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Summary Dr.agr. Thesis: A Pattison

The importance of the antagonistic potential in thenanagement of populations
of plant-parasitic nematodes in bananaNlusa AAA) as influenced by agronomic
factors

Plant-parasitic nematodes are a major obstacleustaisable banana production
around the world. The use of organic amendmenssimeestigated as one method to
stimulate organisms that are antagonistic to pgbamésitic nematodes. Nine different
amendments; mill mud, mill ash (by-products fromgassing sugarcane), biosolids,
municipal waste (MW) compost, banana residue, dgragslegume hay, molasses and
calcium silicate (CaSi) were applied in a glasskoexperiment. Significant
suppression oRadopholus simili®ccurred in soils amended with legume hay, grass
hay, banana residue and mill mud relative to uteckaoil, which increased the
nematode community structure index, indicating gmepotential for predation.

A field experiment was established to determine thanges in soil properties
following applications of compost, grass hay, mmiud and mill ash. At the
termination of the experiment there was significactease in bunch size in the mill
ash treatment relative to the untreated plantstthBtmore, in the soil treated with
additional organic matter there was an increadahite C, the number of omnivorous
nematodes and lower proportion of plant-parasiimatodes relative to the untreated
soil. The suppression of plant-parasitic nematogssilting from the addition of
organic matter appeared to be the result of a coamtibn of two factors; nematoxic
compounds produced in the early degradation ofotiganic matter, followed by an
increase in nematode antagonists favoured by aease in soil fungal activity.

A study was implemented on 10 banana plantatiom®ith Queensland to determine
differences in soil management, soil physical, dieamand nematode community
properties. A principal component analysis coulgplan 61% of the variation
between farms and identified the proportion of plaarasitic nematodes, labile C,
nitrate-N, and the number of fungal feeding nemesods the most important soil
factors. When used in combination the ratio oflé&al® and nitrate-N in the soil and
the diversity of nematodes were able to explainf®&8.of the variation in the
proportion of plant-parasitic nematodes in the.sdN similar survey of 21 banana
plantations in Costa Rica using 34 soil variables able to explain 71% of variation
between plantations from five principle componemsbioassay of the soil collected,
which was inoculated withR. similis resulted in different populations of the
nematode recovered from the different soils. Tiflerénces could be explained by
soil pH, structure index and Zn using a multipleelr regression model, which
explained 79.2% of the variation. Furthermore, tugrelation of soil pH with
nematode diversity suggested that pH was the fabitoiting the biological
suppression dR. similisin the Costa Rican banana plantations.

The development of soils capable of suppressingtyparasitic nematodes requires
and understanding of soil constraints in the fagrapstem. In Australia, soil C
appeared to constrain antagonists, whereas, ira@isé low soil pH constrained the
diversity of the soil nematode community. Managenhoptions to increase soil C in
Australia and to increase soil pH in Costa Ricareeessary to develop a more
favourable soil environment for the suppressioplaht-parasitic nematodes by
antagonistic soil organisms.
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Die Bedeutung des antagonistischen Potentials furelKontrolle von Pflanzen-
parasitaren Nematoden in Bananen (Musa AAA) und deen Beeinflussung
durch pflanzenbauliche Mal3hahmen.

Der Pflanzen-parasitare Nematode (PRRdpopholus similigehdrt weltweit zu den
bedeutendsten Schédlingen nachhaltiger Bananeriirodu Traditionell, wurden
diese Schadlinge mit Nematiziden bekampft. Derebr&uch ist jedoch mit einer
Gefahrdung landwirtschaftlichen Personals und eReduzierung der Biodiversitét
im Boden und dessen antagonistischem Potentialmddn. Deshalb ist ein besseres
Verstandnis der Faktoren, die das antagonistisclueenRBal eines Bodens
beeinflussen, unabdingbar. In der vorliegenden iArbgurden verschiedene
organische Bodenzusatze auf die Stimulierung desganistischen Potentials gegen
R. similisin Musa AAA untersucht.

Gewachshausexperimente zeigten, dass LeguminoserZzHekermihlen-abfalle und
Bananenriickstéande als Bodenzusatze die Nematoa@esitt erhohte, die Anzahl an
R. similisjedoch reduzierten. In Feldexperimenten konnteeiggaverden, dass die
Zugabe von Kompost, Heu, Nebenprodukten aus Zudkden und
Muhlenschlamm zu einer Erh6éhung des instabilen &wdtbffs und omnivorer
Nematoden, jedoch zu einer Verringerung von PPélih

Eine Hauptkomponentenanalyse mit Zehn unterscliedlibewirtschafteten
Bananenplantagen in Nord-Queensland, Australienentifizierte instabilen
Kohlenstoff, Nitrat und die Anzahl fungivorer Neradén als Hauptbodenfaktoren in
Bezug auf ihr antagonistisches Potential gegeni®feN und konnte 61% der
Variation zwischen den Plantagen erklaren. In Koraton erklarte das Verhaltnis
von instabilem Kohlenstoff zu Nitrat im Boden unig¢ dNematodendiversitat 88.7%
der Variation an PPN zwischen den Plantagen.

Eine ahnliche Studie in Costa Rica bei der 34 Budeablen erhoben wurden konnte
71% der Variation zwischen den verschiedenen BoOdenBezug auf ihr
antagonistisches Potential gegeniber PPN erkldmebioassay’s mit diesen Béden
zeigte sich, dass deren antagonistisches Poterdial pH-Wert, dem ,Struktur-
Index” und Zink-Gehalt beeinflusst wurde und dashsmit Hilfe einer multiplen
linearen Regression 79.2% der Variationen des antsiischen Potentials zwischen
den BoOden erklaren lie. Dartberhinaus korrelietier Boden pH mit der
Nematodendiversitat, was den Schluss zuliel3, das88dden pH der limitierende
Faktor biologisch suppressiver Boden in Costa Ri&&nanenproduktion ist.

Zusammenfassend konnte gezeigt werden, dass dagyoargtische Potential
gegeniber PPN von verschiedenen Faktoren beeinfluss Wahrend in Australien
instabiles Kohlenstoff der limitierende Faktor west, in Costa Rica der Boden pH
entscheidend fur Nematodendiversitat und einhergdh&uppresion von PPN. Eine
Steigerung des instabilen Kohlenstoffs in Austradi@dden und eine Erhéhung des
Boden pH in Costa Rica scheinen deshalb notwendigsuppresive Boden mit
hohem antagonisten Potential gegen PPNRwvigimiliszu schaffen.
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1 Literature review

1.1 General introduction

1.1.1 The banana plant
The banana is a large herbaceous plant consistiagpocanched underground

rhizome and an erect pseudostem composed of tigatlged leaf bases (Jones 2000).
Bananas are classified within the family Musace@eusMusg in which the section
Eumusa, containing the majority of cultivated basnis the biggest and
geographically most widespread (Stover and Simmd®@&y). The area of greatest
diversity, and so presumed to be the centre ofronfjMusaspecies, is South East
Asia (Price 1995b). Edible bananas originate friasa acuminataand M.
balbisainaand these species contain the most widely cu#tdvatrieties (Stover and
Simmonds 1987).

Growth of the banana plant arises from the apicatistem, located in the
centre of the pseudostem at ground level, whiclegiuse to leaf primordial that
grows upwards, differentiating into a leaf basdigbe and lamina (Jones 2000). At a
certain stage in plant development the apical gigwioint stops producing leaves
and develops an inflorescence. Following formatainthe flower, the peduncle
begins to develop and carries the flower upwarderterge from the top of the
psuedostem. The inflorescence consists of femaldes with flowers, covered by
bracts and terminating with a male bud (Karamura ldaramura 1995). The bracts
dry and fall, exposing the fruit which encircleg feduncle in clusters with two rows,
which form the bunch. The size and weight of thedbudepend on cultivar, plant
vigour and health (Jones 2000). After harveshefliunch, the pseudostem dies back.

The subterranean growth of bananas is typical ohymmonocots with
sympodial, horizontal extension of the rhizome, #mel shoot turning up to form a
new aerial stem (Stover and Simmonds 1987). Térasgrowing out of the rhizome
are known as a suckers or daughter plants and gprawgenerate the plant (Jones
2000). Several suckers can arise from each rhizame if allowed to grow
unmanaged, will form a clump. However, in cultegtbananas, a single sucker or
daughter plant is usually selected for the follayvamop.

The root axis arises from the rhizome to form kdter primary roots, which

may branch into secondary and tertiary roots (P1i@85a). The primary roots are
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typically 5-8 mm in diameter, extending 1-2 m hontally and 0.6 m vertically from
the rhizome (Jones 2000).

The yield of bananas is determined genetically iy division of biomass
between fruit and other plant parts, but is rel@mthe length of the vegetative phase,
length of time for bunch development and the nun#et size of fruit (Stover and
Simmonds 1987). It is believed that cultivationb@hanas first occurred in South
East Asia and Melanesia, but spread to Africa ato2@00 years ago (Jones 2000;
Price 1995b). Further spread of banana cultivarshe Americas occurred with
Spanish and Portuguese colonisation (Price 1999Me commercial cultivation of
bananas as a monocrop occurred just over 100 ye@arsvith the improvements in
shipping transport leading to its development asimportant export fruit (Jones
2000).

Midrib
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Figure 1-1: Diagrammatic representation of a fngjtibbanana plant with suckers
(adapted from Kernatt al.(1998))

1.1.2 Banana production
Bananas are one of the world’s most important foomps (Price 1995b).

Bananas are cultivated in over 100 countries amdtfag staple food and source of

2
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income for many developing nations in tropical area well as being an important
international trade commodity (Frison and Sharrd@R9). Over 89 million tonnes of
banana are produced every year, with productiontreeénin tropical regions
(http://faostat.fao.org/site/339/default.aspx). nBaas are used as a life sustaining
crop in Africa, Asia and Latin America, where mawiythe bananas grown are local
cultivar selections. The countries with the largasia of banana production are India,
China, The Philippines, Brazil and Ecuador (TablB).1 However, many of the major

banana producing nations, such as India and Coagt export bananas.

Table 1-1: Banana production statistics of the 10ighest producing nations and
Australia in 2007

Country Production Production area Yield
(tonnes) (ha) (tonnes ha')
India 23 204 800 646 900 35.9
China 8 038 385 317 776 25.3
Philippines 7484 073 436 762 17.1
Brazil 7 098 350 515 346 13.8
Ecuador 6 002 302 197 410 30.4
Indonesia 5454 226 337 831 16.1
Tanzania 3500 000 480 000 7.3
Costa Rica 2 350 000 43 817 53.6
Thailand 2 000 000 153 000 13.1
Mexico 1 964 545 75 651 26.0
Australia 213193 13733 15.5

Source: http://faostat.fao.org/site/339/defaultxasp

In 2007, 17.7 Mt of bananas were exported globalhjich is 19.8% of the
bananas produced with an export value of US$724&mi

(http://faostat.fao.org/site/406/default.aspEcuador, Costa Rica and the Philippines

exported the greatest quantities of bananas, ii,ZRQ, 2.3 and 1.8 million tonnes
respectively (Table 1-2). The banana trade fromaBor is worth more than US$1.2
billion (Table 1-2). Central and northern South éna have many of the most
important banana exporting nations, including Ecua@osta Rica, Guatemala,
Honduras and Panama, which are able to export banarder US$300 / tonne. Costa
Rica has one of the highest yielding productiormsy@roducing over 50 tonnes of
fruit per hectare for export (Table 1-1).
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Table 1-2: Banana export statistics of the 10 hig#st producing nations and
Australia in 2007

Country Quantity Value Unit value
(tonnes) (1000 $) ($/tonne)
Ecuador 5174 565 1282 036 248
Costa Rica 2272 332 675 406 297
Philippines 1793 930 856 447 477
Colombia 1639 833 531 765 324
Guatemala 1 408 804 300 484 213
Honduras 566 539 152 891 270
Panama 437 022 111 484 255
Cote d'lvoire 290 757 126 465 435
Cameroon 224 546 185 927 828
Dominican Republic 208 653 71277 342
Australia 3 12 000 4 000

Sourcehttp://faostat.fao.org/site/342/default.aspx

In 2007, Australia was the 87argest producing nation of bananas in terms of
production, but the £1largest producer in terms of area and th® B&tion in terms
of yield (Table 1-1). The Australian banana indygtroduced 274,140 tonnes, valued
at AU$295 million, from 13,733 ha, being primarifgr domestic consumption
(http://www.abgc.org.au/?industry/banana-indust®nly a small quantity of banana,
3 tonnes, was exported in 2007 (Table 1-2). Mdstthe Australian banana
production occurs in Queensland (93%) due to faadalerclimate. However, there
are smaller production zones in northern New St\tthes (5%), Northern Territory
(<1%) and Western Australia (2%) (http://www.abgg.au/?industry/banana-
industry).

1.2 Diseases of bananas
Banana plants are susceptible to a range of patsadpat cause widespread

loss of production (Gowen 1995; Jones 2000; StamdrSimmonds 1987). However,
not all banana pathogens have global distributiohhe major disease causing

pathogens in commercial banana production are €stavd Simmonds 1987);

. Black sigatokaljlycospharella fijiensidMorelet),

. Panama diseasEysarium oxysporuriisp.cubensg
. Post harvest rots (various fungi),

. Moko (Ralstonia solanacearumabuuchi),

. Bacterial corm rotErwinia chrysanthen)j
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. Plant-parasitic nematodeRddopholus similifPratylenchus coffeae
P. goodeyi, Helicotylechus multicinctasdMeloidogynespp).

. Banana Bunchy Top Virus.

Many of the diseases in commercial export banaodyation are managed by
a combination of cultural and chemical methods.r &ample, sigatoka leaf spots
(Mycospharellaspp) are managed by a combination of fungicide speagsremoval
of infected leaf material (Jones 2000). Howeveseases such dsusarium wilt
(Fusarium oxysporuni. sp. cubensg are more difficult to manage in commercial
banana production and may lead to the abandonnfefdrge scale commercial
production in the region (Jones 2000; Stover amdn®nds 1987). For subsistence
farmers growing bananas, the management optiondiseases of bananas are more
restricted.

Australia is free of many of the most devastatiimgedses of bananas due to
strict quarantine restrictions and regulations gowey the industry. In the
Queensland production area of Australia, yellowatiga (Mycospharella musicola
Leach) is the major limitation to banana productiatthough incursions of black
sigatoka have occurred (Petersdral. 2005). Fusariumwilt is a constraint to banana
production in sub-tropical banana production argasorthern NSW and southern
Queensland (Race 1 and 4) and the Northern Terntbere the tropical race 4 form
of the disease is present (Hennestwl. 2005; Pegeet al. 1996). Occurrence of the
bunchy top virus is also present in isolated aieasorthern NSW and south-east
Queensland (Hennesgy al. 2005). Plant-parasitic nematodes reduce produdtio
north QueenslandR( similig and the sub-tropical production areds @oodey)
(Stantoret al.2001).

1.3 Nematodes as parasites of banana
It is estimated that plant-parasitic nematodes eayigeld loss of 19.7%

annually to banana production around the world $8&asand Freckman 1987).
However, in particular situations, such as haveuged in Costa Rica, losses due to
nematodes were as high as 80% (Araya and Moens).200be major nematode
parasites for bananas globally &e similis P. coffeagP. goodeyi H. multicinctus
andMeloidogynespp. (Goweret al. 2005; Jones 2000). The most devastating plant-
parasitic nematode of commercial banana produatidropical countries if. similis
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(Gowenet al.2005). However, plant-parasitic nematodes of basarsually occur in

mixed populations (Araya 2005).

1.3.1 Radopholus similis
R. similisis a vermiform, migratory endoparastic nematodguife 1-2) that

causes root necrosis due to feeding on cells withencortical tissue of banana roots
(Gowenet al. 2005). R. similisis able to complete its life cycle, from egg t@eg
about 20 — 25 days at 24-32 (Gowenet al. 2005). R. similisundergoes four moult
stages, the first being within the egg, before b@ng an adult (Hunet al. 2005).
Juveniles and females are able to penetrate the amd feed. The male has a
degenerated stylet, but can still be isolated fb@mnana root tissue (Huat al. 2005).
The females reproduce either amphitically, partigenically or as hermaphrodites

depositing an egg in the root tissue every 3-5 didgplan and Opperman 2000).

Figure 1-2:Radopholus similifemale

The feeding ofR. similison the cytoplasm of cortical cells of banana roots
causes the cells to become necrotic (Figure 1¥8)e necrotic areas within the roots
may be associated with fungi, such as weakly pahicg-usarium spp. (Blake
1966). R. similisrarely enters the vascular tissue of the banaot (Blake 1969;
Gowen et al. 2005); however, there have been reportRofsimilis present in the
steele with very high populations of the nematodi@ya and De Waele 2004). The
damage of the cortical tissue within the roots lnd banana plant develops into
purplish — red lesions (Figure 1-3). The banamatpkself may appear stunted, have
smaller bunches and take longer to cycle, dueredaced capacity to absorb water
and nutrients through the root system. Severestations ofR. similislead to plant

toppling, due to poor anchorage or snapping ofdloé system (Figure 1-4).
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Figure 1-3: Necrotic lesion development in the roatortex of bananas caused by
R. similis.

i

Figure 1-4: Toppling of bananas due to a weakenaoot system caused by the

feeding ofR. similis.

R. similis can migrate from the roots into the rhizome, whirey cause
similar lesion development (Gowen al. 2005). Infected rhizome material has been
the primary means of distribution Bf. similisaround the world (Goweet al. 2005).

