261.17 0.00030 0.00068 0.00123 0.00165 0.00200 0.00225
286.42 0.00027 0.00062 0.00112 0.00150 0.00182 0.00205
309.33 0.00025 0.00057 0.00104 0.00139 0.00169 0.00190
333.33 0.00023 0.00053 0.00096 0.00129 0.00157 0.00176
357.33 0.00022 0.00050 0.00090 0.00120 0.00146 0.00164
381.67 0.00020 0.00046 0.00084 0.00112 0.00137 0.00154
407.17 0.00019 0.00044 0.00079 0.00105 0.00128 0.00144

t First derivative of the power functíons aWlôt = [b x bo x I ("'»).
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The variations of K in function of 8 for ali depths are illustrated in a scatter plot in Figure 6.6; which

shows that K in the unsaturated range is by about five orders of magnitude lower than near saturation.

Moreover, two typical behaviours can be identified: i) a linear one for the superficiallayers and ii) a

curvilineous for the deeper layers. This is probably related to fact that, when the evaluation started in

the IPM experiment the first layers had already drained the water from the large pores (see first values

ofthe data in Table 6.6) while in the deeper layers the drainage process was still in progress in a broad

range of radius of pores. It is obvious that the concentration of macropores in the first layers contributes

to this phenomenon.

The functional relationships between K and 8 (Figure 6.6) were estimated by linear regression using

the linear form of the Equation 6.5. Further, ln K was plotted as a function of (8 o - 8) in Figure 6.6 b

and c. The coefficients and statistical results of the fitted equations ln K (z, 80-8) show a very good fit

for the depths of 10; 20 and 40 em, but significant deviations were found for the depths of 60, 80 and

90 em (indicated by a smal! r). That deviations is probably due the fact that the linearization of these

functions was not able to fit the distinct behaviour of the water fluxes in the two different domains in

the deeper layers. A probable explanation is that near saturation both domains were transmitting water,

but after apressure head of [40 mm] only the micropore domains were operating. This can be further

elucidated remembering that water flow is governed by different physical forces (e.g., gravity,

capillarity, and absorption) in each pore group (e.g. macropores, mesopores, and micropores). For

example, gravity may dominate the flow process in the macropores, whereas capil!ary forces will

dominate flow in the micropores. Because of differences in the governing forces, the hydraulic

conductivity can increase/decrease several orders of magnitude across one or more threshold soil water

pressure head(s) separating the different flow regions (Mohanty, 1999).
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The sirnilarities of the linear equations (Figure 6.6 and Table 6.11) were tested in relation to parallelism and

concordance.

Table 6.11 Parameters of lhe Equation In K (9) = ln Ko + ~ (9-90) for
different depths on a soil profile in a clayey Ferralsols.

Depth 90 Ko" À Std. Error R'
0-10 0.4079 -0.2129 190.0662 0.0056 0.99
10-20 0.4391 0.6344 144.2777 0.0039 0.99
20-40 0.4966 1.2143 240.0519 0.0066 0.99
40-60 0.4154 -1.7964 163.4216 0.6507 0.73
60-80 0.5144 -1.6024 163.2759 0.6501 0.73
80-90 0.4932 -1.4868 116.6923 0.6482 0.73

+ The first paired data was eliminated in lhe regression analysis

The results showed that these funetions are distinet for intereept eoeffieients as well as for slopes

(Table 6.12). Therefore, they should not be pooled in a single equation, representing the whole profile.

For the layers of 10, 20 and 40 em depth distinet equations should be used.

Table 6.12 Parameter estimated for testing lhe differences between lhe equations for
common intercept and parallelism for lhe depths of 0-10; 10-20 and 20-40 cm.

Source F cal. df, di' F (a _ O.Oll P
Testing for difference among regression

f Degrees of freedom of nurnerator and denominator for F distribution.

Common intercept 298 2, 50 3.18 1.00
Parallelism 52242 2,48 3.19 1.00

A visual inspeetion of the pieeewise equation for the deeper layers shows that the equations have the

same slopes. Moreover, the values of the pressure head in the break point (hp) in the pieeewise

equation are interpreted as the h that divides operationally the two domains. The hp values are similar

for the three depths analyzed (Table 6.13). The fluxes whieh occur between the aggregates (i.e.,

macropores fluxes) and in the aggregates (i.e., micropore fluxes) could be better represented by a

piecewise eontinuous functions (Figure 6.6 c and Table 6.13).

Table 6.13 Parameters of lhe piecewise equations for lhe three depths on a soil profile on
a clayey Ferralsol.

Std. Error ?
40-60 0.4154 -3.1066 73.5811 -1.8410 231.7811 -0.0076
60-80 0.5144 -2.9114 73.5159 -1.7101 231.5757 -0.0076
80-90 0.4932 -2.7186 55.84895 -1.5092 186.5652 -0.0093

0.0528
0.0528
0.0535

0.99
0.99
0.99

+ The first paired data were eliminated in lhe regression analysis.
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The parallelism visualised in the Figure 6.6(c) can be interpreted in the sense that the clayey

Ferralsol has as homogeneous hydraulic behaviour (i.e., a variation in h results in the same magnitude

of variation on K for different depths). The parallelism of the hydraulic functions may permit a

reduction of the number of parameters needed to describe the hydraulic properties of the clayey

Ferralsols. The offset in the hydraulic functions between the depths is related to the different porosities.

A similar trend was observed in a study carried out on a clayey Ferralsol by Tomasella and Hodnett

(1996).

Some indications of the existence of a fluffy horizon located between two more compacted ones

(see, Chapter 3 and 4) are reconfirmed here. The curve at the depth of 60 em is situated near the curves

of the more superficial depths (Figure 6.6), as a consequence of the presence of macropores in these

depths (see, Chapter 4). The increase of the values of K with depth is a consequence of an increase of

the actual values of ê with depth.

Accuracy ofthe prediction ofK (e) with IPM

The accuracy, precision and validation of the results evaluated in the direct measurements by

the IPM have been questioned (Reichardt et ai, 1998; Falleiros et aI., 1998; Jong van Lier and Libardi,

1999). However, some studies as Chong et aI. (1981), Jones and Wagenet (1984) and Comegna et aI.

(1996) obtained a relatively low CV for the water fluxes estimated using the parameters obtained in the

IPM method. The error analyses carried out by Flühler et aI. (1976), Reichardt et aI. (1998) show that

the estimation of K is very sensitive to experimental errors. Variation of 200% or more for very small

deviations in e can be found. Errors in K values obtained during the early stage of measurement in the

IPM experiments arise from the flux measurement and at later times (small K values) error in water

content is more serious (Green et ai, 1986). Since e shows a high spatial variability at small scale and

cannot be measured in the field with errors of less than 3 - 4 % in the clay Ferralsol; the use of the

Darcy - Buckinghan Equation, has a restricted use to monitor soil water dynamics.
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The functions K (h)

The scatter plot of data for K and h evaluated at different depths is shown in Figure 6.7.
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Figure 6.7 Relationship between unsaturated hydraulic conductivity [K] and matric pressure head [h]
evaluated in IPM experiment on an c1ayey Ferralsol in the central Amazon

A reduced scatter is observed ofthe data K vs. h in comparison to the K vs. e (Figure 6.7 ando Figure

6.6). In the analyses of the K (h) functions, no smoothing techniques were applied. The functional

relationships between K and h were titted using the linear forrn of the Equation 6.22. The parameters

Ko and Â were deterrnined by linear regression analyses. The coefficients and statistical indicators are

shown in Table 6.14.
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Table 6.14 Parameters ofthe Equation In K (h) = ln Ko+ [I•.(h-ho)] for
different depths on a soil profile on a cJayey Ferralsol.

Depths ho Ko + 13 Std. Error Rl
(em]

0-10 -13.4 -1.9201 0.0465 0.3012 0.94
10-20 -10.9 -0.7970 0.0421 0.2715 0.95
20-40 -14.9 -0.4680 0.0413 0.2697 0.95
40-60 -13.8 0.0473 0.2919 0.2754 0.95
60-80 -6.4 0.7201 0.0491 0.2715 0.95
80-90 -1.4 1.0314 0.0495 0.2669 0.95

+ The first paired data were eliminated in the regression

Figure 6.8 shows the fitted equation [K vs. h] and the measured data. The equations for the

depths ofO-IO; 10-20 and 20-40 em were compared in relation to the slope and intercept (Table 6.15),

showing that the equations have a similar slopes (p > 0.10). Therefore, these functions can be

represented by only one function where only the intercept needs to be changed to represent different

depths. This approach can be used in simulation models and error analysis, where a reduction of the

parameters is a vital task. Some deviation in the inclination of the curve in the dry range can surely

better fitted by piecewise equations if higher accuracy is required.