R. similiswas first reported on bananas from Fiji by Cobh 893 (Blake 1969). It is
currently recorded in most banana producing aradshas a wide host range of over
350 plant species (Holdeman 1986). Some variasioeported in the pathogenicity
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of R. similis with the possible development of regional biot/md the nematode
(Elbadriet al.2002).

1.3.2 Other plant-parasitic nematodes
Other plant-parasitic nematodes reported to caoss bf production of

bananas include lesion nematodestylenchus coffeaandP. goodeyi P. coffeads
widespread through many banana producing natioms isnthe most damaging
nematode in Vietnam (Van den Begg al. 2005). P. goodeyicauses losses in
production in the African highlands, the Canaramgls and has been found in sub-
tropical eastern banana production areas of Aust(@&owenet al. 2005; Pattisoret

al. 2002; Price and Bridge 1995H. multicinctusis an important root pathogen in
sub-optimal banana growing areas (Araya and Mo605;2Blake 1966; Goweet al.
2005) or in the absence &. similis (McSorley and Parrado 1983). Root-knot
nematodes are widespread and also reported causeotmmic losses in banana
plantations (Goweet al.2005). However, root-knot nematodes were not daionbe

economically important in Australia (Stanton andoGo 2000).

1.4 Management strategies for plant parasitic nematodes
Management of plant-parasitic nematodes in commaleb@nana production

since the 1960s has relied on the use of chemacata (Gowenet al. 2005; Stirling
and Pattison 2008). However, recently there has l@eenove toward developing
integrated strategies to reduce losses caused dt-pphrasitic nematodes. The
strategies that have been used in the Australiaar@industry have been reviewed
by Stirling and Pattison (2008). Similar options fanaging nematodes on bananas

have been reviewed previously (Gowedral.2005).

1.4.1 Clean planting material
The importance of clean planting material has breeagnised since the 1960s

with the development of paring and hot water treatimof vegetative planting
material and then nematicide treatment of plantragerial (Blake 1961; Blake 1969;
Broadley 1979a; Colbran 1964b). The developmenn eftro techniques improved
the reliability of planting material. Neverthelesggetative planting material derived
from the corms or suckers of existing banana plastsains an important part of
establishing banana plantations, particularly wharevitro technology is not
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available, replanting within existing plantationsdawherein vitro plants are too

expensive.

1.4.2 Nematode monitoring
Nematode monitoring is an important part of anyegnated nematode

management program. Monitoring systems have beselabed using counts of
nematodes extracted from the roots, soil or thellefzdamage caused by nematodes
in the root system (Araya and Moens 2005; Broad!@y9c; Speijer and De Waele
1997; Stantoret al.2001). An economic threshold for damage leveised by plant
parasitic nematodes allowed growers to assessetbe for chemical or other control
applications (Moenst al.2001; Pattisort al.2002).

1.4.3 Chemical control
The use of chemical nematicides has been usedet@emt yield loss. The

fumigant nematicide DBCP (dibromochloropropane) wsad during the 1960s in an
effort to eradicate nematodes from banana plamstjBroadley 1979b; Gowest al.
2005). The development of non-volatile nematicidesthe 1970s and their
application to nematode infested banana fieldsrhececommon commercial practice
and remains a common practice in many commerciaha plantations (Broadley
1979b; Burnetet al. 1974; Goweret al.2005). The application of 2-3 cycles of non-
fumigant nematicides was reported to increase lmagemids by 21-44% in Australia
(Broadley 1979b), 48% in Coéte d’lvoire (Quenehesteal. 1991), up to 50% in
Cameroon (Fogaiet al. 1996) and 41% in Costa Rica (Araya and Cheves)1997
However, the efficacy of the non-volatile cheminaimaticides was observed
to diminish with repeated use of chemicals as easl\1984, due to the development
of enhanced biodegradation, the rapid microbial odgmosition of the active
ingredients in nematicides (Anderson 1989). Enbdrmodegradation of nematicides
used in banana production was similarly noted istAalia and Costa Rica (Cabrerta
al. 2010; Moenst al.2004; Pattisort al.2000). Simultaneously, concerns about the
environmental impact of nematicide use on banarantalions and surrounding
ecosystems were being expressed, due to the appeanh nematicides in aquatic
environments (Castillet al. 2000). With no new chemical nematicides available
strategies for improving the efficacy of the nemideés were developed. This
included increasing the number of applications year (Araya and Cheves 1997),
application through irrigation systems (Schipke &agnsey 1994) and the application

9
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of systemic liquid nematicides into the pseudostéimananas (Araya 1999; Robalino
et al. 1983). However, recent reports suggested thaarer@ud degradation due to
bacterial decomposition of the active ingrediembaens a continual constraint to use
of non-fumigant nematicides (Cabreztaal. 2010).

There has been an attempt to develop “biologicalaieides” that are safe to
the environment and workers. One product ABG-9(D8era”) was found to
suppress the activity dR. similison bananas in a greenhouse study (Matiral.
2000). Biochemical extracts from soil microorgamibave also been tested, such as
Abamectin (Jansson and Rabatin 1997; Jansson abdtiRd998). Nevertheless,
there are very few new options for chemical contfohematodes in bananas in the

future, so other options for nematode managemeuineinvestigation.

1.4.4 Crop destruction, fallows and crop rotation
Fallow periods between cropping cycles have beed ts reduce the number

of plant-parasitic nematodes carried over to tHevieng crop. One of the most
important aspects is the prompt destruction of ghevious crop, which allowed a
reduction in the number of nematodes survivinchim $oil (Chabrier and Queneherve
2003). Blake (1969) suggested tRatsimiliswas able to survive in decomposing root
and corm material for up to 6 months. Furthermtive,growth of volunteer bananas
could be seen as one source of carry oveR.o6imilis (Chabrier and Queneherve
2003). Therefore, the complete decomposition of emd corm material is necessary
prior to replanting bananas. Weeds common to lmmentations have also been
found to hosR. similisallowing the nematode to reinfect the followinghbaa crop
(Quéneéherveét al.2006).

The use of a fallow period crop that is resistamtRl similis has been
successfully used in Australia (Colbran 1964a; tealhl. 1993; Stirling and Pattison
2008). In Australia, Brassica species were growrthie cooler months (May —
August) in short fallows and Rhodes graShlfris gayanain long fallow periods up
to two years which reduced numbersofsimiliscarried over to the following banana
crop (Stirling and Pattison 2008).

1.5 Nematode suppression
Soil suppressiveness is the phenomenon which oocshen soil factors

constrain pathogens like plant-parasitic nematodesspite the presence of a
susceptible host (Pyrowolakist al. 2002). Soils suppressive to plant-parasitic

10
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nematodes have been reported in many crops foerdift species of nematodes
(Kerry 1990; Pyrowolakiset al. 2002; Sikora 1992; Weibelzahl-Fultat al. 1996;
Westphal 2005), but there are few reports of ssiuppressive to nematodes in
commercial banana plantations, except in Guatefzala Felde 2008; zum Felab
al. 2005).

Suppression of pathogens is typically divided into types; specific
suppression where one or several organisms arensfpe for the suppressive
effects, and general suppression which is the sutheooverall activities of the soil
biomass (Stonet al. 2004). Furthermore, suppression of plant-paasiématodes
may be natural, where the agents have increaséduwtitntention or induced, where
the agents have been manipulated by either addifidhe agent or manipulation of
the soil environment (Kerry 1987).

1.5.1 Specific suppression
Specific suppression occurs where one or sevegansms are involved in

suppressing plant-parasitic nematodes and are alypit classical approaches to
biological control (Sikora 1992). Organisms thatynproduce specific suppression of
plant-parasitic nematodes include fungi, bactereanatodes and microfauna (Stirling
1991). The process of developing biological cdstror specific suppression of
migratory endoparasites, such Rs similis had not been as effective as sedentary
endoparasites such ddeloidogyne spp. However, recent developments using
endophytic organisms demonstrated that specifipr&gsion may be possible (Sikora
et al. 2008) and that suppression Rf similisin the roots of banana plants with
endophytic fungi, may have lead to plant drivenmapsiveness that was independent
of the soil (zum Felde 2008).

1.5.1.1Fungal egg pathogens
The egg pathogeRaecilomyces lilacinutias been the most widely studied

fungal egg parasite for suppression of plant-pacasematodes in bananas, beginning
with work in the Philippines (Davide 1988). Glasske and laboratory studies have
confirmed that the fungus was able to reduce nusmbeR. similison the roots of
bananas due to the chitinolytic activity of the dus, which degraded the nematode
egg shell (Kharet al.2006a; Kharet al. 2006b; Mendoza and Sikora 2009; Mendoza
et al. 2007). There are few reports@f lilacinusbeing able to reduce numbersRaf
similis on the roots of bananas in the field. In thedfidfernandezt al. (2005),

11
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reported a reduction in the populationRafsimilisby 82% and associated with yield

improvements of bananas up to 25%.

1.5.1.2Nematode predatory and trapping fungi
The vermiform nematodes in the soil are attackedl @nsumed by many

different species of fungi (Stirling 1991). The reode-trapping funghrthrobotrys
spp., which produces adhesive networks or constgicings for capturing and killing
nematodes, has been one of the most widely studigdnisms as a potential
biological control of plant-parasitic nematodesffgla 2004a; Jaffeeet al. 1998;
Kumar and Singh 2006; Sikora 1992). However, thése been studies
investigating other predatory or trapping fungi fibre control of plant-parasitic
nematodes (Sikora 1992; Stirling 1991). Howeveg #fficacy of predatory and
trapping fungi is dependent on many external facteuch as density of the fungi in
the soil, density of nematodes, soil nutrition amdanic matter (Jaffee 2003; Jaffee
2004b; Jaffee and Strong 2005; Sikora 1992). hhs meant that these organisms
are usually not considered as acceptable altessatosnematicide application (Meyer
and Roberts 2002).

1.5.1.3Fungal root endophytes
Endophytic root fungi may have the potential toegs the damage to crops

caused by plant-parasitic nematodes (Siketral. 2008). An endophyte has been
described as an organism that can colonise intékmad) tissue of their host (Sikora
et al. 2008). The pathogeR. oxysporumf. sp. cubensemay be described as a
deleterious endophytic root fungus of bananas. é¥ewn other endophytic fungi of
bananas, such as non-pathogdrisarium oxysporunand Trichodermasp., have
been shown to suppress the activity and damage laoft-parasitic nematodes
(Pocasangre 2000; Sikoea al. 2008; Sikora and Schuster 1999; ®tal. 2006; zum
Felde 2008). Furthermore, zum Felde (2008) fourad tvhenin vitro propagated
banana plants were inoculated with isolate§wsariumspp. andTrichodermaspp.
they were able to transfer suppression to the platien challenged witR. similis
Pocasangre (2000) reported a 76% reduction inuh#er ofR. similisin the roots of
banana plants inoculated with non-pathogdnicoxysporum Further research has
demonstrated that it is also possible for banaaatplto transfer endophytic fungi
from the mother to the daughter plant and maingippression of plant-parasitic

nematodes (zum Felde 2008).

12
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Colonisation of banana roots by arbuscular myceahi(AMF) have been
shown to suppress endoparsitic nematodes of bafalsgmet al.2003; Jaizme-Vega
and Pinochet 1997; Umeddt al. 1988). Elsenet al. (2005) also found a varietal
interaction which dictated the nematode speciepresged. AMF are however,
obligate symbionts and difficult to produce comnmaig (Sikoraet al.2008).

1.5.1.4Bacterial nematode antagonists
Bacteria are numerically the most abundant orgasism field soil and

therefore have an important impact on populatiohsplant-parasitic nematodes
(Siddiqui and Mahmood 1999). Soil bacteria camlibeled into those having a direct
or indirect effect on plant-parasitic nematodes.

Bacteria with direct activity includePasteuria penetransan obligate
nematode parasite where Bscillus spp, are known to produce toxins fatal to
nematodes. There have been few studies involviagisle ofP. penetrango suppress
plant-parasitic nematodes on bananas except taeegopulations oMeloidogyne
spp. (Devrajaret al. 2003; Jonathaet al. 2000a).Bacillus spp. has been shown to
produce secondary metabolites that are toxic totgdarasitic nematodes (Mendoza
et al. 2008). The application dBacillus thurigiensisvar. kurstaki was reported as
giving an average reduction M. incognitanumbers of 87% in banana crops in Cuba
(Fernandezt al.2005). However, Esnaret al. (1998) suggested thBt thuringiensis
decreased rapidly in the soil, requiring frequestaplication to give suppressionRf
similis andH. multicinctus.

Indirect activity of bacteria commonly occurs thgbu the activity of
rhizobacteria inhabiting the roots of plants. Rbiacteria in bananas have been
shown to enhance the growth of plants as well agase pathogen suppression. Mia
et al. (2005) reported that rhizobacteria treated plamtse able to obtain a yield
improvement with only 33% of the fertiliser needsThere are also reports of
rhizobacteria used in bananas to reduce levelsirddl pathogen€ylindrocladium
sp. (Sutraet al. 2000),F. oxysporunf. sp.cubensgSunet al. 2008), banana bunchy
top virus (Kavinoet al. 2008) and plant-parasitic nematodes (Chasteal. 2009;
Jonatharet al.2000a; Rodriguez-Romest al.2008). However, the specific activity
of rhizobacteria on plant-parasitic nematodes oiféedtifficult to ascertain because of

indirect interactions over the host plant.

13
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1.5.1.5Predators of nematodes
Predatory nematodes and other soil invertebrates been largely ignored in

suppression of plant-parasitic nematodes (Bilgramid Brey 2005). However, a
better understanding of their role in the soil foweb is being developed (Bilgrami
and Brey 2005; Bilgramet al. 2008; Khan and Kim 2005; Khan and Kim 2007).
Khan and Kim (2005) suggested that predatory nemestobelonging to the
Diplogastrida may be suitable for biological cohtrbecause of their ability to
withstand environmental changes. Furthermore,r&ifg et al(2008) reported in a
field study, a significant reduction in the numbef plant-parasitic nematodes
Tylenchus sp., Ditylenchus sp., Tylenchorhynchussp. and Aphelenchoidessp.
following the release of a predatory nematod®nochoides gaugleri Currently
there are no reports on the importance and rol@retlatory nematodes in the
suppression of plant-parasitic nematodes in bapesduction.

Other soil invertebrates found to prey on plantapaic nematodes include
mites, insects, turbellarians and tartigrades (Bity and Brey 2005). Tartigrades
were found to have an important impact on the &mld web in the absence of
predatory nematodes (Sanchez-Moreeb al. 2008). However, Piskiewiczt
al.(2008) found that predacious microarthropods dithave a significant effect on
the reduction of plant-parasitic nematodes in caarels.

1.5.1.6Combination of specific organisms
Due to the variety of organisms able to give speatippression of plant-

parasitic nematodes, combinations of organisms haen suggested to give better
suppression of plant-parasitic nematodes (Meyer Rwotberts 2002). Various
combinations of fungi and bacteria have been usedetiuce numbers of plant-
parasitic nematodes, in situations where the osgasiwere selected because they had
different modes of action on the nematodes thaidcéead to greater levels of
suppression (Chavest al. 2009; Chenet al. 2000; Mendoza and Sikora 2009;
Siddiqui and Akhtar 2008). By targeting organiswith different modes of action
Mendoza and Sikora (2009) were able to enhancesuperession oR. similisin

bananas.

1.5.2 General suppression
It has been suggested that instead of focusinghenrsole of individual

organisms in suppressing nematode pests, resdavaldsconcentrate on defining the
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level of activity and complexity within the food Wethat is needed to achieve
suppression (Stirlinget al. 2005). Unlike specific suppression, which can be
attributed to one or several organisms, generghrgsgion is the sum of the activities
of the overall microbial biomass (Stom# al. 2004). It has been suggested that
general suppression may be mediated through thelafewent of stable ecosystems
over many years, or through long term mono-cropp{&gone et al. 2004).
Furthermore, general suppression may occur nayucallbe mediated through the
alteration of the physical, chemical and biologieaVvironment in the soil. Therefore,
the farming system becomes an important reguldtgreneral suppression of plant-

parasitic nematodes (Sanchez-Moreno and Ferris; Z0ling 2008).

1.6 Suppressive cropping systems
Agricultural intensification has produced importahianges in soil biological

communities, reducing biodiversity and altering ptriz relationships (Sanchez-
Moreno and Ferris 2007). The intensification ofiagture has been attributed to an
increase in the incidence of plant disease andd#odine in the natural enemies of
nematodes (Daviest al. 1991; van Bruggen and Semenov 2000). Therefore, by
developing integrated agricultural production sysdat may be possible to enhance
general suppression to plant-parasitic nematods$in{® 2008; Stirling and Pattison
2008; Tixieret al.2006).

Bananas can be grown in a range of climatic enwikemts and cropping
systems (Frison and Sharrock 1999). Cropping syst@clude mixed cropping of
small gardens to supplement food and income (SikachSchuster 1999) and large
scale monocultures for domestic and export marfietdinson 1995). The focus in
this section deals with monocultures of bananascéonmercial production and the
suppression of the main plant parasitic nematodeaofinasR. similis While it is
recognised that there are cultivars of banana wattying amounts of resistance to
plant-parasitic nematodes (De Waele and Elsen 2@yen et al. 2005), only
Cavendish type bananadisaAAA) will be considered as they are the cultivased
in export banana production.

Bananas are a perennial crop where suckers wiliragn regenerating from
the corm. However, the life of the plantation eépdndent on the cropping systems in
which they are grown and range from very long-t€20+30 years), medium term (4-

6 years) to annual cropping (Robinson 1995). Rtam length will affect the

15



Chapter 1: Literature review Dr.agr. Thesis: AtBah

management tools available to develop suppresysteras. However, soil organic
matter management and maintaining diversity of smijanisms are seen as
paramount to developing systems that suppress-p&asitic nematodes (Sikora
1992; Stoneet al.2004).

1.6.1 Crop rotation
Crop rotation is the practice of growing a sequesfadifferent plants (Bullock

1992). Bananas grown in large scale commerciatdymioon are rarely rotated

(Gowenet al.2005). However, a range of crops and pasturdespbave been shown

to have resistances R similisand numbers dR. similisin bananas can be reduced
in the following banana crop when rotation is ugetiabrier and Quénéhervé 2008;
Colbran 1964a; Stirling and Pattison 2008; Taftal. 1981). Rotation of crops with

bananas may have multiple benefits for increadmeggeneral suppression of plant-
parasitic nematodes, through increased carbon snpomproved soil structure and

diversity of organisms (Bullock 1992; Waegal.2008).

1.6.2 Intercropping
Intercropping is the practice of growing two or marops simultaneously on

the same land (Bullock 1992). Banana intercroppsngnore common in small land
holder situations (Mclintyreet al. 2001; Ssennyongat al. 1999; Wortmann and
Sengooba 1993). The importance of intercrops imaba cultivation for nematode
management was mixed. It was found to have nofibdoe nematode suppression
and banana growth in Africa (Mcintyeg al. 2001), but was able to suppress plant-
parasitic nematodes in a plantain production systerRuerto Rico. The use of
intercrops has also been able to host beneficimatede antagonists, which can aid
nematode suppression (Van der Veletral. 2008; Vargas-Ayalat al. 2000). The
effect of intercrops on nematode suppression wasrdent on the intercrop species

and the environment in which they were grown.

1.6.3 Crop residues
The residue from banana production can be twicerdmoved in the banana

bunch (Lekasiet al. 1999). The residue from bananas is an importantce of
nutrients that can be recycled in the soil and nained for crop growth (Doredt al.
2008; Lekaskt al. 1999), but can also contribute organic mattehtogoil (Cordeiro

et al. 2004). Investigations into the composting of Wemaesidue have been
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conducted to determine the effects on the nutrseuply to bananas (Ultrat al.
2005). However, the effects of crop residue appboaon bananas gave mixed
results. The retention of crop residues as a mattohind the base of the banana plant
produced a positive effect on the growth of banamareasing production
(Gaidashovaet al. 2009). However, plant-parasitic nematode were sagged in
some studies (Talwanat al. 2003), but found to be higher in other studies
(Gaidashoveet al. 2009). However, the long-term impacts of retamted banana
residue close to the plant on the suppressionaftydarasitic nematodes are still to
be determined (Stirling and Pattison 2008)

1.6.4 Organic amendments
Akhtar and Malik (2000) suggested that organic aingnts can stimulate the

naturally occurring nematode antagonists in theasal provide suppression of plant-
parasitic nematodes. However, additions of organatter may have side effects.
Also, large quantities of organic material are oftequired, making it difficult to

interpret the modes of suppression on plant-pacasgmatodes (Kerry 1987; Kerry
1990). There are very few studies on the appboatif organic amendments in the
control plant-parasitic nematodes in bananas. Wewethere are reports that
applications of neem as an organic amendment waeeta reduce plant-parasitic
nematodes in bananas (Jonattenal. 2000b; Zarina 2007). The application of
organic amendments relies on the supply of largatijiies of material which need to

be in close proximity to the location where theyl Wwe used (Kerry 1990).

1.6.5 Tillage
Tillage is used to prepare land prior to plantirmpénas. There has been

increasing evidence suggesting that minimum tillegetems are able suppress plant-
parasitic nematodes in a number of cropping systeltt®ugh results have been
mixed (Conway 1996; Kimpinski and Sturz 2003; 8tgl2008; Stirling and Eden
2008). In subsistence farms tillage may be donagusiand hoes with minimal
disturbance of the soil (Dowiyet al. 2009). Tillage in export banana production is
dependent on the topography and may occur onlyjyranelong-term plantations
(Robinson 1995). However, tillage in mechanisedalna production has been
attributed to a decline in the physical qualitytleé soil (Cattaret al. 2006; Rasiafet

al. 2009). Since tillage may only occur once evefy ylears in mechanised banana

production systems, there are no studies that imaestigated the long term impact of
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the tillage systems on suppression of plant-pacas#imatodes, particularR. similis
However, Dowiya et al(2009) attributed increased root damage and reduced

production to the use of hand hoes to remove wiedsbanana plots.

1.6.6 Nutrient management
Nutrient management is an important component & mmanagement of

productive banana plantations (Lahav 1995). Nutrigepletion is a major constraint
to production of bananas in many countries, whitetlee other hand high inputs of
nutrients in intensive banana production may leadenvironmental degradation
(Delvaux 1999). The form of nitrogen utilised agher NH;" or NO;, was found to
impact on the growth of banana and the numbedR.adimilisin the root systems of
hydroponic bananas. However, the possible roleeoldyy other soil organisms was
not considered when higher numbers of nematodesneasured in the banana roots
of the NQQ'N treatments. Smithsoet al(2001) reported no effect of fertiliser on the
populations of plant-parasitic nematodes in thesad bananas in Uganda. The
impact of nutrient management on the suppressioplaft-parasitic nematodes of
bananas is difficult to determine directly and nieey specific to banana production

regions due to the complex interactions that oattine soil.

1.6.7 Analysis of cropping systems
Innovative cropping systems for bananas need tddweloped to meet the

challenges of production, environmental protectand suppression of pests and
diseases (Blazgt al. 2009; Delvaux 1999). This requires the assessofemiultiple
criteria (Delvaux 1999; Gaidashoed al. 2009; Tixieret al. 2008a). One method is
the modelling of production systems with emphasissappressing plant-parasitic
nematodes (Tixieet al. 2008a; Tixieret al. 2006; Tixieret al. 2008b; Zander and
Kachele 1999). Another method is to develop arewstdnding of the soil constraints
in the production system through an understandirspib health and quality (de Lima
et al. 2008; Shukleet al.2006). A thorough knowledge is needed to deteznhiow
management decisions impacts on soil physical, csnmand biological soill
properties and how this in turn may impact on thppsession of important plant-

parasitic nematodes suchRssimilis
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2 Research objectives
It is the aim of this thesis to describe practi@nagement strategies that can

be implemented by banana growers to suppfRssimilis and to determine the
changes these management practices have on spdrpes. The hypothesis for this
research is that organisms that are antagonistptaiat-parasitic nematodes exist in
agricultural soils, but their activity is suppreddey the agronomic practices utilised
on banana plantations. Furthermore, it is belietteat plant-parasitic nematode
problems in banana plantations are a symptom ofaifming system suppressing the
activity of nematode antagonists through less thatrmal soil conditions. Therefore,
the investigations in this thesis were targeteiddextifying soil conditions that favour
antagonistic organisms, which provide general seggion ofR. similisand not at
identifying the specific organisms responsibledoppression.

The objectives of the following investigations were

1. To examine various soil amendments readily avaslatol banana
growers in the wet tropics region of Australia tetefmine which amendments are
able to suppresf. similis on bananas and what changes in soil properties are
associated with nematode suppression in a glassieygeriment.

2. To determine changes in selected soil chemical gotigs and the
nematode community following amendment of soil watiganic matter and the effect
this has on the suppressionRafsimilison bananas in a glasshouse experiment.

3. To ascertain changes in soil physical, chemical dmalogical
properties in the field following the addition omandments to the soil and to
determine changes in populations of plant-parasidmatodes and production of
bananas.

4, To survey banana farm productions systems using faanagement
and soil health indicators to define farm typolsg&nd indicators relating to the
suppression aR. similison bananas.

5. To use the knowledge of soil indicators and plaarapitic nematode
suppression gained in Australia to investigateetfiects of different soil management
practices and soil physical, chemical and bioldgoraperties on the suppression of
R. similisin Costa Rica.
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3 Effects of soil amendments on suppression of the
burrowing nematode, R. similis, and on the growth
of bananas

3.1 Introduction
The Australian banana industry is composed of epial and tropical

components. However, the wet tropics region oftmdueensland is the most
important production area with 88% of the countrdyanana production (Collingt

al. 2004). The wet tropics is located in a regiater@ng an average of 3 800 mm of
rainfall annually, often in heavy downpours. Theghhrainfall and close proximity to
world heritage listed rainforest and coral reefskenéhe area an environmentally
sensitive zone for agriculture. Therefore, envimentally responsible farming
practices are required to ensure grower profitgbdnd sustainable management of
pests, diseases and nutrients and in parti®daiopholus similis

To prevent losses in banana production in Austrediased byR. similis
banana farmers apply organophosphate or carbaraataticides, which cost AU$10-
15 million annually (Pattison 1994). Also, the hpgtion of nematicides is
potentially hazardous to the local environmenthas/tcan be readily transported in
soil water and attached to colloidal soil partiol€acereset al. 2002). Furthermore,
concerns for worker safety have meant that altemahethods for managing plant
parasitic nematodes on bananas are required.

The application of organic amendments to soil is emvironmentally
favourable waste management strategy that can tmdtgnimprove soil quality
(Flavel and Murphy 2006). Considerable research diwn the benefits of using
composts and other organic amendments to improitephgsical (water holding
capacity, porosity and bulk density), chemical (pélectrical conductivity and
nutrient content) and biological properties suchsad microbial populations and
plant growth (Flavel and Murphy 2006; Kenneely al. 2004; Mosset al. 2002).
Amendments have also been investigated for thereagijon of soil borne diseases in
a range of cropping systems (Stoseal 2004). Furthermore, there have been
investigations to determine the usefulness of smilendments to reduce plant-
parasitic nematode populations in agricultural srOdkhtar and Malik 2000; Stirling
et al. 2003; Widmeret al. 2002). However, the results of plant-parasiticmatde

suppression are variable and sometimes crop orspieeific. The application of
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amendments may need to be applied continuouslyight fates to reduce plant-
parasitic nematode populations (Vawdrey and Sgrli®97), which would impact on
physical, chemical and biological soil properties.

The chemical composition of the amendments inflesrtbe rate of microbial
decomposition of organic matter, which can reguldte stability and release of
nutrients (Most al.2002). Easily degraded forms of C are preferéintidilised by
bacterial populations (Flavel and Murphy 2006; Walgela-Solano and Crohn 2006).
The rate of nutrient release may impact on the @ment's potential to stimulate
organisms that are antagonistic to plant-parasiimatodes. Furthermore, due to
their inherent qualities, some soils have a grgadéential to suppress plant-parasitic
nematodes than others (Westphal 2005; Widehet 2002).

An integrated nematode management system has beerloged for the
Australian banana industry to reduce losses caog®d similis(Stirling and Pattison
2008). However, further work is required to impeothe resilience of the banana

production system to damage by plant-parasitic nedes, particularlyR. similis

3.1.1 Aim
The objectives of the following investigations weoeexamine various soil

amendments readily available to banana growetseinvet tropics region of Australia
to determine which amendments were able to suppressnilison bananas and what
changes in soil properties were associated withatese suppression in a glasshouse

experiment.

3.2 Materials and methods

3.2.1 Soils
Three soils, representative of major soil typesbfmmana production in the wet

tropics region of north Queensland, were chosenafgrot experiment; Mundoo,
Innisfail and Coom soils series (Table 3-1). Thendoo soil is a red uniform, clay
loam structured Ferrosol soil, with good drainadgrjved from basalt (Cannaat al
1992). The Innisfail soil was a structured brovlewdoam and the Coom soil was a
poorly structured, mottled uniform clay loam toyckoil with a silty texture and poor
drainage. The later two soils were dermosols (Camt@l 1992). All soils used in
the experiment were collected from the top 15 craavhmercial banana farms, prior

to addition of amendments.
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Table 3-1: Location, classification, pH, sand, siland clay content of typical
banana producing soils used in the pot experimenbtdetermine the effect of
different soil amendments.

Soll Classification Latitude Longitude pH Sand Silt Clay
series  (Isbell 1996) (S) (E) % % %

Coom Dermosol 17°4058" 146’ 338" 4.7 5 44 50
Innisfail Dermosol 17°58 9" 1464950" 5.3 35 25 40
Mundoo Ferrosol 17°36'14" 146 041" 4.9 49 10 41

3.2.2 Amendments and nematode inoculation
Nine different amendments; mill mud, mill ash, nssles (all by-products

from sugarcane processing), biosolids, municipastezacompost (MW compost),
banana residueMusa AAA, Cavendish subgroup), grass ha@h{oris gayany
legume hayNledicago sativg and calcium silicate (CaSi) were mixed with theee
different soils and compared to untreated soil.e Bimendments were analysed for
their chemical composition, listed in Table 2-2jngsthe methods described by
Rayment and Higgins (1992). The biosolids, compostl mud, banana residue,
grass hay and legume hay were mixed at a rate @gunivto 40 t ha (Table 3-2).
Two rates of mill ash were incorporated with th#, ¢t and 120 t HA Furthermore,
CaSi was applied at 5 t haand molasses at 300 L ha The rate of amendment
applied per pot was calculated using the surfaea af the 200 mm diameter pots
with a depth of 150 mm. The amendments were imzatpd and thoroughly mixed
with the soil prior to placement in the pots. Amamately 3 kg of the soil and
amendment mix was placed in each pot. Pots wepethseveral times to achieve a
uniform bulk density.

The pots were then placed in the glasshouse for waeks to allow the
amendments to settle before planting 12-week iolditro bananas Mlusa AAA,
Cavendish subgroup, cv. Williams) into each poglfidf the soil was removed from
the pot to allow sufficient room to plant tirevitro plantlets and backfilled with the
remaining soil. The banana plants were allowedrtav in the amended soil for a
further 3 days and then inoculated with 860 moRle similis taken from carrot
cultures (Moodyet al.1973).

3.2.3 Design and management
All treatments comprising of soil type and amendimeombinations were

replicated four times in a randomised block desigPots were maintained in the
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glasshouse at 20-3%«C and received 5 mm of water daily through an aatewh
sprinkler system. Fertiliser was applied (5 g Osote Plus Mini™ 16:8:11 N:P:K
plus trace elements) at planting. Additional stdutertiliser (Thrive™ 27:5.5:9
N:P:K) was applied four and eight weeks after basawere planted in pots. The
plants were harvested 12-15 weeks after plantirdy @ant growth and nematode

parameters determined.

3.2.4 Plant growth
The plant height and number of leaves of bananaplaere determined when

plants were inoculated with nematodes. The heagick the number of leaves were
determined at four weekly intervals until the tamation of the experiment after 12
weeks (84 days). The relative change in plant Hieand leaf number for each
treatment was calculated for each four week pebgdsubtracting plant height or leaf
number at the beginning of the four week periodnftbe height or leaf number at the
end of the four week period. The change in heaghéaf number was divided by the
number of weeks between assessments, to obtaineaage weekly change in plant
height and leaf emergence.

At the termination of the experiment, as well aanplheight and leaf number,
the area of the last fully emerged leaf, plant wlight and fresh root weight were
determined. The area of the last fully emergetiwess estimated by determining the
length and width of the leaf at its widest pointlanultiplying by 0.83 (Turner 1972).
Plant dry weight was determined by placing shobtsamana plants in an oven at 75
°C for 5 days. Banana fresh root weight was detegthby washing the soil from the
roots and allowing the roots to air dry for 30 nigsi before weighing. After

determining the fresh root weight nematodes weteeted from the banana roots.

3.2.5 Nematode extraction
R. similiswas extracted from the roots of banana plantsubiyng the roots

into 1-2 cm pieces and placing them on a coarsensdn a misting cabinet for seven
days (Hooper 1986)R. similis washed from the roots, were collected at the béase
the container with excess misting water. Nematodee captured by passing the
water through a 25 pm sieve. The nematodes wealleMashed from the sieve and
collected in a 30 mL vial for counting.

Soil nematodes were extracted by placing 200 gibicsllected from pots on

a single layer of tissue, contained within a meabkkbt (Whitehead and Hemming
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1965). The basket was placed in 200 mL of watéhiwia tray and maintained at 25
°C. After 48 hours, nematodes contained withinwiaer of the tray were collected
on a 25 um sieve. The nematodes were backwashadlfie sieve and collected in a
30 mL vial. The total number of nematodes extdi®m 200 g of soil was
determined. Using a compound microscope, nematwdes identified to genera for
plant-parasitic nematodes or families for non-péicamematodes and assigned to

trophic groups according to Yeatetsal (1993) and indices calculated.

3.2.6 Nematode indices
Indices of the nematode community composition weakeulated from the

number of nematode taxa extracted from the s@bah pot. Nematode diversity was
determined using the Shannon-Weiner index, H'X=piloge pi and dominance
calculated using Simpson’s index of dominaheeX (p;)?, wherep; is the proportion
of individuals in thé™ taxon (Yeates and Bongers 1999).