Table 6.15 Parameter estimates for testing the differenees between the equations
for common intereept and parallelism for lhe depths of O-I O, 10-20and 20-40em.

Testing for differenee among regression
Source F cal. df, (íff F Ig _ oO,) p

Common
intereept

ParaJlelism

203.29 5, 101 3.18 1.00

1.94 5,96 2.30
(190')

1.00

f Degrees of freedom of numerator and denorninator for the F distribution ;
I F value at a = 0.10
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6.3.2.2 Tension infiltrometer (TI)
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Table 6.16 shows the scope ofinfiltration measurements carried out with TI. The complete data

set is shown in Appendix 6-A. Figure 6.9 (a) shows that K (h) values vary by tbree to four orders of

magnitude between 0-70 mm of water pressure head (h). Figure 6.9 (b) shows that calculating

logarithmic values of the relative hydraulic conductivity Kr [Kr = K (h)lKs 1 results in reducing of the

variability of the data. The calculation of Kr alleviates any gravity dominated macropore flow near

saturation, which has little or no influence on water flow under unsaturated conditions (Shouse and

Mohanty, 1998; Mohanty, 1999). Figure 6.9 (c) shows that assuming geometric similarity among the

locations, h could be successfully scaled. The reference function fitted to the data is also shown. In an

overall analysis ofthe K data, a breakpoint that operationally divides the flux is located near 20 mm of

h. Wilson and Luxrnoore (1988) found also a division '" 20 mm of h to separate macropore from

micropore flow, while Luxrnoore and Wilson (1989) found a division about '" 30 mm, and Jarvis and

Messing (1985) around '" 40 mm.

Table 6.16 Scope ofinflitration measurements conducted wilh lhe tension Infiltrometer

Cupuaçu 3
Annatto 3

Brazil nut 2
Peach palm - F 2
Peach palm - P 3

Pueraria 3
Cupuaçu 3

Orasses and pueraria 3
Peach palm - F(m) 3

Peach palm - F(mb) 3
Peach palm - P(m) 3
Peach palm -P(mb) 3

Vismia 3
TOTAL 37

4-7
4-7
6
7

6-7
6-8
6-7
4-7
6-7
6-7
5-7
6-7
7

Number Land use system common name Replicate infiltration sequence Tension steps Total data Q (h)
for K ana1ysis

1
2
3
4
5
6
7
8
9
10
11
12
13

Agroforestry
Agroforestry
Agroforestry
Agroforestry
Agroforestry
Agroforestry
Monoculture
Monoculture
Monoculture
Monoculture
Monoculture
Monoculture

Secondary forest

17
17
12
14
20
21
20
17
20
19
18
20
21

237

m = monoculture; b = between lhe palms; F - Peach palm for fruits production; P Peach palm for palm heart production
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Table 6.17 shows the CV of the scale factors for the different land use systems and positions

evaluated. These CV values, which ranged from 10 to 51 %, are much smaller than those previously

reported by Warrick et aI. (1997) but are in the same range as those found by Hopmans (1987) and

Messing and Jarvis (1995). The rather small to moderate degree of spatial variability in the scale

factors probably reflects the fact that a representative measurement volume was encompassed by the

relative large disc radius, as well as a reduced disturbance of the soil during preparation of the site

where the disc was installed.

Table 6.17Coefficient ofvariation ofthe sca1e factors.
Localization Mean Coefficient of variation

[%]
Agroforestry

Cupuaçu 1.348 29
Annato 1.316 39

Brazil nut 0.883 51
Peach palm F 1.037 35

Peach palm - PH 1.128 II
Pueraria 1.438 43

Monocultures
Cupuçu 1.592 10
Grasses 1.184 22

Peach palm - F 1.816 33
between Peach palm F 1.893 21

Peach palm - PH 1.391 24
between Peach palm - PH 1.148 14

Vismia 1.265 20
F - fruit; PH - palm heart

A comparison between the results from the monoculture of peach palm for fruits and palm heart

did not show relevant differences in the form of the curve. Therefore, the data are pooled and analysed

together. Figure 6.10 iIIustrates the similarity ofthe relationships between K and h for those positions.

Table 6.18 shows the piecewise equations fitted for each monoculture, and the equation fitted with ali

data pooled.
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Table 6.18 Coefficients and statistical parameters of lhe piecewise regression for lhe position
among lhe peach palms in monoculture.

Treatment n a2 132 bp ?
Peach palm - Fruits 19

Peach palm - PaIm heart 20
-0.1672
-0.1182

-0.0084
-0.0001

-4.3036 27
-3.7913 32

0.6220
0.6925

0.92
0.84

Pooled regression 39 -0.1345 -0.0060 -4.0514 31 0.7412 0.86

Further, Figure 6.10 shows that in lhe monoculture ofpeach palm, lhe functions near lhe trunks

and far away from lhe trunks show a similar behaviour. But lhis changes for h greater than ""20 mm

wilh lhe position near lhe trunk showing a more significant reduction of K. This partly agrees wilh lhe

finding in Chapter 4, where a greater concentration of micropores near these palms was found. The

compaction of lhe soil between lhe peach palms, while reducing total porosity (see, Figure 4.1 in lhe

Chapter 4) and specifically reducing macroporosity (Table 5.4 in Chapter 5) actually increased lhe

number of small pores. Therefore, positions under lhe influence of lhe peach palm roots show a

reduced K in lhe capillary range. Moreover, lhe lower inclination oflhe K function for h in lhe range of

30 - 70 mm in lhe position between lhe plants probably indicated that pores wilh radii in lhe range of

0.5 to 0.21 mm practically did not exist (i.e. estimated wilh Eq. 4.18 - Chapter 4).

A high infiltration rate near lhe peach palm was expected because of lhe large amount of water

that arrives from stemflow (e.g., 100 I of stemflow in a 24 mm rainfall - Schrolh et aI., 1999), which

does not remain on soil surface, quickly infiltrated, probably, along bolh dead root channels and fauna

tunnels. These macropores, allhough occupying a small percentual of lhe pore volume, are very

effective in conducting water at high potentials. Some intermittent ponding conditions were observed

between lhe palms in monoculture after strong rainfall events. Peach palm appears to be sensitive to

aeration conditions (see, Chapter 4). Therefore, lhe monitoring of lhe K functions in lhis land use

system can be an important factor for management decisions.

Table 6.19 shows lhe coefficients and statististical parameters of lhe piecewise functions K (h)

for different land use systems and positions. Allhough, measurements of lhe function of K (h) wilh TI

have shown great spatial (Logsdon and Jaynes, 1993; Mohanty et aI., 1994) and temporal (Messing and

Jarvis, 1993; Angulo-Jamarillo et aI., 1997; Logsdon, 1997) variability, trends can be observed in lhe

present study.

Preliminary analyses showed that lhe measurements near lhe trunks of cupuaçu growing in

agroforestry or monoculture show similar results. Therefore lhe data were pooled and analysed

togelher. Similar results were found for lhe evaluation of K near lhe trunks of peach palms growing in
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monoculture and agroforestry; these were pooled in a unique function. The K values between the peach

palms in the monocultures for fruits and palm hearts were also pooled. Table 6.19 shows that h values

ranged from 15 - 45 mm with a mean around 20 mm. Some of these functions were chosen to be

plotted and discussed in more details.