Additionally, the weighted faunal analysis concespss applied, without plant-
parasites, to determine the basal, structure andhement conditions of the soil food
web (Ferriset al 2001). The enrichment index (El) assesses tmurees available
to the soil food web and response by primary deas®gs to those resources. The
structure index (SI) is a measure of the numberaghic layers in the soil food web
and the potential for regulation by predators. senedicators were calculated as El =
100 [e/(e+b)] and SI = 100[s/(s+b)], where e, s hrate the abundance of nematodes
in guilds representing enrichment (e) [B1 and Fhere B = bacterivores, F =
fungivores, and numbers represent the colonisesigber (c-p) value 1-5 (Bongers
1990)], structure (s) (B3-B5, F3-F5, O3-05, P2-Riere O = omnivores, P =
predators) and basal (b) (B2 and F2) nematode comtiesi (Ferriset al 2001). The
channel index (CI), is an indication of the decosipon channel of nutrients
calculated as Cl = 100[0.8F2/(3.2B1 + 0.8 F2] (iseet al 2001). A low value
suggests a primarily bacterial decomposer commumiityreas a high value indicates

a fungal-dominated decomposer nematode communadaiiljerg 2003).

3.2.7 Statistics
Significant differences were determined using a-way ANOVA for

treatment and soil effects. |If statistical difieces were found, the means were
separated using the LSD method using Genstat 8stgtat package (Lawes

Agricultural Trust). Total nematode numbers andnbar of nematodes in each
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trophic group per 100 g of soil were transformethgdn(x+1), prior to analyses, to
comply with assumptions of normally distributedadatThe major nutrient (N, P, K,
Ca, Mg and C) content of amendments was subjeotpdricipal component analysis
(PCA) and a biplot was constructed using the cati@h matrix method. All

statistical analysis was performed using Gens{aa®/es Agricultural Trust).

3.3 Results

3.3.1 Amendments composition
The banana residue, grass hay and legume haydalidaraon contents greater

than 40%, suggesting that at a rate of 40t lymeater than 16 t Haof carbon was
mixed in with the soil (Table 3-2). Converselyo$olid applied at 40 t Hacontained
7% carbon, so that only approximately 3 t*haf carbon was mixed with the soil
(Table 3-2). Biosolids also had the lowest C:Noré8.7) of the amendments, where
as mill ash had the highest C:N ratio (64.7) (Téb®). Legume hay had the highest
nitrogen content (3.2%) of the amendments, whichnhéhat at a rate of application
of 40 t h&, 1 280 kg N hd was potentially available if all nitrogen in thegLime hay
was mineralised. The grass hay, banana residueamnplost also contained relatively
high amounts of N and could potentially supply mitr@n 700 kg N Haif all N was
mineralised. The compost, sourced from a municggiplier, contained 32% Ca,
five times more than the next highest amendmenit,rmid, which contained 6.3%
Ca (Table 3-2). The compost was also found to ligle amounts of lead, 780 mg
kg', which is above an acceptable level and 50 timigheh than any other
amendment. The mill mud, mill ash and banana vesall contained high levels of
metals, such as Fe and Al, relative to other amemdisn(Table 3-2).

The PCA of the macronutrient composition of the adments (C, N, P, K,
Mg and Ca) was able to explain over 63% (PC1 = 3m8 PC2 = 28.0) of the
variation of nutrient composition of the amendmgRigure 2-1). The PCA grouped
legume hay, grass hay and banana trash togethse. NT C and Mg vectors of the
biplot appeared to be positively associated withgrouping of legume hay, grass hay
and banana residue (Figure 3-1). Conversely,aslllwas on the opposite side of the
biplot from the origin relative to legume hay, grdmy and banana trash (Figure 3-1).
The N and C content of the amendments gave thénighest latent vector loadings (-
0.52 and -0.51 respectively), which suggested tiege two nutrients were able to

explain most of the variation in nutrient contehtiee amendments.

25



Chapter 3: Soil amendment effects on suppression r.agb Thesis: A Pattison

2
Legume Hay
Grass Hay+ 4
1 Banana Residue
+Molasses
K
o Mgrg
o
o o Biosolids
AN P
AN
O Ca
o
-1 i
+Mill Ash Mill Mud
-2
MW Compost+
-3 -2 -1 0 1
PC1 35%

Figure 3-1: Principal component biplot for the disinction between amendments
used in a pot experiment for suppression dR. similisin bananas based on
macronutrient content of the amendments.

3.3.2 R. similis suppression
There was no significant interaction of the sopdyand the amendment’s

ability to suppres®. similisin the roots of the banana plants. Therefore rélsalts

of R. similisrecovery from the three different soils used ie #xperiment were
pooled (Figure 3-2). The amendments legume hassghay, banana residue and
mill-mud significantly reduced (P<0.05) the numbmdrR. similisin the roots of
banana plants relative to the untreated contrajuiiéi 3-2). The legume hay was
significantly better than all other treatments,hMiéss than 6% of the number I&f
similis relative to the untreated plants. The grass hagana residue and mill mud
treatments had a 5-fold reduction in the numbeR.adimilisrecovered from the roots
of bananas compared to the untreated plants (F@i@e The CaSi, molasses, MW
compost, mill ash and biosolid treatments all hiadistically similar numbers adR.

similisin the roots of bananas relative to the untreatedrol (Figure 2-2).
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Table 3-2: Amendments applied to bananas, the rat& which they were applied and their chemical compsition including heavy metal
composition of biosolid, compost mill mud and millash.

Amendment Rate C N C:N P K Ca Mg S Na Si Cu Zn Mn Fe Al B

tha' % % rato % % % % % % % mgkg' mgkg' mgkg' mgkg' mgkg' mgkg®
Banana residue 40 46.8 18 257 035 2.0 1.5 0.720 00.4 2.3 59.3 110 1300 24000 55000 <0.3
Biosolid 40 7.1 0.8 87 039 15 1.0 0.77 0.64 2244 14.9 95 180 330 a0 54
Grass hay 40 447 2.3 196 0.29 3.2 05 0.16 0.546 01.3 9 22 190 170 140 6
Legume hay 40 458 3.2 145 025 1.7 1.7 0.52 0330 0.6 6.1 15 61 880 700 45
Mill ash 40& 120 194 0.3 64.7 0.27 0.3 0.7 0.16.050 0.01 25.3 324 76 930 13000 38000 <0.3
Mill mud 40 198 14 13.7 0.39 0.5 6.3 0.23 0.40520.15.7 247.8 460 270 13000 11000 <0.3
Molasses 300 - 0.5 - 0.06 3.8 0.7 0.25 0.43 0.04 2 8.8 70 350 110 3
MW Compost 40 29.0 18 157 028 0.1 320 019 0.035 159 56.8 120 83 670 2200 11
Amendment Cd Pb Al Co Cr Cu Ni Zn

mgkg® mgkg' mgkg' mgkg' mgkg' mgkg' mgkg' mgkg!

Biosolid 0.48 9.2 2104 1.1 7.6 62.2 54 139
Mill ash 0.20 15.7 48110 10.8 55.6 74 27.4 140
Mill mud 0.17 14.9 63060 14 74.4 76.1 48.2 143
MW Compost ~ 2.12 780 11150 17 117 293 84.9 785
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Figure 3-2: Recovery ofR. similis from the roots of banana plants grown in soil withdifferent amendments for 12 weeks. (Bars, with
the same letter above are not significantly diffenet from one another atP=0.05).
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3.3.3 Plant growth
All treatments, except the mill mud, mill ash appliat 120 t Haand CaSi,

slowed the growth of banana plants in the firstekk period (Table 3-3). In the

second 4-week period, between 28 and 56 days eft@mencing the experiment

grass hay, legume hay and banana residue all isgmify increased the growth of the
banana plants relative to the untreated plants,tlere was no difference in the
emergence of leaves over the same period (Tab)e 33the final 4-week period of

the experiment, between 56 and 84 days since cosenent, grass hay, legume hay
and banana residue as well as the biosolid treasntexd significantly greater plant

height increases and leaf emergence rates relatitiee untreated soil (Table 3-3).

The application of molasses was also able to iserdhe leaf emergence rate of
bananas in the final 4-week period of the experinj€able 3-3).

At the termination of the experiment, banana plagitswn in mill mud
amended soil had grown significantly greater sheut root weights relative to the
untreated plants, having 1.4 times greater dry tsivegght and fresh root weight than
the untreated plants (Table 3-3). Banana plam/mgmwith additional banana residue
had significantly greater shoot dry weight than timreated soil (Table 3-3). The
incorporation of banana residue also produced phaith the greatest area of the last
fully emerged leaf, but this was not significantiyeater than the untreated plants
(Table 3-3). Furthermore, the application of mish at 120 t ha produced
significantly greater fresh root weight than thereated soil (Table 3-3).

The application of biosolid to the soil significhntreduced the growth of
plants relative to the untreated soil (Table 3-3he plants grown in the biosolid
amended soil were approximately two-thirds of theat dry weight and root fresh
weight of the untreated plants and exhibited an t&¥rease in the size of the last
fully emerged leaf (Table 3-3). In the first foweeks after planting the bananas in
the biosolid treated soil caused a four-fold reaburctn plant height and significantly
reduced leaf emergence relative to the untreatéTsble 3-3). The height and leaf
emergence of the plants grown in the biosolid é@asoil were not significantly
different from the untreated plants in the mid 4el@eriod (28 to 56 days) and were
significantly better in the final 4-week periodtbe experiment (56 to 84 days) (Table
3-3).
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The soil used in the experiment had a significdfece on the growth of
banana plants at the beginning and end of the emeet (Table 3-4). Banana plants
grown in the Innisfail soil series had a signifitgrgreater increase in plant height in
the first 28 days relative to the Mundoo and Cooihseries (Table 3-4). In the final
28 days of the experiment, plants grown in the Camih series had a significantly
reduced leaf emergence rate relative to the Murstmb series. Similarly at the
conclusion of the experiment the plants grown ie thoom soil series had at
significantly reduced last fully emerged leaf ar@agl reduced shoot and root weights,

relative to the other soils used in the experini&€able 3-4).
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Table 3-3: Growth of banana plants in different amadments applied in a pot experiment

Amendment Rate Increase in plant height Leaf emergence Last fully Shoot  Root fresh
(t ha?) (mm week?) (leaves weeR) emerged dry weight
28 days 56 days 84 days 28 days 56 days 84 daydeaf (cn12) weight(g) (9)
Untreated 0 36 f 22 a 7 a 1.1 bcd 0.7 ns. 04 ab 43.6 ab 17.8 bcd 53.8 bc
Banana residue 40 2%d 37 c 14 bc 1.1 abc 0.8 n.s. 0.6 de 47.7 a 245 e 66.9 cde
Biosolid 40 8 a 24 ab 13 bc 1.0 a 0.7 ns. 0.6 de 358 ¢ 116 a 36.0 a
CaSi 5 31 def 25 ab 6 a 1.1 bcd 0.7 ns. 0.4 abc 40.6 bc 16.8 bc 56.4 bcd
Grass hay 40 24bc 39 ¢ 16 cd 1.1 bc 0.8 ns. 0.6 e 46.8 a 21.2 cde 61.4 bcde
Legume hay 40 21b 29 bc 19 d 1.0 ab 0.8 ns. 0.6 de 40.6 bc 15.7 ab 50.5 abc
Mill ash 120 33 ef 26 ab 9 ab 1.2 de 0.7 ns. 05 bcd 42.8 ab 22.0 de 71.4 de
Mill ash 40 29 cde 26 ab 8 a 1.1 cde 0.7 ns. 0.5 cd 40.6 bc 21.1 cde 52.9 abc
Mill mud 40 36 f 28 ab 8 a 1.2 e 0.8 ns. 0.4 abc 425 ab 259 e 75.9 e
Molasses 300 24bc 28 ab 7 a 1.1 abc 0.8 ns. 0.5 cd 38.6 bc 16.6 bc 46.1 ab
MW Compost 40 27 cde 25 ab 6 a 1.1 cde 08ns. 04 a 415 b 18.1 bcd 54.8 bcd

Means in columns followed by the same subscriphatesignificantly different from one anotherR0.05.

Table 3-4: Growth of banana plants in a pot experirant using soils common in banana production in noht Queensland

Soll Increase in plant height Leaf emergence Last fully Shoot Root fresh
(mm week?) (leaves weekR) emerged dry weight
28 days 56 days 84 days 28 days 56 days 84 daydeaf (cnf)  weight(g) (9)
Coom 26 a 26 n.s. 9 n.s. 1.1 ns. 08 ns. 04 a 395 b 17.2 a 43.5 a
Innisfail 29 b 28 n.s. 9 n.s. 1.1 ns. 0.8 ns. 05 ab 43.0 a 20.3 b 549 b
Mundoo 26 a 30 n.s. 11 n.s. 1.1 n.s. 08 ns. 050D 42.8 a 19.6 ab 69.5 c

Means in columns followed by the same subscriphatesignificantly different from one anotherRx0.05.
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3.3.4 Amendment effects on soil nematode community structure
There was a significant interaction between theliegion of amendments

and the three different soils used in the expertmenterms of number of soil
nematodes recovered from different nematode trogruiaps (Figure 3-3).

Plant parasitic nematodes identified from soil &etis includedR. similis
Helicotylenchus dihysteraRotylenchulus reniformisand Meloidogyne spp. The
application of banana residue was able to reduee nilimber of plant-parasitic
nematodes in all three soils relative to the ume@aoil (Figure 3-3A). The legume
hay, grass hay and biosolid amendments reducedntingber of plant-parasitic
nematodes relative to the untreated Innisfail, Mundr Coom soil (Figure 3-3A).
However, some amendments were more effective acieg the population of plant-
parasitic nematodes in particular soil types. &ample, the application of mill mud
reduced the number of plant-parasitic nematodesarCoom and Innisfail soils, but
did not significantly reduce plant-parasitic nenti@anumbers in the Mundoo soill
(Figure 3-3A). Conversely, CaSi and molasses hadmmpact on plant-parasitic
nematode numbers in any of the soils relative ¢outtreated soil (Figure 3-3A).

Bacterivores extracted from soil samples were ifledt and belonged
primarily to the nematode families Cephelobidae,alfthtidae, Pangrolaimidae,
Wilsonematidae and Prismatolaimidae. The appboatf grass hay, compost and
mill mud to the Mundoo soil increased the numberbatterivores, relative to the
untreated, but the amendments had little effedbanterivore numbers in the Innisfail
and Coom soils (Figure 2-3B). There were relayivieigh numbers of bacterial
feeding nematodes in the untreated Coom soil amddhklition of amendments did not
significantly change the number of bacterivoresoveced from the soil (Figure 3-
3B). The biosolid treatment applied to Coom sadhthe highest recovery of
bacterivores and significantly greater numbersauftérivores than recovered from the
mill mud treated Coom soil (Figure 3-3B). Similgrthe legume hay applied to the
Innisfail soil series had a significantly greatemmber of bacterivores recovered from
soil relative to the mill mud treated Innisfail s(ftigure 3-3B).

Fungivores recovered from soil extracts were idieatias belonging to the
families Aphenchidae or Tylechidae. The applicatiof mill mud significantly
reduced the number of fungivorous nematodes inlrhesfail soil relative to the

untreated soil (Figure 3-3C). The application odsg hay, MW compost, banana
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residue and mill ash at 120 t*hao the Mundoo soil were all able to significantly
increase the number of fungivores in the soil redato the application of CaSi, but
not the untreated soil (Figure 3-3C). The mill ntehtment had the lowest number
of fungivorous nematodes in the Coom and Innisails. There were significantly
fewer fungivores in the mill mud treated Coom salative to the legume hay
treatment (Figure 3-3C). Similarly, there were éewungivores in the mill mud
treated Innisfail soils relative to mill ash 40&h MW compost, grass hay, legume
hay and untreated soil (Figure 3-3C).

All omnivores identified belonged to the family Dtaimidae. Very low
numbers of omnivorous nematodes were extracted fremuntreated Mundoo soll
and only the application of grass hay was ablegoifecantly increase the number of
omnivores (Figure 3-3D). Furthermore, the applaratf grass hay to the Coom soil
was able to significantly increase the number ommius nematodes relative to the
untreated soil (Figure 3-3D). Conversely, the mapion of biosolid and CaSi
significantly reduced the number of omnivores ir tGoom soil relative to the
untreated soil (Figure 3-3D). Four amendments| ash 40 t hd, MW compost,
grass hay and banana residue applied to the lilrssi§ all significantly increased
the number of omnivorous nematodes recovered vel#di the untreated Innisfail soll
(Figure 3-3D).

Predatory nematodes extracted from soil samplesngetl to the families
Mononchidae or Tripylidae. There were significgntiore predatory nematodes in
the untreated Coom and Innisfail soils relativéhi® untreated Mundoo soil (Figure 3-
3E). No amendment applied to the any of the tls@ks was able to significantly
increase the number of predatory nematodes rel&tithe corresponding untreated
soil (Figure 3-3E). However, the number of predatoematodes was significantly
reduced in Coom and Innisfail soils following thephcation of biosolid, grass hay
and legume hay relative to the untreated soil (f€igB-3E). Furthermore, the
application of mill ash 120 t Haand CaSi to the Coom soil significantly reduceel th
number of predatory nematodes relative to the ateckCoom soil (Figure 3-3E).

Unlike the number of nematodes in each trophic gyrotnere was no
significant interaction between amendments and typié in relation to nematode
community indices and therefore, the data for tifierént indices have been pooled
for amendment effects (Table 3-5). The applicatmmn biosolids significantly

decreased the diversity index and increased theindmme index of soil nematode
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community relative to the untreated soil (Table)3-Eonversely, the application of
banana residue was the only treatment to significamcrease the diversity index of
nematodes in the soil compared to the untreatdd Balble 3-5). Furthermore, mill
mud was the only treatment to significantly redtlee dominance index of nematode
taxa in the soil compared to the untreated soibld &-5).

Mill mud, banana residue, MW compost and grass hagtments all
significantly increased the structure index relatte the untreated soil (Table 3-5).
Conversely, the application of biosolids signifitgmeduced the structure index and
increased the enrichment index compared to theeatsd soil (Table 3-5).
Furthermore, banana residue, MW compost and leguayesignificantly increased
the enrichment index relative to the untreated €bdble 3-5). The application of
biosolid and legume hay exhibited a predominandgtérial decomposition pathway
of nutrients having a significantly lower channetiéx relative to the untreated soil
(Table 3-5). Seven treatments, banana residusplidp MW compost, grass hay,
legume hay, mill ash 40 t fiamnd mill mud all significantly reduced the propont of
plant-parasitic nematodes recovered from the staltive to untreated soil (Table 3-
5). The mill ash 120 t Fia molasses and CaSi treated soils all had statiistisimilar
proportion of plant-parasitic nematodes in the smmmunity compared to the
untreated soil (Table 3-5).
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Figure 3-3: Effects of amendments applied to thredifferent soil types on the
trophic groups of soil nematodes (Bars represents3D values atP=0.05)
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Table 3-5: Effects of soil amendments on soil nen@de indices

Amendment Rate Diversity = Dominance Structure  Enrichment Channel Plant parasitic
(t hat) (H) ) index index index nematodes (%)
Untreated 0 1.48bc 0.49 bcd 47 b 67 def 20 abc 48 a
Banana residue 40 1.7@& 0.43 cde 78 a 81l b 10 cde 9 e
Biosolid 40 093 e 0.62 a 33 ¢ 96 a le 6 e
CaSi 5 1.24 d 0.55 ab 42 bc 71 cdef 17 bc 50 a
Grass hay 40 1.32cd 0.52 bc 80 a 75 bcde 22 ab 3 e
Legume hay 40 1.32cd 0.52 bc 55 b 93 a 5 de 6 e
Mill ash 120 1.40 cd 0.52 bc 46 bc 65 f 31 a 47 a
Mill ash 40 1.67 ab 0.49 bcd 51 b 67 ef 29 a 33 bc
Mill mud 40 1.69 ab 0.37 e 72 a 67 ef 16 bc 24 d
Molasses 300L 1.46¢c 0.50 bc 52 b 77 bcd 14 bcd 42 ab
MW Compost 40 1.67ab 0.41 de 71 a 79 bc 11 bcde 28 cd

Means in columns followed by the same subscriphatesignificantly different from one anotherR0.05.
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3.4 Discussion
The application of amendments to soil was foundatiect different soil

properties depending on the type of amendment eghplAmendments that had high
organic carbon contents gave the best results Uppressing the population &.
similis in the roots of banana plants. In particularuleg hay, grass hay, banana
residue and mill mud treatments were able to sigamtly reduce the number &.
similis in the roots of banana plants relative to theaatad plants. These treatments
also had the lowest proportion of plant-parasigmatodes in the soil, relative to the
untreated soil. The suppressive mechanism, whecduaed the number of plant-
parasitic nematodes in the soil, was unknown, swats categorised as general
suppression. The application of amendments thae Wagh in organic carbon was
able to change many of the biological propertiehasoil. However, the application
of grass hay and banana residue was able to irciib@snumber of omnivorous
nematodes, so predation by other nematodes mayHaal/a role in the suppression
of R. similis

Stirling et al (2005), similarly found suppression of plant-parasiematodes
in sugar cane soil amended with high amounts odrcgcarbon. This research was
not able to define the suppressive mechanism ocgutisenreduction of plant-parasitic
nematodes but postulated that there was an owm#tlin the soil food web causing a
cascade of changes in biological properties insthié that could lead to nematode
suppression. A change in biological propertieanmended soils was also evident in
the current investigation, with significantly difemt numbers of nematodes belonging
to different trophic groups, found in soils withffdrent amendments. Similarly, the
nematode community indices were also significamifferent with the different
amendment treatments, with amendments high in @asing the structure index.
Applications of amendments high in carbon appedetable to induce suppression of
plant-parasitic nematodes in the soil and rootsamfana plants through changes to the
biological composition of the soil food web.

The PCA of the nutrient content of the amendmemtamged legume hay,
grass hay and the banana residue treatments togEigere 3-1). The macronutrient
content of the amendments was able to explain 68%he variation in nutrient
composition of the amendment (Figure 3-1). Thend @ content of the amendments

had the highest latent vector loadings from the RfAlysis, which suggested that
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these two nutrients had the greatest effect orridigtating between amendments.
The grass hay, legume hay and banana residue tdndbdve higher C and N
contents, determined by the position and direcodbnPCA vectors (Figure 3-1).
Conversely, the application of mill ash did not prgssR. similis (Figure 3-2) and
had opposing macronutrient properties relative he grass, legume hay and the
banana residue. From this experiment it appedratigrass hay, legume hay and
banana residue, with high carbon content, was &bléncrease the number of
beneficial organisms in the soil.

The biosolid had the lowest C:N ratio, but was dblsignificantly reduce the
number of plant-parasitic nematodes in the soibwelver, the addition of biosolid
was phytotoxic to banana plants, causing a redugtigplant growth in the first 8-
weeks of the experiment. The application of bimsoalso caused significant changes
in nematode community composition with an increastéhe number of bacterivores,
a decline in the number of predators and omnivaresreduction in the diversity and
structure indices of the nematode community. THuggested that the reduction in
plant-parasitic nematode populations in the saiised by biosolids may have been
due to chemical effects from the decompositiorheftiiosolid that were toxic to most
soil organisms as well as the banana plant and dimapression of plant-parasitic
nematode was not due to increased nematode amgéigoarganisms. Increased
bacterial activity was suggested by Chavarria-Jahet al (2001) and Lazarovitst
al (2003) to favour plant-parasitic nematode suppoass However, the increase in
bacterial feeding nematodes, mediated through pipiication of biosolids, was not
the best method to develop suppressiorRofsimilisin bananas, as the increased
bacterial activity was associated with poor plamwgh. Therefore, some knowledge
of how amendments affect soil biology and how tldeigradation impacts on the soil
biology is important in order to develop strategiws suppress plant-parasitic
nematodes in agricultural crops.

Early growth of the banana plants was slowed bytraoseendments, except
mill mud, mill ash and CaSi, relative to plants \yroin untreated soil. This is
possibly because of the nutrient release rate ftloenamendments, with nutrient
draw-down reducing nutrient availability for eapiant growth for amendments with
high C:N ratios. Even though the amendments wiboeved to stand for two weeks
prior to planting bananas, this was not sufficiinie to prevent nutrients being

immobilised during the initial decomposition of tamendments. However, after 28
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days, any effects of nutrient draw-down were overeand amendments with high
carbon contents, banana residue, grass hay anthéebay, produced significantly
taller plants than the untreated control. The ffdahe last fully emerged leaf
indicated how the plants were growing at the teatiam of the experiment. Only the
biosolid treatment had a significantly smaller laaéa than the untreated soils. This
suggested that any draw-down effects by amendnoenésrly plant growth had been
overcome at the conclusion of the experiment, 12v&Bks after planting. In fact,
plant growth had been stimulated by the use of milid producing significantly
greater shoot and root dry weight. Therefore,application of amendments could
act as a slow release source of nutrients to suktaiana growth. This is particularly
important when bananas are grown in the wet tromssnutrient leaching due to
heavy rainfall can be a serious problem (Klasal, 1997; Moody and Aitken, 1997).

The soil type used in the experiment was an impbrariable in determining
the growth of the plant and structure of the new@tcommunity following the
addition of amendments. Better plant growth waseoled in the Innisfail soil series
in the first four weeks of the experiment. Thisilcbhave been due to a higher initial
nutrient content relative to the other two soikt the termination of the experiment
poor plant growth was measured in the Coom saitired to the Innisfail and Mudoo
soil types. The Coom soil is described as beingrlpadrained with poor structure
(Cannonet al 1992). The poor structure of the Coom soil appéarhave been the
factor contributing to the reduction in plant grbwat the termination of the
experiment. There were no significant interactitvetween amendments and soil
type affecting plant growth, which suggested that tate and types of amendments,
or the time period for the experiment were insugint to improve the structure of the
Coom soil for the growth of bananas.

The different soils also had a different inherer@matode community
structure. The application of amendments to th# slbanged the nematode
community structure, but structure of the nematoal@munity responded differently
in the different soils. The application of molasse the Coom soil had little affect on
the nematode community composition relative touhteated soil. In the untreated
Mundoo soil, CaSi, molasses and mill ash (40 t)hall had similar nematode
community structures. However, grass hay and kmanmasidue had a different
nematode community structure. These results lyptdd that the application of

amendments to different soils may not produce #mesresult in terms of nematode
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suppression because of inherent soil biologicap@ries that existed before the
amendments were applied. Therefore, there needs sobetter understanding of the
soil conditions that favour the increase plant-pidia nematode antagonistic
organisms and how they are stimulated by the amtddf amendments.

Further work is required to determine efficacy ahemdments in field
conditions and to determine how amendments hig@,isuch as grass hay, can be
applied more efficiently and reliably. Furthermomevestigations are required that
allow the use of amendments to be incorporated eudtinent agronomic practices in
the production of bananas and integrated with atleenatode management practices.
For example, the use of grassed fallows that aisteat toR. similisfollowed by the
incorporation of the organic material may give ¢eeadurable suppression of plant-

parasitic nematodes in commercial banana produstistems.

3.5 Summary
Radopholus similiss a major obstacle to sustainable banana praduct

Australia. Traditionally, the nematode has beennagad through the use of
nematicides, which have the potential to move thlocal environment and pose a
health risk to farm workers. The use of organieadments is one method that may
reduce the need for nematicides by improving thg gbysical, chemical and
biological properties and stimulating organismg #ra@ antagonistic to plant-parasitic
nematodes. Nine different amendments, mill mudll ash (by-products from
processing sugarcane), biosolids, compost, banesidue, grass hay, legume hay,
molasses and calcium silicate (CaSi) were apptiatie¢ three major soil types used to
grow bananas in the wet tropics region in a glassb@xperiment. A sample of the
different amendments was used to determine thdmemii content and potential to
contribute heavy metals to the environment. Bar@aats were inoculated witR.
similis and grown in the soil-amendment mix for 12-weekfoke being harvested
and assessed for plant growth, plant-parasitic tesea and soil nematode
community characteristics. Significant suppressafnplant-parasitic nematodes
occurred in soils amended with legume hay, grags ltenana residue and mill mud
relative to untreated soil. These amendments feered to have the highest N and C
content. The application of banana residue andmuitl significantly increased shoot
dry weight at the termination of the experimentateke to untreated soil.

Furthermore, the applications of banana residuassghay, mill mud and MW
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compost were able to increase the nematode comynsiniicture index, indicating

greater potential for suppression of plant-pamagiematodes through antagonistic
activity. The application of amendments that aghlin C and N appear to be able to
induce suppression of plant-parasitic nematodelsamanas, by developing a more

favourable environment for antagonistic organisms.
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4 Organic matter induced changes in soil chemical
properties and nematode community composition
associated with the suppression of Radopholus
similis on banana.

4.1 Introduction
One method of manipulating soil conditions is tise of amendments. There

are many reports of amendments being added toasdil causing suppression of
plant-parasitic nematodes (Akhtar and Mahmood 19%ithtar and Malik 2000;
Hallmannet al. 1999; Sikora 1992; Stirlingt al.2005). The use of amendments has
been able to change many soil properties (Masd. 2002), but it is unclear which of
these changes are related to the suppression chtoges. The previous chapter
(Chapter 3) identified amendments that were higloriganic carbon as having the
ability to suppres®. similiswithin the roots of banana plants regardless bftygoe.

Organic matter has a complex composition of difie@mpounds that do not
behave the same way in soil (Weil and Magdoff 200#he application of organic
matter has been an unreliable method of managiagt-plarasitic nematodes giving
differences in efficacy of nematode control (Chadte Because of the complex
nature of organic materials, the diversity of difiet sources and the variation in its
composition, there are inconsistent results reggrdiheir effectiveness for
suppression of plant-parasitic nematodes (Akhtat Mialik 2000). Organic matter
can be composed of compounds that are easily dadyuth as sugars and starches
and compounds that are resistant to degradation asidannins, lignins and other
compounds rich in polyphenolics (Colemeiral.2004). Cellulose and hemi cellulose
compounds are considered to be intermediate im tegjradability (Colemaset al.
2004). Organic matter is made up of a range achmgcompounds and so it tends to
be decomposed by a range of different organismge(@anet al. 2004; Dilly 2004).
Organic matter, freshly added to the soil, haslyaktferent properties compared to
organic matter that has already undergone somergexsition (Kennedyt al.2004).

It has been suggested that the quality of orgameraiments is largely
determined by its carbon to nitrogen ratio (Ched Berris 2000; Ferris and Matute
2003; Ferriset al. 1998; Wanget al. 2006; Wanget al. 2007). Organic amendments
with a C:N ratio less than 20:1 are easily mineei (Ferris and Matute 2003; Wang
et al. 2006). When C:N ratios exceed 22:1-32:1 N immshtlon of soil nutrients
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occurs (Ferriset al. 1998). Two scenarios are possible when additibhé added
with amendments. Firstly, the addition of nitrogeitl increase microbial activity,
therefore increasing the suppressive potentiahefamendment. Secondly, the high
availability of N may favour opportunistic selective organisms, reducing the
suppressive potential of the amendments. In gengraddatory and parasitic
organisms which favour balanced nematode commanisigrvive best in stable soil
conditions and hence tend to be more K selected tirganisms produced by
transient high N levels (Sanchez-Moreno and F@0®7; Stirling and Pattison 2008).
The application of nitrogen is often used to opseniagriculture production.
Therefore, the effects of nitrogen application magy positive in terms of plant
nutrition, but detrimental to the ability of theilsio suppress disease organisms.

Following amendment of the soil with organic mattes unclear which of the
changes in soil properties are associated witmémeatode suppression. However, it
is known that addition of organic matter causesngka in nematode community
compositions and that soil nematodes are key osganiinvolved in the
mineralisation of nutrients from organic materigeates and Pattison 2006). It has
been suggested that changes in soil propertieg, Mli&cterial composition or
nutritional status of the soil following the addii of amendments, may change the
suppressive potential of agricultural soils (Chaea€arvajalet al. 2001; Hallmann
et al. 1999; Lazarovitset al. 2003). Furthermore, secondary compounds produced
from the decomposition of organic matter have #sen shown to have nematicidal
effects on plant-parasitic nematodes (Brownaigal. 2004; Browninget al. 2006).
Stirling et al. (2005) suggested that large quantities of amendn&ate needed, in
the range of 10 t C Hato successfully alter soil properties in favofimematode
antagonistic organisms.  However, this investigatidid not determine the
characteristics of organic amendments or determvhéh soil properties were
influenced by the additions of amendments to ire@ehe suppressive potential of
agricultural soils to plant-parasitic nematodes.

4.1.1 Aim
The objectives of the following greenhouse triaks@vto determine changes in

selected soil chemical properties and the nematodenunity following amendment
of soil with organic matter and the effect this lmadthe suppression &. similison

bananas.
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4.2 Materials and methods

4.2.1 Experiment 1: Additional C and N in the form of organic
matter and urea fertiliser

4.2.1.1 Establishment

A pot experiment was established in January 2004revim vitro banana
plants Musaspp. AAA subgroup Cavendish cv. Williams) obtairiemm Slocombe’s
QBan nursery, Gordonvale north Queensland were mraw a 50% field soil
(Mundoo series, 49% sand, 10 % silt, 41% clay, pBl) 4nd coarse sand mix.
Additional organic matter, equivalent to 10 t'raf carbon (69.8 g of grass hay in 200
mm diameter pot, 45% C, 2.9% N, 1.3% P, 2.3% K) a@ded or the soil was left
untreated. The grass hay was mixed in with thie2seieeks prior to planting bananas
to allow microbial degradation to occur and seftliof pot contents. Plants were
inoculated with 509 motil&. similisper pot at the time of planting bananas. A basal
rate of 2 g per pot of Osmoc8tMini Plus was also applied at planting. This was
equivalent to 102 N, 53 P and 70 K kg'haA further application of nitrogen,
equivalent to 400 kg N Hgr* was applied to half of the pots in a weekly amlin
of urea as a solution (0.0525 g urea plameek'). All treatments were replicated six
times in a randomised block. Plants were wateréd @ fixed sprinkling system
twice a day for 10 minutes. A tray was placedhat lbase of the pots to capture any
leachate. Plants were maintained in the glasshaiuae ambient air temperature 22-
31°C, in a randomised block for 12-weeks after inodngawith nematodes.

4.2.1.2 Trial assessment
During the progress of the experiment, 4 weekly sneaments were made on

plant height and leaf emergence rate. At the enth® experiment plants were
destructively harvested. Plant height, leaf emerge the size of the last fully
emerged leaf (width at widest point x length x O(88rner 1972), shoot dry weight
(dried at 75°C for 5 days) and root fresh weight were determingdil samples were
taken from each pot at harvest for soil chemicapprties and nematode community
analysis. A soil sample was used to determinedjlelectrical conductivity (EC)
and labile carbon. The soil pH and EC were deteechifrom a 1:5 soil to water mix
using distilled water, shaken for 2 minutes andetésising a pH and EC meter (TPS
Pty Ltd). The labile C was determined as the arhof@irtarbon readily oxidised by
KMnQO,, using the method described by Wedilal. (2003). A 5 g sample of air dried
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soil was added to a tube containing 2.0 mL of aM).RMnO4 solution, in 1 M CaGl
(pH 7.2) and made up to 20 mL with distilled watéiis was shaken for 2 minutes
and then allowed to stand for 10 minutes. A 0.5ahguot, taken from the upper 1
cm of the suspension, was transferred to 45 mLstiildd water and made up to 50
mL and mixed thoroughly. The absorbance of thatswl was then determined on a
spectrophotometer (Hach) at 550 nm and comparedstandard curve to determine
the amount of Labile C in the soil. Since carborswaed to measure and determine
organic matter content, further references in theeseding text and tables will be to
carbon which was the property measured.