Table 6.19 Coefficients and statistical parameters ofthe functional relationship between K(h)
piecewise continuous regression

Specie n a, a, p, bp ?
Cupaçu f 39 -0.1361 -0.0319 -3.4488 33 0.5459 0.93

Brazil nut 12 -0.1522 -0.0016 -3.0120 20 0.4851 0.89

Annatto 17 -0.1481 -0.0531 -1.6150 17 0.4754 0.96

Pueraria 21 -0.1567 -0.0440 -2.0416 18 0.4744 0.94

Grasses 17 -0.1342 -0.0803 -1.1662 22 0.5144 0.96

Peach palm - Fruitt 34 -0.1539 -0.0618 -1.4312 15 0.7477 0.88

Peach palm - Palm heart" 38 -0.1282 -0.0740 -1.3417 25 0.6854 0.90

Peach palm among trunks t 39 -0.1345 -0.0060 -4.0514 31 0.7412 0.86

Vismia 21 -0.1250 -0.0039 -5.4034 45 0.4871 0.96

f pooled data

Figure 6.11 shows that within the monoculture of cupuaçu, the positions between the plants

(incompletely covered by grasses) have a lower unsaturated K compared to the values found near the

trunks of cupuaçu for h > 50 mm. Although both values assumed greater magnitude. Cupuaçu appears

to create a higher near saturated hydraulic conductivity near the trunks, probably due to a large

concentration of fine roots near the soil surface (Haag, 1997). Figure 6.11 also shows the K (h) function

for pueraria (evaluated in the agroforestry system). Pueraria is norrnally recommended as cover crop

for monocultures in the central Amazon, and its effect on the maintenance and enlargement of the

mesoporosity (Chapter 4) is probably an explanation for its higher hydraulic conductivity in those

ranges ofh.
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Figure 6.12 shows the scatter plot of ali K data measured within the agroforestry system at

different positions. In spite of the spatial variability of the surface hydraulic properties, the influence of

intrinsic factors (e.g. soil porosity, pore continuity) and deterministic factors (e.g., plant species, pattem

in throughfall and stemflow, specific fertilisers and different rate for each species) differences could be

tentativeIy identified.
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The source of variability in the soil properties was partially discussed in the results of saturated

hydraulic conductivity in this chapter and in Chapter 4. Figure 6.12 shows that using a pooled function

with all K values in agroforestry it will subestimate the water fluxes in some positions and overestimate

them in other. Because of some function are below and some functions are above the pooled function.

For instance, for h '" 60 mm K is about two orders of magnitude greater in the soil under the covercrop

pueraria than in the soil near the trunks of peach palms. Mallants et aI. (1996) demonstrated that the use

ofnonoptimal K functions underpredicted the cumulative drainage by more than 30 % for a macropore

soil.

The measurements with TI were carried out using very small increments (i.e., mm) in h near

saturation. Therefore, the K values below 10 mm of h should be interpreted in a qualitative manner,

because of possible inaccuracies in the applied h. AIso, a very intense bubbling (due to high infiltratioo

rates) in the chamber reservoir made it very difficulty to read accurately the water leveI. Moreover, in

this soil variations of millimetres near saturation change the infiltration substantially. Measuremeots

with values of h around 70 mm or higher are very difficult to obtain in the clayey Ferralsols by TI

measurements, because they are very time-consurning. Consequently, the like1ihood of precipitatioo

events, and changes in soil structure above the disc (probably because of macrofauna movemeots)

make these measurements not feasible. The measurement of unsaturated hydraulic functioos are also

very helpful in terrns of supplying a matching factor (Luckner et aI., 1989; van Genuchten and Leij,

1999), rather than the use of saturated K to transforrn relative values of K into absolute ooes wheo

using indirect methods of estimation of hydraulic properties (see discussion in the Inverse method

section). This is because saturated K of macroporous soils may be unrelated to the unsaturated K in the

region near saturation (Clothier and Smetten, 1990)

The accuracy of field deterrninations with TI is affected primarily by soil heterogeneity, soil

collapse under the infiltrometer during the measurement, inadequate hydraulic contact material

(Reynolds and Zebchuk, 1996) or by the solar heating of the head space in the mariotte reservoirs

(Elrick and Reynolds, 1992; White et aI., 1992). In the materiais and methods section, ali precautioosto

avoid or alleviate these sources of inaccuracies are detailed. It should be noticed that when the

measurements were carried out under the central Amazonian conditions, the protection of the marriotte

reservoirs from the direct sun was a fundamental factor for reliable measurements. Moreover, a good

preparation ofthe soil surface which allows using only a fme layer ofthe contact material. Further, the

installation of the disc levelled is fundamental for the measurements with at small h. Roots should be

carefully scissored, otherwise the membrane is easily damaged and the soil is disturbed.
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Comparisons between the TI results and the results from the IPM method are only possible ina

qualitative way. The ranges of h evaluated by both methods do not overlap. Moreover, the TI

measurements were earried out in aseending ehange of h (from negative to saturation), whereas the

IPM method is a measurement of a draining proeess. The infiltration proeess is somewhat more

eomplicated than drainage sinee wetting and draining are oeeurring simultaneously (Logsdon, 1999).

Laboratory and field evaluation of soil water retentivity [e(h)]

A diseussion about the evaluation of the soil water retentivity funetion [e(h)] using field and

laboratory data is presented here.

Figure 6.13 shows the results of'B vs. h determined with soil samples in the laboratory and field

data at four depths. The laboratory proeedures are deseribed in Chapter 4 and the field data are from the

IPM experiment, previously diseussed in this ehapter. The results show good agreement between field

and laboratory data only for the depth of 10 em. A tendeney of the laboratory data to overestimate the

field values ean be seen for the depths of20 and 60 em (deeper layers not illustrated in Figure 6.13 also

show this tendeney). Compaetion eaused by sampling procedures may explain the higher values of 8

(at the same h) for the laboratory data, owing to the reduetion of pore radii that ean hold more water at

those potentials. Similar results were found by Dane(1980) and Luxmoore et aI. (1981).

Figure 6.13 shows that, for the depth of 60 em, a variation of about 100 em in h (between 100to

200 em), eorresponded only to a variation in e of 0.03 m3 m·3 (see details in Figure 6.13). This fact is

also observed for deeper layers (data in Table 6.6) and refleets a laek of pores with radii between 15

and 7 um.
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The reasons for underestimation of the laboratory e values eompared to the field data for the

depth of 40 em is not very clear. It eould simply be due to soil variability. The profile to eollect the

samples was dug about 3 m apart from the place where the TDRs and tensiometers were installed. The

soi! variability and the representativeness of the soi! cores were discussed in the section of saturated

hydraulic properties in this chapter.

Many factors (underlined words) may explain the differences between field and laboratory

results. They are discussed focussing on the specific problems ofthis data set and some generalisation

is made for the general problem for the clayey Ferralsol.

The volumes sampled in the measurement of e and h in the field were not coincident. In

addition, the instruments were separated to avoid measurement interference. Determining the REV for

each specific soil can help to decide about the minimal soi! volume to be measured. Then, if a sensor

assesses this minimal REV, it should be not a serious problem to work with different sampled volumes.

Calibration of the instruments is often an essential factor for accurate data. In this project, a

specific calibration for the TDR readings was developed and ali tensiometers were cheeked before they

were installed in the field. The specifie aceuracy of the TDR measurements for field evaluation in the

clayey Ferralsols is discussed in detail in Chapter 5. The accuracy of tensiometers used was about 2

hPa (working with water-mercury manometers). The ceramic cups had a conductance in the order of3

X 10-5 cm2 S-I. A tensiometer constructed with such a cup and a mercury water manometer will have a

response time of 40 to 60 seconds. Factors for correction should be used in some specific situations

when the changes in the pressure head are very fast. In a typical IPM experiment, or at least for the

clayey Ferralsols, changes in the pressure head are very slow, after a few hours the response time

effects assume lower importanee.

Tensiometers often misbehave in the field due to temperature fluctuations (especially day/night

variations), because water and air in the tensiometer expand and contract. This was controlled by

insulating the tensiometers and doing the evaluation under standard conditions (e.g., early moming).

The possible effects of variation of temperature in SWRC as determined in the laboratory were

discussed in Chapter 4. A further factor influencing the e vs. h results is its wetting and drying history

through the phenomenon of hysteresis, whieh implies that soil that reached a certain h by wetting will

have a lower e than soi! that reaehed the same h by drying. Iwata et aI. (1995) and Hillel (1998) give a

detailed discussion of this phenomenon. However, the hysteresis effect is presumed to be no!

significant in the results, because the drainage, which is essentially a drying process, was applied in

both experiments in the field and in the laboratory. Moreover, the difference between field data and
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laboratory data may be due to the incomplete wetting of field soil volumes because of air-entraprnent.