The root systems of the banana plants were wasbedof soil and the fresh
weight determined before nematodes were extracséatya misting technique for
seven days (Hooper 1986)R. similis were extracted from the root systems and
viewed using a compound microscope and recordedadss and females. Juvenile
R. similisthat were not able to be able to be morphologicsdparated into sex were
assumed to be female.

Nematodes were extracted from the soil by placd@ @ of field moist soil on
a single layer of tissue, contained within a mea$kbt. The basket was placed in 200
mL of water within a tray. After 48 hours nematsdm®mntained within the water of
the tray were collected on a 25 pm sieve (Whitehaadl Hemming 1965). The
nematodes were backwashed from the sieve and teall@t a 30 mL vial. The total
number of nematodes extracted from 200 g of sod determined. Nematodes were
identified to genera using a compound microscope assigned to trophic groups
(Yeates 2001; Yeatest al. 1993). Plant-parasitic nematodes were identified t
species. The Shannon-Weiner diversity index, danie index and ratio of bacterial
to fungal feeding nematodes were calculated froentification data (Yeates and
Bongers 1999).

4.2.2 Experiment 2: Different forms of carbon
4.2.2.1 Trial establishment

A pot experiment was established in July 2004 wiereitro banana plants
(Musa spp. AAA subgroup Cavendish cv Williams) were gnoim a Ferrosol soil
from Redlands Research Station in south-east Qlaaeh§36% sand, 21% silt, 43%
clay, pH 5.3, 3% organic C). Carbon was addedéosbil in three different forms;
sucrose, cellulose or lignin or an equal mixturaibf3 (90 g of amendment in 1.5 L
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of soil in 200 mm pots) or the soil was left untegh The lignin was added as very
finely chopped balsa wood. The sucrose and ceskulosed were laboratory grade
(Aldrich Chemical Company Inc., USA). The treatiisewere allowed to stabilise for
2 weeks in the glasshouse after the amendmentsasddesl and then planted with 13-
week oldin vitro banana plantdMusaspp. AAA subgroup Cavendish cv. Williams)
obtained from Slocombe’s QBan nursery, GordonvalghnQueensland. Banana
plants were inoculated 17 days after planting \Bi®® motileR. similisper pot. All

treatments were replicated six times in a randadndeck design. A basal rate of 2 g
per pot of Osmocofemini plus was also applied at planting. This wgsivalent to

102 N, 53 P and 70 K kg fia Plants were hand watered in the glasshouse antity

at the base of each pot to capture any leachatantsPwere maintained in the
glasshouse at an ambient air temperature 17c28or 12-weeks after inoculating

with nematodes.

4.2.2.2 Assessment
During the progress of the experiment, 4-weekly sneaments were made on

plant height and leaf emergence rate. At the enth® experiment plants were
destructively harvested. Plant height, leaf emergerthe size of the last fully
emerged leaf (width at widest point x length x O(88rner 1972), shoot dry weight
(75°C for 5 days) and root fresh weight were determined

The root systems of the banana plants were waskedof soil and the fresh
weight determined before nematodes were extracséatya misting technique for
seven days (Hooper 1986)R. similis were extracted from the root systems and
viewed using a compound microscope and recordeshass and females. Again
juvenile R. similisthat were not able to be able to be morphologicediparated into
sex were assumed to be female.

Soil samples were taken from each pot for soil abalhproperties (pH, EC
and Labile C). Soil pH and EC were determined nfasoil to water mixture using
30 g of soil, which was shaken for 2 minutes wii® InL of distilled water. The pH
and EC were measured using portable meters (TPSLtE)y Soil NQ-N was
determined from the filtered extract of the soil tevamixture using test strips
(Aquacheck", Hach company, Loveland, USA).

The soil nematode community composition was deteethias described

previously. Nematodes were extracted from the Ispiplacing 200 g of field moist
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soil on a single layer of tissue, contained witairmesh basket. The basket was
placed in 200 mL of water within a tray. After ABurs nematodes contained within
the water of the tray were collected on a 25 pmesi@Vhitehead and Hemming
1965). The nematodes were backwashed from the siad collected in a 30 mL
vial. The total number of nematodes extracted f&00 g of soil was determined.
Nematodes were identified to genera using a congbaoigroscope and assigned to
trophic groups (Yeates 2001; Yeatet al. 1993). Plant-parasitic nematodes were
identified to species. The Shannon-Weiner divgrsidex, dominance index and
ratio of bacterial to fungal feeding nematodes waleulated from identification data
(Yeates and Bongers 1999).

Additionally, the weighted faunal analysis concejais applied, as previously
described in chapter 2, without plant feeders, dtenine the basal, structure, (SI)
enrichment (EIl) and channel indices (CI) of the atade community (Ferrist al.
2001).

4.2.3 Statistics
Plant, soil and nematode properties were analysed) @ three-way ANOVA

for experiment 1 with carbon, nitrogen aRd similisas the main factors and tested
for interactions. In experiment 2, a one-way AOVswesed with carbon type as the
main factor. If significant differences were foyndeans were separated using the
LSD test using Genstat 8 statistics package (LaMggscultural Trust). Nematode
numbers from roots and soil were transformed usiig+1), prior to analyses to
comply with assumption of normally distributed daBack transformed means were
then presented. Simple linear correlation of spibperties and nematode
measurements were determined using the statistaakage Genstat 8 (Lawes

Agricultural Trust).
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4.3 Results

4.3.1 Experiment 1: Additional C and N in the form of organic
matter and urea fertiliser

4.3.1.1 Soil chemistry
The addition of organic matter to the soil sigrahtly altered soil chemical

and biological properties relative to the untreaged. The additional organic matter
reduced pH by 0.4 units, increased EC 10-fold amwbted the amount of labile C
measured in the soil (Table 4-1). The additionerfra nitrogen as weekly urea
applications had no significant effect on the sdibemical properties (Table 4-1).
Although nitrate-N was higher in the treatmentshwaixtra nitrogen treatment, the

difference was not significant.

Table 4-1 Soil chemical properties from soil with ad without additional C and N
in the form of organic matter and urea fertiliser

Treatment pH EC Labile C Nitrate N
(@Scmi')  (mgkg?) (mg kg™

Carbon + 58b 0.022 a 594 a 27.5 ns
- 6.2 a 0.002 b 281 b 17.9 ns

Nitrogen + 6.0 ns 0.012 ns 433 ns 27.3 ns
- 6.0 ns 0.012 ns 441 ns 18.1 ns

R. similis + 6.0 ns 0.015 ns 451 ns 29.4 ns
- 6.0 ns 0.009 ns 423 ns 16.0 ns

LSD 0.09 0.005 46.8 5.6

Means in columns with the same subscript are goiifstantly different from one another B£0.05.
ns indicates means are not significantly diffefemin one anotheP>0.05.

4.3.1.2 Nematode community
The addition of carbon to the pots significantlgueed the number of female,

male and totaR. similisrecovered from the roots of banana plants (Figut¢. The
addition of both carbon with nitrogen significantlgducedR. similisnumbers in the
roots relative to the addition of carbon withoutigidnal N (Figure 4-1). However,
the addition of the carbon alone was able to reagugebers oR. similisby almost
10-fold compared to treatments not receiving addél carbon (Figure 4-1).
Additional nitrogen had little impact on th& similispopulation in the roots without
the presence of the extra carbon (Figure 4-1).r& aere no significant differences

between male and femaRe similisin their response to additional organic matter.

48



Chapter 4: Organic matter suppressiofRosimilis Dr.agr. Thesis: A Pattison

There was no significant difference in the totalminer of nematodes
recovered from the soil, with or with out additibrmganic matter, probably due to
the disturbance of the soil by mixing with sandi{lea4-2). Furthermore, there was
not a well developed nematode community structundowever, changes were
observed in trophic groups and the diversity of amdes where the addition of the
organic matter significantly altered the soil neod®t community (Table 4-2). The
additional organic matter decreased the number lahtparasitic nematodes,
predominatelyRotylenchulus reniformjsand increased the number of bacterial and
fungal feeding nematodes relative to soil thatrditireceive additional organic matter
(Table 4-2). Furthermore, there was an increasthéndiversity, decrease in the
dominance and increase in the ratio of bacteridutmal feeding nematodes in the
organic matter treated soil relative to the untdatoil (Table 4-3).

Figure 4-1: Radopholus similis females, males and total, recovered from the roots
of banana plants grown for 12 weeks in soil with owithout additional carbon
added as organic matter (+/-C) and nitrogen addedsaurea (+/-N). (Columns

with the same letter above, in the same gender netoae category, were not
significantly different from one another at P=0.05).
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Table 4-2: Soil nematode community composition revered from soil with or
without additional carbon added as organic matternitrogen added as urea and

R. similis.
Nematodes 100 g sofl

Treatment Carbon Nitrogen R. similis

+ + - + -
Total nematodes 212 ns 204 ns | 268 ns 226 ns | 263 ns 231 ns
Total plant parasites | 32 b 163 a 97 ns 76 ns 69 b 105 a
R. similis 5 ns 5 ns 5 ns 5 ns 10 a 0Ob
R. reniformis 25 b 153 a 90 ns 67 ns 56 b 104 a
Total bacterivores 223 a 24 b 102 ns 99 ns | 138 a 69 b
Cephalobidae 115a 17 b 70 ns 47 ns 76 ns 43 ns
Panagrolaimidae 22ns 1 ns 6 ns 15 ns 18 ns 3 ns
Rhabditidae 81la 2 b 31 ns 41 ns 50 a 23 b
Total fungivores 40 a 14 b 30 ns 22 ns 25 ns 28 ns
Aphelenchidae 40a 14 b 30 ns 22 ns 25 ns 28 ns

Means in rows with the same subscript are not Sagmitly different from one another B£0.05.
ns indicates that means are not significantly difif¢ from one anothd?>0.05. Means are back-
transformed from an In(x+1) transformation useaptd ANOVA.

Table 4-3: Nematode diversity, dominance and ratiof bacterivores to
fungivores recovered from soil with or without addtional carbon added as
organic matter, nitrogen added as urea andR. similis.

Treatment Diversity Dominance B/(B+F) ratio
Carbon + 1.13a 0.38 a 0.82 a

- 0.73 b 0.06 b 0.64 b
Nitrogen + 0.93 ns 0.23 ns 0.76 ns

- 0.93 ns 0.21 ns 0.71 ns
R. similis + 0.96 ns 0.27 a 0.77 ns

- 0.90 ns 0.17 b 0.70 ns
LSD 0.21 0.09 0.15

Means in columns with the same subscript are igoiifetantly different from one another B£0.05.
ns indicates that means are not significantly déifé from one anothé?>0.05.

4.3.1.3 Plant growth

The improved plant growth of bananas following thedition of organic

matter was evident at the 28-day assessment, byntiteased plant height and

number of leaves that had emerged (Table 4-4).
weekly, significantly increased the plant growthrigmaeters at the termination of the

dditional nitrogen, added

experiment (Table 4-4 and 4-5). The weekly aptibee of nitrogen had little impact
on plant growth in the first 55 days of the expemin(Table 4-4).

The additional organic matter significantly incredsthe weight of shoots,

roots and the leaf area of the last fully emerged 6f the banana plants compared to
the untreated plants (Table 4-5).
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shoot and root weight and the leaf area (Table.4-Bowever, there was no
interaction between additional nitrogen and orgamatter on plant growth

parameters of banana plants. The additiorRokimilis significantly reduced root

weight and the leaf area of the banana plantsivel& the uninoculated plants, but
did not reduce shoot dry weight (Table 4-5).

Table 4-4: Vegetative growth parameters of bananagrown in soil with and
without additional carbon, nitrogen and R. similis.

Treatments Plant height (cm) Leaf emergence rate
28days 55days 90days 28days b55days 90 days

Carbon + 279 b 338 b 505 b 52 b 26 b 2.0 ns
- 175 a 23.4 a 329 a 44 a 23 a 2.2 ns
Nitrogen + 233 ns 295ns 434b 49 ns 26 b 21 ns
- 220 ns 276 ns 40.0 a 4.8 ns 24 a 2.1 ns
R. similis + 220 ns 279 ns 404 a 4.8 ns 24 a 2.1 ns
- 234 ns 292 ns 429 b 4.8 ns 26 b 20 ns

LSD 2.50 2.50 2.26 0.24 0.21 0.28

Means in columns with the same subscript are goiifstantly different from one another B£0.05.
ns indicates that means are not significantly défifé from one anothd?>0.05.

Table 4-5: Plant growth parameters of bananas growfor 12 weeks in soil with
and without additional carbon, nitrogen andR. similis.

Treatment Dry shoot weight  Fresh root weight Leaf area
©) (9) (cm?)
Carbon + 55.2 b 1848 b 1031 b
- 17.8 a 83.0 a 435 a
Nitrogen  + 399 b 142.4 b 782 b
- 33.0 a 1254 a 684 a
R.similis + 35.1 ns 123.2 a 707 a
- 37.8 ns 1446 b 759 b

LSD 3.83 10.25 53.65

Means in columns with the same subscript are goiifetantly different from one another B£0.05.
ns indicates that means are not significantly déifé from one anothd?>0.05.

4.3.1.4 Correlations

There were significant correlations between thé deeémical properties that
were measured in the experiment, labile C, pH adl (Eable 4-6). Soil pH
decreased with increasing labile C, whereas theE®iincreased with increasing
labile C (Table 4-6). Increasing the labile C e@mtin the soil was positively
correlated with increased plant growth parametéeble 4-6). However, the plant
growth parameters were negatively correlated toesming soil pH (Table 4-6).

The number oR. similisin the roots of banana plants and the numberaoftpl
parasitic nematodes in the soil were negativelyetated with labile C measured in
the soil (Table 4-6 and Figure 4-2). Conversdig number of bacterivores and the
dominance index increased with increasing soiléaBi (Table 4-6).
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Table 4-6: Linear regression of soil properties, @nt growth responses and
nematode community composition where banana plantsere grown in soil with
or without additional carbon added as organic matte, nitrogen added as urea
and R. similis.

Response variates Constant Explanatory variable R® Probability
Soil properties
EC -0.01343 0.00006 x LabileC 50.7 <0.001
pH 6.41 -0.0009 x LabileC 48.7 <0.001
Plant growth properties
Height 21.59 0.0457 X Labile C 66.1 <0.001
Leaf area 71.2 1.509 x LabileC 68.5 <0.001
Root fresh wt. 17.8 0.267 x LabileC 71.4 <0.001
Shoot dry wit. -6.49 0.0983 x LabileC 70.9 <0.001
Height 208 -27.71  xpH 41.3 <0.001
Leaf area 6240 -916 X pH 429 <0.001
Root fresh wt. 1134 -166.3 X pH 455 <0.001
Shoot dry wt. 378 -56.8 X pH 39.5 <0.001
Nematode properties
Bacterivores (soil) -0.342 0.0024 X Labile C 32.30.601
Dominance (soil) -0.165 0.0009 x Labile C 48.3 €00
Plant-parasitic nematodes (soil) 1.48 -0.0019 xleab 46.4 <0.001
R. similis(roots) 8872 -14.245  x Labile C 50.9 <0.001
14000
12000 Ad
g 10000 - M
> 8000
o
S 6000
o
£ 4000
(2]
y 2000
0
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Figure 4-2: Linear regression of labile C and theaumber of R. similis recovered
from the roots of bananas, with and without additioal carbon added as organic
matter and nitrogen added as urea (R=0.51P<0.001).

4.3.2 Experiment 2: Different forms of carbon

4.3.2.1 Plant growth
The sucrose treatment caused plant death withifirdi28 days of replanting
bananas in amended soil. Therefore, no plant mem&nts were possible from this

treatment and it was not included in the analybjgant growth. A reduction in plant
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growth was evident within the first 28 days in theils with additional carbon,
particularly in the lignin and the mixed carbonatreents, causing a significant
reduction in plant height relative to the untreatsmll (Table 4-7). The plants
remained significantly shorter in the lignin andxed carbon source treatments than
the untreated plants throughout the experimentléTdty). The cellulose treatment
reduced plant height, but the banana plants wetesigaificantly shorter than the
untreated soil until the final plant assessmenthattermination of the experiment
(Table 4-7).

The leaf emergence rates were reduced in the tedresoil relative to the
soils amended with cellulose throughout the expenin{Table 4-7). The lignin and
mixed carbon treatments initially had a leaf emeogerate superior to the untreated
soil at the 28 day assessment (Table 4-7). Howeatethe termination of the
experiment the leaf emergence rate of the lignith miixed carbon treatments were
similar to the untreated plants, with the lignieatment having a leaf emergence rate
significantly lower than the cellulose treatmenalfle 4-7).

The application of the different forms of carborusad a reduction in plant
growth compared to the untreated soil (Table 4RB)rthermore, the dry shoot weight
in the lignin and mixed carbon treatments was §icantly less than the cellulose
treated soil (Table 4-8).

Table 4-7: Vegetative growth parameters of bananagrown in soil with and
without additional carbon, nitrogen and R. similis.

Treatments Plant height (cm) Leaf emergence rate
28 days 56 days 91 days 28days 56days 91 days

Untreated 10.6a 106 a 121 a 02 b 0.2 b 020D

Cellulose 9.6 ab 9.8 ab 74 b 0.3 ab 06 a 0.6 a
Lignin 73 C 7.3 C 53 ¢ 04 a 02 b 020D
Mixed 8.7 bc 8.7 bc 6.7 b 05 a 0.6 a 04 ab
LSD 1.5 1.5 1.3 0.2 0.2 0.3

Means in columns with the same subscript are goiifstantly different from one another B£0.05.

Table 4-8: Plant growth parameters of bananas growfor 12 weeks in soil with
and without additional carbon, nitrogen and R. similis.

Treatment  Dry shoot weight (g)  Fresh root weight (g) Leaf area (cnf)

Untreated 5.24c 403 b 976 b
Cellulose 2.76 b 31.2 a 37.2 a
Lignin 210 a 29.8 a 33.2 a
Mixed 2.20 a 315 a 35.3 a
LSD 0.52 7.73 9.34

Means in columns with the same subscript are goiifetantly different from one another B£0.05.
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4.3.2.2 Soil chemistry
The soil chemical properties were measured atithe of planting bananas,

four weeks after incorporation of carbon amendmaentts the soil and again at the
termination of the experiment, 12 weeks after phgntbananas. There was a
difference in the pH, EC and labile C measuredhendifferent treatments at the 4 and
12 week assessment times (Table 4-9). Four weités the incorporation of the
carbon sources, sucrose significantly decreasedstlilepH relative to all other
treatments (Table 4-9). The sucrose treatmentfasiothe highest EC and labile C
measurements relative to the other treatments eaneperiment (Table 4-9). The
cellulose had the lowest labile C measured in thetwo weeks after incorporating
the carbon sources (Table 4-9). At the final aswvest, 12 weeks after the
commencement of the experiment, the mixed carbonces had the lowest soil pH
and the lignin treatment had the highest labile s@nificantly greater than the
untreated soil (Table 4-9). Conversely, at thenieation of the experiment the
cellulose treatment had the highest soil pH anddivest labile C content (Table 4-
9).

Table 4-9: Soil pH, EC and labile C in soil treatedvith sucrose, cellulose and
lignin or a mixture of carbon sources relative to mtreated soil 4 and 12 weeks
after commencement of the experiment.

Treatment pH EC (uS cm?) Labile C
(mg kg™
4-weeks
Untreated 6.4a 012 b 617 abc
Sucrose 49b 0.52 a 669 a
Cellulose 6.4 a 011 b 552 ¢
Lignin 6.4 a 011 b 643 ab
Mix 6.6 a 0.10 b 584 bc
LSD 0.4 0.14 65.6
12-weeks
Untreated 6.8 ab 0.25 566 cd
Sucrose 6.7 ab 0.26 591 bc
Cellulose 6.8 a 0.26 549 d
Lignin 6.7 bc 0.24 635 a
Mix 6.6 C 0.28 628 ab
LSD 0.12 n.s. 40

Means in columns with the same subscript are igoifetantly different from one another B£0.05.

4.3.2.3 Nematode community
Due to the death of banana plants treated withosecin the first 28 days of
the experiment, no results were obtained on thexkdff sucrose on the suppression of

R. similisin the roots of banana plants. However, the nurob®. similisrecovered
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from the roots of bananas grown in the cellulosé amixture of carbon treatments

was significantly lower than the untreated or tlgmih amended soil (Figure 4-3).

The application of lignin gave some reduction imagde numbers, but this was not
significantly different from the untreated soil gkire 4-3).
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Untreated Sucrose Cellulose Lignin Mixed

Carbon treatment

Figure 4-3: R. similisrecovered from the roots of banana plants grown 0l3
weeks in soil with different forms of carbon addedr mixed relative to untreated
soil. (Columns with the same letter are not signifiantly different from one
another at P=0.05).

The addition of the different carbon forms sigrafitly altered the nematode
community composition in the unsterilized field Ispiable 4-10). There were no
plant-parasitic nematodes recovered from the swiipdes from the different carbon
treated soils. Therefore, this group of nematadas not included in the analysis of
nematode trophic groups. There was a significagriater total nematode population
in the cellulose treated soil relative to the uamtieel, lignin and mixed carbon
treatments (Table 4-10). Furthermore, the addibiboellulose significantly increased
the number of fungivores and omnivores in the soihpared to the other forms of
carbon and the untreated soil (Table 4-10). Thditiath of sucrose significantly
increased the number of bacterivores in the samlibing the numbers in the
untreated soil, whereas the lignin and mixed cadmirces significantly reduced the
number of bacterivores, relative to the untreatell @able 4-10). The highest
number of predators was found in the mixed carbowrces treatment, with no

predatory nematodes recovered from the sucrosteneea (Table 4-10).
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The change in the different numbers of fungivoned bacterivores resulted in
a change in the B/(B+F) ratio and the channel indable 4-10). The diversity of
nematodes was greatest in the untreated soil améstoin sucrose amended soils
(Table 4-10). Conversely, the dominance of neneatgdnera was lowest in the
untreated soil and greatest in the sucrose amesmiedTable 4-10). The structure
index was the greatest where a mixture of carbpasyad been added to the soil and
no nematode community structure was determinetarsticrose treatment (Table 4-
10).

Table 4-10: Soil nematode trophic groups and nematie community indices
from soil amended with different forms of carbon canpared to untreated soil,
12-weeks after planting bananas.

Nematodes Untreated Sucrose Cellulose Lignin Mix

Total nematodes 221 (2.95) b  436(4.78) ab 574 (8.45) a 77 (1.63) c 75 (1.10)
Bacterivores 138 (1.96) b 411(3.47) a 178 (2.31) ab  13(0.37) c 10 (0.21)

O O O O O

Fungivores 15 (0.29) b 0(0.01) ¢ 168 (2.84) a 14 (0.84) b 1 (0.02)

Omnivores 8 (0.19) bc  2(0.12)cd 80 (1.75) a  13(0.29) b 1 (0.04)

Predators 17 (0.32) ab 0(0.00) ¢ 8 (0.39) b 5 (0.18) b 46 (0.83)

Indices

Diversity 1.60 a 0.50 d 1.37 ab 1.08 bc 0.76 cd
Dominance 0.28¢c 0.72 a 0.33 bc 044 b 0.60 a

B/F ratio 0.85 b 1.00 a 052 ¢ 0.49 c 0.90 ab
Enrichment 84 n.s. 97 n.s. 74 n.s. 75 n.s. 77 n.s.
Structure 60 b 0 c 62 b 76 b 97 a

Channel 7cC 0 c 30 ab 37 a 14 bc

Means in rows with the same subscript are not Sagmitly different from one another B£0.05.
n.s. denotes no statistical difference betweertrreats. Numbers in parenthesis are the back
transformed means on which statistical analysisasgasiucted.

4.4 Discussion
The addition of organic matter with high carbon teort was able to suppress

the population oR. similisin the roots of bananas. This finding confirmedvmous
results in Chapter 3, where general suppressiqiaot-parasitic nematodes could be
induced in soil by the addition of amendments taat a high carbon to nitrogen ratio.
The addition of carbon to the soil, in the formgoéss hay, was able to significantly
reduce the number &®. similisin the roots of banana plants. Furthermore, i wa
found that carbon amendments that were high irulosé were most effective at
inducing suppression d&®. similisover a 12 week period. The decomposition of the
organic amendments tended to increase the laldlen@ponent in the soil. In the first
experiment, where grass hay was added to thetlserk was a significant decrease in
R. similisnumbers recovered from the roots of banana pkmisan increase in the

amount of labile C measured in the soil. Howetas relationship did not occur in
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the second experiment where different forms of @anwvere added to the soil, even
though it was expected that the different formsafoon would provide a range of
soil labile C levels. This suggested that the amhad labile C in the soil may be an
important indicator of soil conditions that lead $appression of plant-parasitic
nematodes, but that other factors also are involvedhe suppression of the
nematodes.

The mechanism by which the organic matter caused stippression of
nematodes is unknown as the additional organiceme#tused a variety of significant
changes in the soil chemical and biological soifapseters measured in this
experiment. The addition of grass hay decreasddpsti increased EC, increased
labile C and led to higher soil N levels detectedhe soil. However, different forms
of carbon induced different reactions within thel.sdRapidly degradable forms of
carbon such as sucrose, produced a rapid decreasd pH and increase in EC and
labile C. This appeared to stimulate fast growingaaisms, with a greater number of
bacterivores in the sucrose treatment, but no ehangthe nematode community
structure. However, the slower degrading formsawbon, like lignin, did not change
soil chemical and biological properties. In sodated with lignin, the pH and EC
were not significantly different to the untreatedil shroughout the experiment.
Similarly, there was no increase in different trigpgroups of nematodes or change in
the structure index of the nematode community wigmn was added to the soil
relative to untreated soil. This confers with threlings of Wanget al. (2007) who
found that cowpea with high lignin content haddiitnpact on soil microbial biomass
N and C. This suggested that lignin was relativert in this experiment, sucrose
was labile and rapidly decomposed and the cellwess intermediate causing shifts
towards a more fungal dominated nematode commuiiitye cellulose treatment may
have achieved a C:N ratio closer to 20:1, which waggested to be optimal for
mineralisation of organic matter (Ferris and Mak@@3; Wanget al.2006).

Stirling et al. (2005) found greatest suppression of plant-pacasgimatodes
in sugar cane soil where fungal activity was gr&atd he most efficacious treatments
for reduction of the number &. similisin both experiments, additional grass hay in
experiment 1 and cellulose in experiment 2, inadathe number of fungivorous
nematodes in the soil relative to the untreatedl sonferring with the findings of
Stirling et al. (2005). Furthermore, Stirlingt al. (2005) suggested that addition of

organic matter had a cascading effect on all topévels in the soil food web,
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through diverse interactions between the componeiimately affecting plant-
parasitic nematodes. The results from these axpeaits agreed with complex effects
on soil organisms, but suggested that effects eapushed along different pathways
depending on the source of carbon added to thesdilts degradability.

The additional nitrogen added with the organic eratiad little impact on soll
chemical properties and the nematode communitycésdi This suggested that the
amount of nitrogen applied as weekly applicatios wisufficient to cause a shift in
the biological activity in the soil. Wargt al. (2006) similarly found that addition of
ammonium nitrate had little impact on nematode comity composition in the first
year of a field experiment. The quantity of nitoagapplied in the glasshouse
experiment was sufficient to stimulate additionknp growth and it is possible that
the plants were able to utilise the added nitrdgefore it had a significant effect on
the nematode community indices. The small amoahtstrogen added as frequent
applications did not decrease the suppressive pattari plant-parasitic nematodes,
but conversely increased the suppressiomR.oEimiliswhen applied in conjunction
with organic matter additions. The extra nitrogeay have stimulated biological
activity and decomposition of the organic mattehich may have increased the
number of organisms present in the soil that weragonistic to plant-parasitic
nematodes. The additional nitrogen applied in dhess hay may have produced
similar soil conditions as those that were devedopben cellulose was applied to soil
in the second experiment. That is, the activitysoif organisms was not as rapid as
occurred with the addition of sucrose, but was nraped than when only lignin had
been added to the soil. This would suggest thateteelop conditions that favour
general suppression of plant-parasitic nematoaeendments applied to the soil need
to have a specific carbon to nitrogen ratio rangswggested by (Warg al. 2006).
Furthermore, the suppression of plant-parasitic atedes following addition of
amendments that were difficult to decompose woweldefit from additional nitrogen
application to develop a favourable C:N ratio clas@0:1.

It is possible that nematode suppression, as wellb@ing biologically
mediated, may have been the result of nemostatenidals produced by the
decomposition of the additional organic matter.e Phoduction of volatile fatty acids,
such as butyric acid from the fermentation of orgamatter by anaerobic soil
bacteria, was found to be a powerful nematicidatpct (Browninget al.2004). The

decomposition of organic matter, leading to lal@ldractions in the soil, was highly
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correlated with soil pH in both experiments. Whad&itional organic matter had
been applied there was also a reduction in soil gticularly when it stimulated
bacterial activity in the soil, as occurred in timst experiment and in the second
experiment following the addition of sucrose. Thigygested that organic acids may
have contributed to the reduction in plant-parasigématodes and the production of
organic acids would explain the decrease in thepej particularly in the sucrose
treated soil which resulted in the death of theadbanplants. Browningt al(2004)
also found that some nematodes, such as bactesjwweze tolerant of high levels of
butyric acid relative to plant-parasitic nematodd@#e volatile fatty acids are rapidly
decomposed under aerobic conditions, which coululaéx the increase in soil pH
between the two soil assessments at week 4 and ¥&elk the sucrose treatment.
The volatility of the chemicals that result frometbdecomposition of organic matter
makes it difficult to correlate their levels witeduction of nematodes within the roots
of the banana plants. However, the reductioR.o$imilisin the roots of the banana
plants from the addition of grass hay is most likelresult of combined biological
and chemical effects occurring in the soil. Theraital changes are most likely to
occur shortly after the addition of organic amendiseand to be relatively short
lived, whereas the biological changes are longen tmechanisms, which may take
more time to reduce nematode populations but maydre persistent over time.

The mixture of organic matter sources exhibitetlgrices on soil parameters
that reflected properties the organic matter sauemed to the soil. In the mixed
treatment, there was a significant suppressioR.dimilisin the roots of the banana
plants, which could be related to the cellulose ponent, but there was also an
increase in the amount of labile C and a decraaseil pH, which occurred when the
soil was amended with lignin and sucrose. The unébf carbon sources was also
the treatment with the highest number of predatmynatodes in the soil, which
resulted in a significantly higher structure indexs most organic amendments added
to agricultural sail, including grass hays, woukldcombination of different types of
carbon, it would be expected that they would hanelar effects on soil properties as
the mixed carbon treatment. The mixture of carboarces would be expected to
require a more diverse group of organisms to decsepthe organic matter.
Complexity of nematode community structure, whishdeveloped by increasing
predatory and omnivorous nematodes, was found tanbienportant indicator in the

suppression of plant-parasitic nematodes (SanchwziM and Ferris 2007).
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Although the diversity of soil organisms was ndteeted in the nematode diversity
index or structure indices, the contribution of awones and predators may have been
a significant factor relating to the suppressiofiRoimilisin the cellulose and mixed
carbon treatments.

The addition of organic matter may have led toitheobilisation of nutrients
and restricted plant growth in the second experim®&hen different forms of carbon
were added to the soil, there was a significaniecgdn in the plant height at the first
assessment, 4 weeks after the commencement ofxgiexiraent, in all treatments
except the cellulose treated soil. However, bytdreination of the experiment all
treatments had significantly reduced the growtlhef banana plants, including plant
height, dry shoot weight, leaf area and fresh veaight. Over the 12-week course of
the experiment there was no increase in plant hesghept in the untreated soil,
which suggested that soils may have not had sefficinutrients to sustain
decomposition of the amendments and provide fontp@owth. Conversely, there
was increased growth of banana plants in thediperiment where the grass hay had
been added to the soil. This may have resulteah fnraneralisation of the organic
matter applied, which had the potential to add faeo2.02 g N, 0.91 g P and 1.60 g K
per plant (equivalent to 644 kg N, 288 kg P and &4 K ha').

The additional organic matter increased the tol¥asf banana plants to the
damage caused by. similisearly in the experiment and helped maintain the dr
shoot weight.R. similiswas pathogenic to banana plants causing a reduictiplant
height, root weight and leaf area at the termimatid each experiment. However,
where organic matter was applied as grass hayeirist experiment or cellulose in
the second experiment, there was a delay of at 28 days befor&. similisreduced
the plant height relative to the untreated soihisTsuggested that the application of
organic matter to banana soil was able to bufferglants, albeit temporarily, from
the effects ofR. similis Furthermore, wherR. similiswas added to the soil in the
first experiment, there was a significant increasethe number of bacterivores
detected in the soil. This may have been an exyerial anomaly or may be a result
of increased leakage of nutrients from the roottesy caused by the feeding of the
nematode and resulting in stimulation of bactergativity and bacterivorous
nematodes.