The errors arriving from the laboratory method itself are discussed in Chapter 4. On the dry range, the

water retention phenomena are controlled basically by absorption phenomena (Corey, 1992), probably

invalidating the use of the capillary laws for the dry range. Most of the phenomena cited above are

expected to be important in soi1 with macropores and soi1s with high amounts of c1ay, which are

exactiy the characteristics of the c1ayey Ferralso1s in the central Amazon. Therefore, fie1ddata may be

more representative for the real characteristics of the soil retentivity. Unfortunately, many factors

difficu1t the measurement of field data, such as methods to make measurements at higher potentials.

o
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20 •• 1I-16-25 em
_ ill-26-45em
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Õ
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6.3.3. Inverse sirnu1ation

Table 6.20 shows the final parameters of the VGME for five 1ayers into which the soil profile

was divided to perforrn the inverse method (Figure 6.14). The initia1 parameters were estimated using

the RETC code for the unimodal VGME (Eq. 6.23 to 6.25).

Figure 6.14 Profile specification and distribution ofsoillayers to perform lhe inverse solution ofRichard's equation for a
IPM experiment by lhe Hydrus-1D code.
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Table 6.20 Estimated hydraulic parameters for soil water retention curves for different
depths in clayey Ferralsols in the central Amazon.

Parameters Depth [em1
0-15 16-25 26-45 46-65 66-100

9,(m3m-3)

9r(m3m-3)

a (em-I)
n

K(cmh-')

0.29 0.29 0.30
0.42 0.45 0.54
0.09 0.09 0.08
1.14 1.14 1.14
15 20 40

45W 41~ 41~

0.29
0.44
0.09
1.14
40

-0.125

0.30
'0.50
0.09
1.14
35

-0.300

The unimodal VGME had enough flexibility to fit reasonably well the field data. A better fit

could be succeeded optimising the VG equation without constraining the m parameter or employing the

bimodal approach (see, Chapter 4). However, it was preferred to perforrn the inverse simulation with

the unimodal approach, because the increase of the number of parameters is directly related to

considerable numerical problems in the inverse solution (Russo et aI., 1991; Santini et aI. 1995;

Zurrnühl and Dumer, 1998). The parameters shown in Table 6.20 differ from the parameters presented

for the laboratory data in Chapter 4 (Table 4.6). The probable reasons ofthis discrepancy between field

and laboratory data, besides those previously discussed, refer to the fact that the range of values

measured under field conditions is small compared with the laboratory range. Although, laboratory

experiments have the advantage of being precise and comprise a large range of values, their use instead

field data often leads to soil hydraulic properties that are not representative for the field. For this

reason, only the field data were used in the inverse simulation.

The primary objective of the inverse simulation was to assure a good agreement between

measured and predicted 9 profiles [9 (t, z)]. Therefore, in order to obtain a better fit, the hydraulic

parameters for each layer were then sequentially optimised in a Bayesian approach (i.e., which

constrained the range for each parameter with a maximum and a minimum value). Some alterations in

the optimised results were done arbitrarily to the optimisation results (i.e., calibration procedures) to

assure accurate 9 profiles. The comparisons between estimated and measured profiles are shown in

Figure 6.15 and 6.16. When comparing the profiles until the depth of 60 em, with exception of the first

two times [t = O and 3.5 hours], the results are surprisingly good. The inverse simulation and VGME

were able to fit and describe the drainage processes of the c1ayey Ferralsol. Simulations showed that

starting with hydraulic parameters (Bs, 9r, a, n, K and r), that differed too much from the final value,

probably moved the optimisation processes into the wrong direction for a long time and many times

caused overflow and division by zero error. Therefore, is advantageous to have a reliable range of the
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parameters that encompasses the possible values. This empirical adjustment of the hydraulic

parameters was tedious, and the Hydrus l-O code was not able to optimise all ofthem simultaneously

(perhaps by an ill-posed problem or the excessive number of parameters). A high sensitivity was

observed for the K values, and it was considered a fit parameters without physical meaning. The high

sensitivity ofthe VG-Mualem to the parameter K was shown previously by van Genuchten and Nielsen

(1985) and Luckner et alo (1989). If K would be taken at a conductivity value somewhat less than

saturation as recommended by Luckner et al. (1989) this sensitivity would probably be reduced. Many

of the hydraulical parameters were strongly correlated, and it appears that arbitrary changes in one

parameter can only be successfully done ifthe other parameters are changed simultaneously, otherwise

the model becomes very unstable.

Comparison between measured and simulated K vS. 9 relations

Figure 6.16 shows the relationship between the inversely estimated hydraulic conductivity K vs. 9. The

agreement with the results calculated directly in the IPM method (see, Table 6.10 and Figure 6.10) is

good .. Romano and Santini et al. (1992) also reported successful inverse modelling of results from an

IPM experiment using the simpler Davidson Equation [Eq. 6.21.]

Although the hydraulic conductivity (Figure 6.10 and 6.16) and the soil profiles (Figure 6.15

and 6.17) show good agreement between measured and estimated data, the soil water retention curve is

not so accurate, because the optimal initial fitted values were changed in optimisation approaches. This

is probably related to the fact that, although VGME gives an excellent fit for experimental water

retention data in most unirnodal soi!s. However, for aggregated soi!s having bi- modal pore-size

distributions it does not work very well (Othmer et al., 1991, Durner et al., 1994; Tomasella and

Hoodnet, 1996; Mallants et al., 1997). Therefore, ifthe models are not accurate to describe the SWRC,

the resulting fitting parameters may compromise the accuracy of one or both hydraulic functions. lt

may be advantageous to use parametric models for K (9) or K (h) that are not coupled with 9 (h)

function, otherwise to fit them separately. Although in the Hydrus-l D code the hydraulic functions are

coupled, the general inverse modelling approach does not require the coupling of the soi! hydraulic

functions, and some studies suggest that improved parameter optimisation results are obtained by

fitting the hydraulic functions separately (Durner et al., 1999).
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Figure 6.15 Experimental and inversely estimated values of volumetric water content for different depths in function of time
of a IPM experiment conducted on a ciayey Ferralsol in the central Amazon.

It should be stressed that uniqueness of the resolution is not assured. Many parameters were

correlated and the estimated confidence intervals were excessively large for some parameters. lt was

not feasible to test the non-uniqueness by solving repeatedly the problem using different initial

parameter estimates as suggested by Hoppmans et aI., (2001), because the description of the profile

involved many parameters. The hydraulic parameters shown in Table 6.20 also differed from the values

deterrnined for a very similar profile in a clayey Ferralsol in the central Amazon by Tomassela and

Hoodnet (1996); in contrast the hydraulic function are quite similar for some comparable depths. A

simplification of the description of the soil profile (e.g. reducing the number of layers) could have

permitted more detailed statistical analysis. However, reducing parameters would have the cost of a

reduced accuracy of the estimated profiles [6 (z, t)]. Russo et aI. (1991) pointed out that the larger

number ofparameters in the van Genuchten model might increase the likelihood ofnon-uniqueness and

instability of the inverse solution. Nevertheless, the results show the feasibility of the inverse method,
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together with its flexibility and advantages. lt requires a complex computational effort for the solution

and may show inherent sources of uncertainty. However, the success of the inverse modelling in the

clayey Ferralsol should be cautiously interpreted and it is probably related to the fact that the data used

are from an IPM experiment, where the predominant flow was through micropores. Therefore the

results are valid only for the range studied and extrapolation of the results should not be attempted,

especially near saturation. The Hydrus l-D code allows to include independently measured information

about hydraulic parameters in the objective function (i.e., the K(h) evaluated with tension

infiltrometer). Therefore, the range where the hydraulic functions apply could be extended, some

preliminary analyses were performed and the results are promising. However, a lack of information

about the hydraulical properties of the subsoil of the c1ayey Ferralsols in the central Amazon limited

further investigations.

Hydraulic conductivity and water movement in the unsaturated zone in the c1ayey Ferralsol is

about five orders ofmagnitude higher near saturation than at 200 cm ofh (see, Figure 6.7 and 6.16).
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Figure 6.16 Unsaturated hydraulic conductivity estimated with inverse modelling.
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The VGME that depends of many parameters in a strongly non-linear manner would make it

difficult to obtain accurate estimates of hydraulic conductivity throughout the entire water content

range. Probably the use of simpler relationships, for specific ranges, could fit the variable field data

with equal reliability and might provide simple analytical solutions and statistical analysis. Recently,

Poulsen et aI. (1998) proposed a one parameter equation for the range comprised on1y between Oand

350 kPa. The use ofmany parameters makes the modelling and the statistical analysis toa involved.
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Figure 6.17 Profiles of volurnetric water content measured and inversely estimated for an IPM experiment conducted on a
clayey Ferralsol in lhe central Amazon. The lines represent selected times of evaluation or simulation.
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6.4 CONCLUSIONS

Evaluation of saturated hydraulic conductivity

Soil core method (Ks)

The use of the soil core method for evaluating saturated hydraulic conductivity is limited

because of the smaller sample size, the presence or absence of open-ended macropores, and variable

soil compaction during core extraction. Although, some trends may be identified, the reduced reliability

of the results for structured soil lead to this method to be inappropriate for determination of saturated

hydraulic conductivity for the clayey Ferralsol.

Field evaluation of saturated hydraulic conductivity with disc infiltrometer (Kf.)

The results of Kfs are much less variable than the results from the soil core method. This is,

probably, related to less disturbance on the original structure, and that the sample volume assessed by

the disc probably approximate ofrninimum REV for K evaluation in the clayey Ferralsol.

The values obtained for Kfs were considerably lower than previously reported values for the

clayey Ferralsols in the central Amazon.

In the agroforestry system the Kfs, in the soil under the cover crop (pueraria) shows the highest

value of Kfs followed by the values of Kfs evaluated near the trunks of cupuaçus. Kfs near the peach

palms tends to show reduced values. Conversely, these reduced values contrast with the reduced values

of bulk density found near these palms. These results indicated that bulk density is for many land use

systems a rnisleading parameter to infer about hydraulic conductivity.

An expected reduction ofthe Kfs between cupuaçus (as a consequence ofhigher soil dispersion,

and a reduced porosity) was not identified.

The presence of large macropores in the clayey Ferralsol, leads to dramatically changes of

"saturated hydraulic conductivity' near saturation. The values of K continue increasing markedly with

increasing matric pressure head for small positive values. This phenomenon which is not well

described by the common hydraulic models, and if not taken into account could lead to serious

overestimation when modelling soil water fluxes, especially in situation of occurrence of ponding

conditions.
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The Kfs values measured with the dise infiltrometer at approximately zero matrie pressure (h '"

O)does not represent the maximum infiltration rate on the c1ayey Ferralsols.

More reliable methods for field measurements and a mathematieal theory to deseribe saturated

hydraulie eonduetivity in soil with maeropores is subjeet for further investigations.

Evaluation of unsaturated hydraulic conductivity (K)

Tension infiltrometer (TI)

Tension infiltrometers are relatively eheap, robust and a simpler field method to evaluate

unsaturated hydraulie eonduetivity in c1ayey Ferralsols. Sinee K near saturation is highly variable, the

data were better analysed using the relative hydraulie eonduetivity and the sealing theory.

The use of pieeewise eontinuous regression analysis allowed the estimation of a ehangeover

point, loeated between 15 - 40 mm of h, whieh operationally separate two domains that govern the

hydraulie eonduetivity ofthe elayey Ferralsol.

K ehanges by three to four orders of magnitude between O - 70 mm of water pressure head.

Effeet of land use systems and different speeies of plants on unsaturated hydraulie funetions were

identified, these differenees if not taken into aeeount eould be a souree of error in water and solute

transport studies.

The soil near the trunks of cupuaçu shows higher values of hydraulie conduetivity near

saturation. This faet is probably related to a developed fine roots system near the surfaee. Conversely,

near trunks of peaeh palms were found redueed values of unsaturated hydraulie eonduetivity.

A limitation ofthe TI method is the small range, in whieh they operate. However, data from TI

ean be eombined with data derived from other methods to obtain an overview of a large unsaturated

range.
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Instantaneous profile method ClPM)

The funetions between K and 9 estimated by using the linear form of the exponential model of

Davidson et aI. (1969) show a very good fit with the measured data for the depths of 10,20 and 40 em,

but signifieative deviations for the depths of 60, 80 and 90 em.

Similarities ofthe equations K(9) or K(h) were tested in relation to parallelism and eoneordanee

in order to reduce the number of equation needed to deseribe the water fluxes in a soil profile.

The parallelism between some K (h) equations shows that the elayey Ferralsols have a similar

hydraulie behaviour.

Evidence of the existence of a fluffy horizon located between two more eompaeted showed in

the pore size distribution anaJyses were reeonfirmed here.

Laboratory and field evaluation of soil water retentivity r9(h)]

The results for the paired data 9 vs. h show good agreement between field and laboratory data

only for the depth of 10 em. A tendeney of the laboratory to overestimate the field vaJues is observed

for most depths. Compaetion eaused by sampling proeedures may explain the higher vaJues of 9 (at the

same h) for the laboratory data. A diseussion ofthe many faetors (soil variability, the volumes sampled,

ealibration of the instruments, aeeuraey of tensiometer and its response time, temperature fluetuation,

hysteresis and air-entrapment) that biased the aeeuraey of the determination of soil retentivity was

shown for this speeifie study.

Inverse simulation

The inverse simulation using the unimodaJ van Genuehten -Mualem Equation were able to fit

and deseribe aeeurately the drainage processes [i.e., the evolution of 9 in profiles [9 (t, z)] ] until the

depth of 60 em. However, to obtain this aeeurate deseription of the water dynamie a detailed

diseretization of the soil profile was needed.

The agreement between the hydraulie eonduetivity estimated with the inverse method and the

results ea1culated in the IPM method are also good. Although, the soil water retention curve is not so
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accurate, because the optimal values were changed in the optimisation and calibration procedures.

Therefore, it may be advantageous to use parametric mode1s for K (9) or K (h) that is not coupled with

the 9 (h) function, otherwise to fit them separately.

The results show the feasibility of the inverse method, together with its flexibility and

advantages. However, the success ofthe inverse modelling in the clayey Ferralsol should be cautiously

interpreted, and it is probably related to the range of the data used. Where the predominant flow was

probably only through the domain of micropores.

The K functions estimated by inverse methods are valid only for 9 range studied, and

extrapolation should not be attempted, especially near saturation and for deeper layers. The ability of

the inverse method to estimate the hydraulic functions within a wide range embracing also fluxes near

saturation is subject for further investigations. Preliminary results involving results from different

experiments using the inverse method are promising.

General conc1usions about hydraulic properties

The uncertainties of deterrnination of water fluxes near saturation by use of K (9) or K (h)

functions arise because its exponential behaviour (i.e., in the linear models, slopes with very higher

values) near saturation. This problem is extreme in highly structured soils, like the clayey Ferralsols in

the central Amazon. It has a consequence that a small change in 9 or h can change K dramatically.

Regardless of the equation used, it is an intrinsic characteristic of the clayey Ferralsol (and other well

structured soils). Therefore, in the estimation of water fluxes near saturation this phenomenon is

extremely expressive and may lead to higher uncertainties in the estimated values.

Using hydraulic equation that depends on many parameters in strongly non-linear manner, make

difficult to assess the uncertainties of the estimations and to use them in numerical simulation. The use

of many parameters makes the modelling and the statistical analysis too involved. On the other hand, it

is unrealistic to try to obtain accurate estimates of the hydraulic conductivity throughout the entire

water content range using a single and simple equation for this soil. Probably, an option for modelling

water fluxes in structured soils like the clayey Ferralsols in the central Amazon, is to develop linear

piecewise models, with only one or two parameters for specific ranges with distinct hydraulic

behaviour (e.g. the domain of macropore flux; capillary flux and adsorptive domain). The piecewise

equation may fit the variable field data with equal reliability that then more elaborate smoothed

functions, further they may provide simple analytical solutions and feasible statistical analysis.
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Table A- 6.1 Saturated hr,draulic conductivity evaluated with disc infiltrometer-
Field method - K [em d' )

K(3D) 1D Block K(3D) 1D Block
52.7094 75.9800 3 205.2831 228.1720
12.0185 11.6000 2 75.6718 109.0400
52.1590 59.0000 I 34.5198 55.6800
101.2647 135.7200 3 187.7908 191.4000
2.9301 2.4940 2 103.9386 143.8400
66.8709 89.3200 I 14.7441 23.2000
22.89 38.51 3 10.4057 15.6600
3.29 4.64 2 64.89 92.8

45.89 62 I 11.0518 14.2100
23.2000 59.9700 I 6.2255 9.2800
6.8282 8.7000 3 56.2595 64.9600
4.7164 4.6400 2 33.1643 39.4400
6.9570 4.9300 3 2.9314 3.6772
32.4647 54.8100 2 56.8540 69.6000
41.6137 37.1200 I 33.9134 41.7600
18.0761 25.5200 3 2.2200 1.1600
27.8736 48.0240 2 39.4416 51.7360
49.9993 62.6400 I 32.8484 46.9800
65.1303 71.9200 3 28.1306 27.6080

168.6136 197.2000

2

I

3

2

I

3
2

I

3
2

I

3

2

I

3
2

I

3
2

I

Table 6.2 A - Saturated hydraulic conductivity evaluated with constant head method.
Q[emh·I.)
Treatment Block A [I) BlockB [2] Block C [3]

I 2 3 6 7 8 9 10 Ii 12 13 14 15

I 82.48 53.6 38.39 204 169 258 194.35 611.06 217 106 81 168 63

2 30.2 236.08 26.69 651 58 96 97.00 435 12 78 194 72.00 61

3 69.16 57.06 102.02 390 42 127 186.33 111 198 271 80.00 128

4 20.06 51.87 82.88 118 147 81 32.00 87 12 8 17 10.00 18

5 17.52 42.88 41.27 398 375 94 554.00 147 12 44 98 85.00 15

6 17.52 42.88 10.03 70 37 116 59 24 61 33 49 190 22

7 99.31 134.29 147.32 295 162 311 116 120 264 467 168 199 187

8 43.34 38.5 25.3 89 43 157 35 28 51 80 106 519 27

9 188.33 98.49 122.97 142 168 113 81 74 133 61 24 75 133 48

10 14.39 14.11 48.41 22.34 51 III 80 61 62 6 23 8 102 21

11 76.22 59.07 397 97.87 55 81 39 91 43 15 282 210 57 18

12 148.43 76.91 28.5 20.26 25 153 59 142 66 11 163 41 21 16

13 60.37 74.3 197 110.55 90 4 18 78 36 72 131 158 194 196

The treatment number are coded following Table 3.2.
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Table A - 6.3 - Tension infiltrometer measurements
Tension lnfiltration Specie Tension lnfiltration Specie Tension lnfiltration Specie Tension Infiltratio Specie
[mm] rate [mm] rate [mm] rate [mm] n rate

lcm d"] [emh"] [cm d"] [cm d"]
O 0.0827 PueraAGA 20 0.0733 BrazilNutB 8 0.1827 VismiaC 28 0.0098 PupuF AGe
5 0.0915 PueraAGA 40 0.0155 Brazi1NutB 20 0.0516 VismiaC 40 0.0393 PupuF AGe
14 0.0451 PueraAGA 61 BrazilNutB 30 0.0131 VismiaC 50 PupuF AGe
23 0.0470 PueraAGA O 0.3045 BrazilNutC 40 0.0002 YisrniaC O 0.2150 PupuFMA
33 0.0423 PueraAGA 6 0.0641 BrazilNutC O 0.1034 CupuAGA 5 0.0582 PupuF MA
51 0.0135 PueraAGA 10 0.0243 BrazilNutC 20 0.1750 CupuAGA 16 0.1140 PupuFMA
79 0.0300 PueraAGA 20 0.0194 BrazilNutC 32 0.0454 CupuAGA 40 0.0595 PupuFMA
92 PueraAGA 30 0.1790 BraziINutC 43 CupuAGA 58 0.0568 PupuFMA
O 0.2333 PueraAGB 40 0.0001 Brazi1NutC O 0.1833 CupuAGB 68 0.0063 PupuFMA
4 0.2172 PueraAGB O 0.2248 PupuAGA 4 0.0494 CupuAGB 88 0.0426 PupuFMA
10 0.0515 PueraAGB 5 0.2652 Pupu AGA 10 0.2207 CupuAGB 100 PupuFMA
20 0.0359 PueraAGB 9 0.1116 Pupu AGA 20 0.0303 CupuAGB O 0.1822 PupuFMB
40 0.0288 PueraAGB 21 0.0524 Pupu AGA 40 0.0405 CupuAGB 5 05901 PupuFMB
50 0.0159 PueraAGB 36 0.1142 Pupu AGA 50 CupuAGB 8 0.1696 PupuFMB
64 PueraAGB 42 0.0860 PupuAGA O 0.4398 CupuAGC 14 0.0152 PupuF MB
O 0.6592 PueraAGC 52 PupuAGA 6 0.1377 CupuAGC 26 0.0289 PupuFMB
5 0.1833 PueraAGC O 0.0471 Pupu AGB 10 0.0673 CupuAGC 50 PupuFMB
10 0.0152 PueraAGC 10 0.2912 PupuAGB 20 0.0446 CupuAGC O 0.7072 PupuFMC
22 0.0052 PueraAGC 16 0.2232 PupuAGB 30 0.0470 CupuAGC 4 0.1342 PupuFMC
34 0.0161 PueraAGC 22 0.0817 Pupu AGB 42 0.0347 CupuAGC 8 0.0394 PupuFMC
44 PueraAGC 32 0.0758 Pupu AGB 54 CupuAGC 14 0.0317 PupuF MC
O 0.1602 PueraMA 40 0.0062 Pupu AGB O 0.1852 CupuM A 26 0.0010 PupuFMC
6 0.1497 PueraMA 54 Pupu AGB 6 0.2571 CupuM A 34 0.0014 PupuFMC
12 0.1471 PueraMA O 0.2418 PupuAGC 12 0.5249 CupuM A 46 PupuFMC
22 0.0805 PueraMA 6 0.0669 PupuAGC 14 0.0938 CupuM A O 0.1290 AMPupuFA
42 0.0085 PueraMA 10 0.0191 PupuAGC 22 0.0962 CupuMA 4 0.2682 AMPupuFA
74 0.0327 PueraMA 20 0.0723 PupuAGC 38 CupuM A 10 0.1725 AMPupuFA
102 PueraMA 30 0.0651 Pupu AGC O 0.1953 CupuMB 23 0.0040 AMPupuFA

O 0.3974 PueraMB 40 Pupu AGC 7 0.2185 CupuMB 38 0.0156 AMPupuFA
3 0.2349 PueraMB O 0.2817 PupuMA 13 0.1434 CupuMB 62 0.0091 AMPupuFA
6 0.1387 PueraMB 2 0.5836 Pupu MA 20 0.0869 CupuMB 84 AMPupuFA
19 0.0799 PueraMB 7 0.1459 Pupu MA 36 0.0446 CupuMB O 0.5311 AMPupuFB
26 0.0866 PueraMB 20 0.0499 Pupu MA 48 0.0279 CupuMB 7 0.0964 AMPupuFB
34 0.0491 PueraMB 36 0.0436 PupuMA 64 CupuMB 12 0.0128 AMPupuFB
53 PueraMB 48 0.0180 PupuMA O 0.2018 CupuMC 24 0.0296 AMPupuFB
O 0.0721 PueraMC 64 PupuMA 6 0.7662 CupuMC 35 0.0152 AMPupuFB
4 0.2637 PueraMC O 0.1781 PupuMB 10 0.0272 CupuMC 46 AMPupuFB
10 0.1114 PueraMC 6 0.0109 PupuMB 20 0.0470 CupuMC O 0.6801 AMPupuFC
20 0.0693 PueraMC 10 0.0084 PupuMB 30 0.0297 CupuMC 4 0.0814 AMPupuFC
30 0.0606 PueraMC 16 0.0538 PupuMB 42 0.0128 CupuMC 10 0.0427 AMPupuFC
40 0.0182 PueraMC 36 Pupu MB 54 CupuMC 24 0.0068 AMPupuFC
50 PueraMC O 0.1288 Pupu MC O 0.2027 UrucumA 38 0.1273 AMPupuFC
O 0.2935 VismiaA 4 0.7237 Pupu MC 7 0.2892 UrucumA 48 AMPupuFC
4 0.0803 VismiaA 6 0.2257 Pupu MC 10 0.0320 UrucurnA O 0.1078 AMPupuA
10 0.1251 YismiaA 10 0.2070 PupuMC 25 0.0663 UrucwnA 7 0.0866 AMPupuA
25 0.0732 VismiaA 16 0.0387 Pupu MC 56 0.0292 UrucumA 23 0.1257 AMPupuA
40 0.0629 VismiaA 36 PupuMC 95 UrucwnA 38 0.0531 AMPupuA
50 0.0424 VismiaA O 0.1344 PupuF AGB O 0.2037 UrucumB 48 0.0297 AMPupuA
88 VismiaA 6 0.0892 PupuF AGB 6 0.0235 UrucumB 62 AMPupuA
O 0.0318 VismiaB 10 0.0933 PupuF AGB 40 0.0056 UrucwnB O 0.4917 AMPupuB
4 0.2094 VismiaB 16 0.0238 PupuF AGB 61 UrucumB 2 0.2086 AMPupuB
10 0.2160 VismiaB 31 0.0446 PupuF AGB O 0.4993 UrucurnC 5 0.0176 AMPupuB
19 0.0690 VismiaB 50 0.0288 PupuF AGB 2 0.3349 UrucurnC 11 0.0620 AMPupuB
28 0.0589 VismiaB 60 PupuF AGB 6 0.4525 UrucurnC 16 0.0154 AMPupuB
40 0.0225 VismiaB O 0.3548 PupuF AGC 10 0.0944 UrucumC 34 0.0365 AMPupuB
54 VismiaB 4 0.1920 PupuF AGC 20 0.0424 UrucurnC 48 AMPupuB
O 0.4859 VismiaC 8 0.0382 PupuF AGC 40 0.0598 UrucurnC O 0.3225 AMPupuC
2 0.2567 VismiaC 20 0.0251 PupuF AGC 50 UrucurnC 2 0.0331 AMPupuC

O 0.0189 BrazilNutB 8 0.2044 AMPupuC
6 0.1969 BrazilNutB 18 0.0670 AMPupuC
14 0.0471 BrazilNulB 28 0.1012 AMPupuC
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Letter identify lhe blocks

THE Fortran code - Slope - To test identity of models
Fortran 90

Parameter(Nmax=20)
real x,y,A,B,C,SS,FS,FE,FO
real slope(Nmax),slope I(Nmax),elev(Nmax)
character*33 names(Nmax)
integer ne,DFp,DFc
call inicio(ne,names,Nmax)
call calculo(ne,names,FS,FE,FO,slope,slopel,elev,Nmax,DFp,DFc)
call out(FS,FE,FO,slope,slope I,elev ,names,ne,Nmax,DFp,DF c)
end

subroutine inicio(ne,names,Nmax)
character*33 names(Nmax)
integerne
logical ex

10 continue
write(*, *) 'SLOPE - Fortran code to compare linear regressions'

write(*,*) ':7.:---------------------
write(*,*)
write(*,*)
write(*, *) 'HOW MANY FILES DO YOU HA VE r
read(*, *) Nm
write(*, *) 'WRITE THE NAMES OF THE FILES - (Name.ext)'
doi=I,Nm
write(*, *) , NAME OF THE FILE ',i,'?'
read(*, *) names(i)
inquire(tile=names(i),exist=ex)
if{ex.eqv .. false. )lhen
write(*,*) 'FILE DOES NOT EXlST TYPE AGAIN'
goto 10
stop
endif
end do

102 close(l)
ne=i-I
retum
end

subroutine calculo(ne,names,FS,FE,FO,slope,slopel,elev,Nmax,DFp,DFc)
integer ne,DF,DFp,Nt,DFt,DFc
character*33 names(Nmax)
real xm,ym,A,B,C,x( I OO),y(I OO),SS,SSp
real xml ,yml ,xmt,ymt,Ac,Bc,CC,At,Bt,Ct,xym,xm2
real Num,Den,FE,FD,FO,FS,slope(Nmax),slopel(Nmax),elev(Nmax)
SSp=O.
DFp=O
xmt=O,
ymt=O.
Nc=O
Ac=O.
Bc=O.
Cc=O.
do k=l,ne

open(I,file=names(k),status='unknown')
do i=I,IOOOO

read(I,*,end=IOO) xx,yy
end do

100 continue
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c1ose(l )
N=i-l
open(l,file=names(k),status='unknown')
doi=I,N

read( I, *) x(i),y(i)
end do
c1ose(l)
xm=O.
ym=O.
xym=O.
xm2=O.
doi=I,N

xm=xm+x(i)
ym=ym+y(i)
xym=xym+x(i)*y(i)

xm2=xm2+x(i)**2
enddo
xml=xmIN
yml=ymIN
xmt=xmt+xm
ymt=ymt+ym
Nc=Nc+N
A=O.
B=O.
C=O.
doi=I,N

A=A+(x(i)-xml )**2
C=C+(y(i)-ym I )"2
B=B+(x(i)-xml )'(y(i)-ym I)

enddo

SS=C-B**21A
DF=N-2
SSp=SSp+SS
DFp=DFp+DF
slope(k)=B/A
elev(k)=ym l-slope(k)'xm I
Ac=Ac+A
Bc=Bc+B
Cc=Cc+C
slope I (k)=xyrnlxm2

end do

xmt=xmtINc
ymt=ymtINc
SSc=Cc-Bc"2/ Ac
DFc=Nc-Ne-l
Nt=O

do k=l,ne
open(l,file=names(k),status='unknown')
do i=I ,I ooסס

read(I,*,end=IOI) xx,yy
At=At+(xx-xrnt)'*2
Ct=Ct+(yy-ymt)**2
Bt=Bt+(xx-xrnt)*(yy-ymt)
Nt=Nt+l

end do
101 continue

c1ose(l)
enddo
SSt=Ct-Bt'*21At
DFt=Nt-2
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Nwn=(SSc-SSp )/(ne-1)
Den=SSpIDFp
FS=NumlDen
Nwn=(SSt-SSc )/(ne-1)
Den=SSclDFc
FE=NumlDen
FO=(SSt-SSp)/(2.*(ne-1»)/(SSpIDFp)

retum
end

subroutine out(FS,FE,FO,slope,slope1,elev,narnes,ne,Nmax,DFp,DFc)
real FS,FE,FO,slope(Nmax),slopel (Nmax),elev(Nmax)
character*33 names(Nmax)
integer ne,DFp,DFc
open(I,fiIe='out.lis',status='unknown')
write(I,*) 'TEST FOR PARALLELISM'
write(I,*)
write(I,*) 'Multiple comparisons among slopes'
write(l,*) 'FS= ',FS
write(l,*) 'F critica! (',ne-I,',',DFp,')'
write(l,*)
write(l,*)
write(l,*) 'TEST FOR CONCURRENCE'
write(1,*)
write(l, *) 'Multiple comparisons among intercepts'
write(I,*) 'FE= ',FE
write(l,*) 'F critical (',ne-1,',',DFc,')'
write(l,*)
write(I,*)
write(I,*) 'TÉST FOR COINCIDENCE'
write(l,*)
write(I,*) 'An Overa!l test for coincidental regressions'
write(l,*) 'FO= ',FO
write(I,*) 'F critical (',2*(ne-I),',',DFp,')'
write(l,*)
write(l,*)
write(I,*) 'FS, FE or FO should be compared with critical values

&ofF'
write(l,*)

write(l,*) 'IF FE, FS or FO > F critical, reject Ho'
write(l,*)

write(l,*)
write(I,*) 'REGRESSION PARAMETERS'

write(I,*)
write(l,*) 'Intercepts'
write(l,*)
Do k=1,ne
write(I,*) names(k),'intercept = ',elev(k)
enddo
write(l,*)
write(l,*) 'Slopes'
write(l,*)
Dok=l,ne
write(I, *) names(k),'slope = ',slope(k)
enddo
close(l)
retum
end
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7 GENERAL CONCLUSIONS AND ASPECTS TO BE FURTHER INVESTIGATED

This Chapter will neither review extensively specific aspect of the results nor discuss the

feasibility ofthe methods investigated. These results and conclusions are described at the end ofthe

respective chapter were they are presented. Here, I will draw some conclusion in an attempt to

interpret the results in a comprehensive manner. In addition, I suggest some aspects which should

be further investigated.

7.1 Soil physical and hydraulical parameters investigated

BuIk density and the index of flocculation proved to be useful physical indicators for

monitoring the soi! quality. The use of fertiliser and lime atfected the stability of small aggregates,

and the evaluation of the index of flocculation indicates changes in the natural aggregation of the

clay partic1es. Bulk density measurements ranged from 0.8 to 1.1 Mg kg'. These lower values

indicated a strongly aggregated soi!. Further, bulk density values are not inversely correlated with

infiltration rates as normally expected. As a consequence of the flocculation and the aggregation

present in the Ferralsols, these soils behave like sand in terms of water infiltration near saturation.

But, they behave like c1ay soils at higher tensions with respect to infiltration rates and water holding

capacity. This unusual behaviour of the c1ayey Ferralsols, combining the properties of sand and

clay, in combination with a birnodal pore size distribution lead to the failure of many pedotransfer

functions which use texture or bulk density as input parameter to determine hydraulic properties.

Further studies about the phenomena of flocculation and aggregation related with organic matter,

and especially, the dynarnic ofthe iron oxides should be promoted.

The pore size distribution and its intricate geometry and continuity control the water

dynarnics. Therefore, the knowledge of porosity properties and how they change as a result of soil

management are a key factor to maintain the Ferralsols with good soi! physical qualities.

Methodological studies about evaluation of pore size distribution, continuity, stability, and factors

responsible for the formation and destruction of the pore system are fascinating topics for further

studies.



______________________________ ~Gen~e~rw~co~n=c~I~==io=ffi~ 253

The most common calibration functions to relate the soil dielectric nwnber (s) to volwnetric

water content (9) lead to serious errors in the estimations of 9 in the clayey Ferralsols, unless a

specific calibration is used. The failure of the calibration functions are related to the unusual

combination oflow bulk density [ca. 1.00 Mg kg-l] with a high amount of clay particles [> 600 g

kg"]. The use ofphysically-based models to relate e to 9 will be optimised with a better knowledge

of the amount of water that are bound to clay particles and water that is free in the soi!.

Investigations of the relationship between specific soil surface and s may give not only a better

accuracy of the 9 estimation, but it also may perrnit to define in a better way' the residual water

content (9,), which is a parameter used in many hydraulic models. The direct use of e values instead

to calibrate it to 9 in many studies conceming water dynamic is also a possibility to be investigated.

The uncertainties of deterrnination of water fluxes near saturation by use of K(9) or K(h)

functions arise because of its exponential behaviour (i.e., in linear models, slopes with very high

values) near saturation. This problem is extreme in highly structured soils, like the clayey

Ferralsols. It has a consequence that a small change in 9 or h can change K dramatically. Regardless

ofthe equation used, it is an intrinsic characteristic ofthe c1ayey Ferralsol (and other well structured

soils). Therefore, in the estimation of water fluxes near saturation this phenomenon is extremely

expressive and may lead to higher uncertainties in the estirnated values. Using hydraulic equations

that depends of many parameters in a strongly non-linear manner, make it difficult to assess the

uncertainties of the estimations and to use them in nwnerical simulations. The use of many

parameters makes the modelling and the statistical analysis too involved. On the other hand, it is

unrealistic to try to obtain accurate estimates of the hydraulic conductivity throughout the entire

water content range using a single and simple equation for this soil. Probably an option for

modelling water fluxes in structured soils, like the clayey Ferralsols in the central Amazon, is to

developed linear piecewise models, with few parameters for specific ranges with distinct hydraulic

behaviour (e.g. the domain ofmacropore flux; capillary flux and adsorptive domain). The piecewise

equation may fit the variable field data with equal reliability then the more elaborate smoothed

functions, further they may provide simple analytical solutions and feasible statistical analysis.

Preliminary results using the inverse method combining results from different methods have been

promising.



Chapter 7

7.2 Soil quality and sustainability ofland use systems

A brief discussion conceming general aspects on the three agricultural systems, secondary

and primary forest sites investigated is presented above. However, as described in the introduction

of this study, the concept of land sustainability involve econornic and social demands, the term

sustainability is used here in this Chapter in a restrict sense conceming only biophysical aspects.

For the monoculture of cupuaçus, the results show that the maintenance of the soil covered

between the plant in the first years of the establishment of a plantation, when large space between

the plants occurs, is fundamental to keep the soil structure in good quality. Pueraria phaseoloides

appears to be a very good option, as a cover crop plant, to maintain or recuperate the porosity of the

clayey Ferralsol.

In the monocultures of peach palm a reduction of the hydraulic conductivity could be

observed. Since peach palm is sensitive to deficient soil aeration, the monitoring of hydraulical

properties may be used as indicator of critical levels of aeration. However, for the hydraulic or

physical parameters as indicators of soil quality to be more useful, critical values limiting the

growth of peach palms must be established. The reduction of the soil conductivity is apparently

caused by compression ofthe soil by the root system. This phenomenon may be more serious in less

permeable soils than the Ferralsols.

In the Agroforestry systems intricate patterns created by the different characteristics of the

plants and by the specific management for each species create spot areas around stems with

different soil properties. The evaluation ofthe soil quality parameters in a more complicated system

like the agroforestry need an elaborated sampling scheme, which allows estimating the area of these

spots around the species. The sampling scheme will identify extreme values and may permit to

calculate weighted-average means for the whole system. The weighted means allow comparison

between land use systems. Moreover it also permits to speculate about combination of plants and

management to achieve an ideal structure. The creation of data bases with information about tree

and crop performance as response to management practices and other parameters, will enable us to

perform simulations of future or imaginary scenarios which can be used in land use planning to

define a suitable combination of plants and management practices.

The secondary forest appears to create efficient mechanisms to recuperate the soil qualities,

and many parameters in this system approximate the values found in the primary forest. Further

investigation, in addition to forms of increasing the rate of biomass accumulation, may include the

processes that happen in the soil covered by the secondary forest. A better understanding of the

natural mechanisms of soil reclamation may allow us to find a form to reduce the time for
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secondary vegetation to recuperate the soil quality, and consequently may reduce the intervals

between rotation areas in the slash-and-bum system.

The primary forest shows an optimal combination of soil physical and hydraulic

characteristics to preserve the scarce nutrients in the clayey Ferralsols. The bimodaI pore system,

permit to drain water quickly by the macropores during intense rainfalls by passing the soil matrix.

The remaining water in the soil flows slowly enhancing time for the nutrients in solution to be

adsorbed by the soil matrix or uptaken by the plant roots. The optimal functioning of this system in

terrns of reduction of leaching in the soil matrix is related to the intense precipitations, which occurs

frequently in the central Amazon.

Based on the findings in this study inferences about practices to optimise the use of fertiliser

or to reduce the leaching of pesticides to the groundwater are delineated. Controversially to as that

is norrnally said, the macropore fluxes can reduce the leaching rates if the nutrients are in the soil

matrix, and the water does not flow through the matrix. Based on this statement, the investigation of

forrns to incorporate the nutrients into the soil matrix assumes importance. Studies about methods

of incorporating fertilisers directly in the soil matrix; parcel of fertilisers in many applications; use

offertiliser finely granulated that will react more quickly with the soil matrix (or the opposite); and

the adequate moisture of the soil for the fertiliser distribution, should be encouraged.

A better forecasting of water fluxes in the clayey FerraIsol will be possible if we known

under which conditions water flows in the macropores. Certainly, it is not a trivial problem because

this process is not only dependent on the precipitation rate but also on the current moisture of the

soil. Further, there is still a requirement for better mathematical equations for describing macropore

fluxes. However, if this can be achieved, the judicious use of fertiliser and pesticides may be

predicted and prescribed, and as a consequence the macropore system may contribute to reduce

leaching.

It is doubtful if the cIayey Ferralsols can support a productive land use system for a long

period without external inputs. Conversely, the most of the smallholder farmers in the central

Amazon cannot afford high monetary investrnent for the agriculture production. A paradox problem

is posed, and need be equalised to achieve an altemative land use system to the slash-and-bum

system. Obviously, that the implementation of suitable agricultural systems for the central Amazon

is not only dependent on suitable agronomic techniques but also from the social and econornic

policies.
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