The results from the two experiments helped toa&rphe observations from

the first experiment, tha&. similiswas suppressed in soils that received amendments
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with high carbon contents. The suppressiorRofimilisby the addition of organic
matter induced greater fungal activity within theil Sout caused a simultaneous
increase in general microbial activity. Amendmethigt were rich in cellulose-like
compounds, but which had a range in their degréiialappeared to be able to give
the greatest and most prolonged suppression oft-ptaasitic nematodes. The
suppression of nematodes from these types of amamdnns most likely mediated
through the production of nematoxic compounds taatilt from decomposition and
an increased number of nematode antagonistic angeni Further work is required to
determine if the suppression of plant-parasitic atextes induced by the addition of

organic matter is transferrable to field conditions

4.5 Summary
Radopholus similigs a major obstacle to sustainable banana pragudti

Australia. Previous work found that amendments llaal high carbon contents were
able to suppress the numberRf similisrecovered from the roots of banana plants.
Two pot experiments were established to validate elocidate the suppression that
could be induced by the addition of amendments whiigh carbon content by
measuring the changes in soil chemical and bio&bgpuroperties. The first
experiment investigated the addition of grass hath vand without additional
nitrogen. The second experiment investigated miffe forms of carbon; sucrose,
cellulose, lignin and a mixture of the three, adttedhe soil. The addition of grass
hay significantly altered the chemical and bioladiproperties in the soil. Where
additional organic matter was applied there was@ehse in the number Bf similis
recovered from the roots of banana plants and arease in the growth of banana
plants, confirming the results from previous expemts. There was also a decrease
in the soil pH, and an increase in EC and labileFGrthermore, there was an increase
in the number of bacterivores, fungivores and theerdity of nematodes. In the
second experiment there was a decrease in the murhlbe similiswhen cellulose
and a mixture of carbon sources, which includeduioee, were added to the soil.
The addition of lignin was not able to significantuppress the number Bf similis
relative to the untreated soil, whereas the sudmesgément was phytotoxic, resulting
in complete mortality of the banana plants. ThBulmse treatment increased the
number of fungivores and omnivores in the soll, t@sulted in a lower labile C level

in the soil relative to the untreated soil. Rapidégradable forms of carbon, such as
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sucrose, increased bacterivores, whereas inersfofroarbon such as lignin had little
effect on soil properties, suggesting that biolagiactivity could be manipulated
based on the type of organic matter applied tosthie The suppression of plant-
parasitic nematodes following the addition of madely degradable organic matter,
like cellulose and grass hay, appeared to be a ioatndn of nematoxic compounds
produced in the early degradation of the organittenafollowed by an increase in

nematode antagonists favoured by an increaselifusgial activity.
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5 Suppression of plant-parasitic nematodes on
bananas by manipulation of biotic and abiotic soil
properties using organic amendments.

5.1 Introduction
The application to soil of organic amendments isewdd as an

environmentally favourable waste management styatiegt can potentially improve
soil quality and benefit agricultural productiong¥el and Murphy 2006; Mosst al.
2002). Amendments include a wide range of prodwstish as organic; animal
manures, solid wastes and composts and inorgayiash and rock minerals (Janvier
et al.2007; Mosset al.2002).

Work in the previous chapters (Chapter 3 and 4hdotlhat amendments with
a high carbon content had a suppressive effecRatopholus similison bananas
grown in glasshouse experiments. In particular résults in Chapter 3 demonstrated
that amendments such as grass hay, legume hayébttagh and mill mud were able
to significantly reducdR. similisin the roots of bananas. The effects correspoitaed
changes in the soil nematode community structufaurthermore, in Chapter 3,
amendments with high cellulose content had thetgseasuppression dR. similis
However, in commercial banana production, farmersstnconsider whole farm
management in the strategies they choose. Therefihre addition of any
amendments must sustain banana production by anérganherent soil constraints,
such as compaction and low nutrient holding capaeis well as suppressing pests
and diseases.

The addition of amendments to the soil has beem usea number of
agriculture crops to manipulate soil properties anercome soil constraints (Moss
al. 2002). Furthermore, amendments have successulbpressed plant-parasitic
nematodes (Akhtar and Malik 2000; Oka and Yermiya®02; Stirling 2008; Stirling
et al. 2005). However, to understand how amendmentsdeaglop conditions that
are suppressive to plant-parasitic nematodes aactc@we inherent soil constraints to
banana production, it is necessary to determinegd®that occur in the physical,
chemical and biological soil environment. Applioas of amendments have been
related to changes in physical soil conditions sashthe increase in aggregate
stability (Albiachet al. 2001; Moss<et al. 2002), increased soil water retention (Moss

et al.2002) and increased porosity (Bulluckéti al.2002). Similarly, the application
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of amendments have been shown to alter chemichlpsoperties, increasing the
nutrient holding capacity (Mosst al. 2002; Seiter and Horwath 2004), altering soil
pH (Seiter and Horwath 2004), increasing soil Nasgrtrations (Rodriguez-Kabana
1986; Valenzuela-Solano and Crohn 2006) and incrgasrganic C (Seiter and
Horwath 2004).

The application of amendments may be used to mbteispecific soil
properties, which could be related to changes & gbil biology (Kennedyet al.
2004). For example the application of fly ash i@snd to enhance crop growth,
develop a neutral soil pH and benefit fungi andmgregative bacteria (Schutter and
Fuhrmann 2001). Similarly, the application of caah increased soil pH and
improved water infiltration but suppressed phosabatactivity in eroded soil (Cat
al. 2001). However, in the same study Gsixal (2001) found that the addition of
compost gave the greatest improvement in soil tyaincreasing soil microbial
respiration. The addition of organic substrategeneral tended to increase microbial
activity. However, the chemical composition of Htraendments, particularly the C:N
ratio, has been a significant factor in determirting) biological changes occurring in
the soil (Carpenter-Boggst al. 2000; Chavarria-Carvajat al. 2001; Degens 1998;
Valenzuela-Solano and Crohn 2006).

To ensure that the cost of amendments is not ptol@bfor use in the
agricultural industries, they are usually sourcednastes from local industries. In
north Queensland it is possible to source amendageniaste products from the sugar
and poultry industries. By-products from the pgsieg of sugar cane are readily
applied as amendments to sugarcane fields (Bar@e4) and have been shown to
increase crop production and reduce numbers of t-plmsitic nematodes
(Meunchanget al. 2006; Vawdrey and Stirling 1997). Mill mud (alsalled filter
press or filter cake), a by-product from washing #ugarcane before crushing, has
been shown to have a favourable chemical compasito promoting plant growth
and stimulating microbial activity in the soil (€alo 1995; Meunchangt al. 2006;
Rasul et al. 2008). Mill ash, resulting from the combustion dfied, crushed
sugarcane from the furnaces of the sugar mill,aiss been used as an amendment
(Barnes 1974; Calcino 1995). Various types of fshes, mostly from coal fired
power stations, have been investigated for supjoresd plant-parasitic nematodes
(Ahmad and Alam 1997; Khaet al. 1997; Wanget al. 2006). Manures, which have

been composted in a thermophylic process with &atarsource, are the most
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common source of compost (Aryanteial. 2000; Canalet al. 2004; Jonathaet al.
2000). However, the properties of the compost eary depending on time of
processing and feed stocks (Noble and Coventry 28688 accordingly, have had
mixed effects on the suppression of plant-parasigimatodes (Mcintyret al. 2000;
McSorley and Gallaher 1995). Crop residue retutoettie soil has also been shown
to be able to increase microbial activity in thedl sod suppress plant-parasitic
nematodes (Akhtar and Alam 1992; McSorley and ®allal995; Stirling 2008;
Stirling et al.2005). More specifically to bananas, the uséefiéaf and pseudostem
material, either as a mulch or composted mateiiaproved plant and soil
relationships increasing crop production (Formovetzl. 2007; Lekasiet al. 1999;
Mcintyre et al.2000; Ultraet al.2005).

5.2 Objectives
This experiment was established to ascertain clsangesoil physical,

chemical and biological properties following thedaihn of amendments to the soill
and to determine changes in populations of plardgigc nematodes and production
of bananas. The experiment was not designed torndieke optimum rates of

amendments for use in banana production.

5.3 Materials and methods

5.3.1 Site and soils
The experimental site was located on a commercaiaba plantation

approximately 20 km south of Innisfail, Australied@® 03 33" E; 17 42 55'S) on a
dermosol soil described as a Coom series soil (286, 42% silt and 30% clay)
(Cannonet al.1992). The soil was described as being seasowallywith moderate
drainage and low permeability and requiring draenagd special management for
crop production (Simpsoat al. 2004). The average annual rainfall for the sitsw
3 384 mm. The site had never grown bananas andteabusly been cropped to

sugar cane.

5.3.2 Treatments
Four locally available amendments were chosenHerexperiment; mill ash,

mill mud, composted chicken manure (manufacturedaom) and an organic matter
treatment consisting initially of grass hay apgimas followed by use of crop
residues once the crop had become established g(Tadl). The amendment
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treatments were compared to a control where tHesadiace was kept bare of crop
residue. The chemical composition of the four amesmts is given in Table 5-1. Soill
amendment treatments; compost, mill ash and mitll nvare applied on August 28,
2003, prior to planting bananas. The amendmentg weorporated into the soil
using two passes with a tyned scarified. BanaWas@ AAA, Cavendish sub-group
cv. Williams) were planted from vegetative cormaaie on September 7, 2003. Grass
hay was applied to the soil surface of the orgamatter treatment on September 9,
2003, prior to the emergence of bananas. A regggalication of grass hay was made
on January 5, 2004. All amendment treatments weapplied on November 4, 2004
to the soil surface around the bananas (Table 5FBg rates and dates of the different
soil amendment applications are given in Table 5-2.

Following the first harvest of the banana crop, @Hdnt residue from the
untreated plots was removed and placed on thessdiéce of organic matter treated
plots. This procedure continued throughout theeerment, leaving the untreated
plots void of all banana residue on the soil swfdgurface organic matter samples
were taken in October 2005 and May 2006, by cafigaill surface organic matter in
a 0.1 nf quadrant. The organic material was then drieghimven at 75C for 5 days,

before the weight was determined.

Table 5-1: Chemical composition of macronutrient@nd micronutrients of soll
amendments.

Amendment Total TotalN C/N P K Ca Mg S
C

(%) (%) %) ) (%) () (%)
Compost 30.5 2.9 10.5 1.28 2.30 4.30 0.67 0.60
Grass hay 45.0 2.2 20.5 0.17 2.50 0.51 0.49 0.49
Mill ash 8.8 0.1 88.0 0.17 0.87 0.86 0.04 0.04
Mill mud 24.7 1.8 13.7 0.70 0.31 1.60 0.12 0.12
Amendment Na Cu Zn Mn Fe Al B Si

(%) (mg kg™) (mg kg™) (mg kg*) (mg kg™*) (g kg™) (mg kg?) (% )
Compost 0.44 168.8 280 410 2800 6.8 16.0 7.4
Grass hay 0.36 5.2 14 200 340 0.5 51 1.3
Mill ash 0.05 28.8 55 560 17000 16 21.0 34.5
Mill mud 0.02 38.6 110 1100 19000 18 2.8 14.8
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Table 5-2: Treatment application dates, rates of@plication and amount of C
added in the amendments.

Treatment September 9, 2003  January 5, 2004 Novembg 2004

Mill ash 220tha! 19t C hat 220tha’ 19tC hat
Compost 175 thd 53t C hat 175tha’ 53tC ha'
Mill mud 120tha? 30t C ha' 120tha' 30t C hat

Grasshay 35th& 16tCha’ 50tha’ 23tCha’ 50tha’ 23tCha'

5.3.3 Experimental design and management
The experiment was designed in a randomised blattk six replicates, with

22 banana plants in each plot. Each plot consistelduble row of bananas spaced 2
m apart and 2.2 m between plants within rows. dis&ance between the centres of
double rows was 6.5 m, giving a plant density gfragimately 1 650 plant fa

The banana plants were maintained under commepaatlitions using
standard district management practices. HerbiqiBastd 200 g L* glufosinate-
ammonium, Bayer CropScience), was used 6-weekhgdace weed growth around
banana plants. Banana plants were fertilised ugnagular fertiliser through the
irrigation system following normal commercial praes to achieve an annual
application of 350 kg N hg 36 kg P ha and 750 kg K hd Additional irrigation
was applied when needed in drier months (Augudatwary). Irrigation was applied
through under tree mini-sprinklers in the centréahana rows. All banana leaf and
pseudostem residue remaining after the harvesapérma bunches and during leaf
hygiene operations were placed in the row area toelzdnana plants and kept off the
interrow area. Fungicides were applied accordingtdandard commercial practice to
reduce the foliar disease yellow sigatokiy¢ospharella musico)a

5.3.4 Plant growth
Vegetative plant growth measurements commenced averNber 10, 2003.

Plant leaf emergence rates were measured on a indattis for the plant crop only.
Bunch emergence commenced on March 17, 2004 archbharvest commenced on
July 14, 2004 for the plant crop. The dates thevdloemergence and bunch harvested
were recorded for the first and two successiveoratrops. The commercial practice
on the farm was to trim the lowest three hands femoh bunch at the time of bag
placement over the bunch. The finger number pechuvas determined using a
modified method described by Turnet al. (1988). The number of hands on each
bunch was determined by counting the total numblienamds present on trimmed

bunches or on untrimmed bunches deducting 3 froenttal number of hands
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present. The number of fingers on the third haaohfthe top was determined and the
number of fingers on the last hand of trimmed bescand fourth from the bottom of
untrimmed bunches. The estimation of finger numkas then calculated from the
average of the third hand from the top and the tdvasd, multiplied by the number
of hands on each bunch (Turredral. 1988). Recording of bunching times and finger

number was conducted on the first two ratoon crops.

5.3.5 Soil measurements
Soil observations commenced on October 20, 200&¢eks after amendments

were incorporated into the soil. Soil observatiorese repeated on March 29, 2004,
September 20, 2004, October 10, 2005, and May @5;26, 11, 24 and 31 months
respectively after bananas were planted. A sdalthesurvey method was developed
using basic soil quality indicators (Sarrantonioet al. 1996)
(http://soils.usda.gov/sqi/soil_quality/assessnkei2thtml). On-site water infiltration
was measured with aluminium infiltration rings (1%m diameter x 125 mm)
inserted 75 mm into the soil. The ring was plat@@ mm from the following sucker
of the plant, so that it was in line with the fallmg sucker and the mother plant. Soill
respiration was measured from the head space afavered infiltration rings for 30
minutes using C®gas sampling tubes (0.01-2.6%, 126SA, Kitigawaada prior to
determining water infiltration rates. Following aseirement of infiltration rates the
ring was then inserted to be level with the soifate and excavated. All roots within
the ring were washed free of soil and banana neets divided into classes, < 1mm,
1-5mm and > 5mm diameter (Araya and Blanco 200d)expressed as the weight of
root in one litre of soil. Soil temperature at I@éh depth was also recorded.

A second aluminium ring (75 mm diameter x 75 mmpwaserted into the
soil until level with the soil surface. The ringagvexcavated from the soil and the soil
within the ring was used in the laboratory deteation of soil bulk density,
gravimetric water content and aggregate stabil@ar{antonioet al. 1996). An
additional four soil cores were collected from eatdt using a 50 mm diameter tube
to a depth of 200 mm, and then used to determinef@] NQ-N, labile C and the
number of soil nematodes. Soil pH and EC were detexd in a 1:5 soil-water
mixture using 30 g of soil and 150 mL of deionisedter. Soil N@-N was

determined from the filtered extract of the soil tevamixture using test strips
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eflectoquant, Merck company). The amount ofsN{Okg ha™ was calculated by
(Refl Merck ). Th f;MOkg ha® lculated b

equation 5-1:

Equation 5-1:
NOs-N kg ha' = (5 x ppm NG-N) x (depth of soil in cm) x (bulk density)
10

The value determined from the test strip was mligtibby 5 as this was the
dilution factor of the soil solution. The depth sil sampled was normally 10 cm
and the bulk density was determined from separétety oven dried soil.

The labile C was determined as the amount of careadily oxidised by
KMnQO, using the method described by Weilal. (2003). A 5 g sample of air dried
soil was added to a tube containing 2.0 ml of aN0.RMnQO, solution, in 1 M CaGl
(pH 7.2) and made up to 20 mL with distilled watéihis was shaken for 2 minutes
and then allowed to stand for 10 minutes. A 0.5ahuot, taken from the upper 1
cm of the suspension, was transferred to 45 mLigtiildd water and made up to 50
mL and mixed thoroughly. The absorbance of thatswl was then determined on a
spectrophotometer (Hach) at 550 nm and comparedstandard curve to determine
the amount of Labile C in the soil. A 200 g sub-plemwas kept for nematode

community analyses.

5.3.6 Soil nematodes
Soil nematode community analyses were determingaldning 200 g of field

moist soil on a single layer of tissue, containethiw a mesh basket (Whitehead and
Hemming 1965). The basket was placed in 200 mlwafer within a tray and
maintained at 28C. After 24 hours nematodes contained within tiagewof the tray
were collected on a 25 um sieve. The nematodes barkwashed from the sieve
and collected in a 30 mL vial. The total numbenematodes extracted from 200 g of
soil was determined. Using a compound microscopejatodes were identified to
genera for plant-parasitic nematodes or families rfon-parasitic nematodes and
assigned to trophic groups according to Yeates.(1993).

5.3.7 Nematode indices
Indices of the nematode community composition weedculated from

nematodes extracted from the soil. Nematode diyewgas determined using the
Shannon-Weiner index H' = pjloge p;. and dominance calculated using Simpson’s
index of dominancé. = X (p;)?, wherep; is the proportion of individuals in thé&
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taxon (Yeates and Bongers 1999). The bacteriahgdl ratio was determined using
B/(B+F) ratio, where B and F are, respectively, tblative number of bacterivorous
and fungivorous nematodes in the total nematodelptpn, which is constrained to

values between 1 (totally bacterivore dominated) @rgtotally fungivore dominated)

(Yeates 2003). Additionally, the proportion of pigoarasitic nematodes relative to
the total soil nematode population was determingdT®t nematodes; where P-p is
the total number of plant-parasitic nematodes aotdnE&matodes is the total number
of nematodes recovered from the soil sample.

The weighted faunal analysis concept was appliethowt plant feeders, to
determine the basal, structure and enrichment tondiof the soil food web (Ferris
et al. 2001). The enrichment index (El) assesses thmuress available to the soil
food web and response by primary decomposers teethesources. The structure
index (SI) is a measure of the number of trophyeta in the soil food web and the
potential for regulation by predators. These iathcs were calculated as EI = 100 x
[e/(e+b)] and SI = 100 x [s/(s+b)], where e, s brate the abundance of nematodes in
guilds representing enrichment (e) (B1 and F2, whBr = bacterivores, F =
fungivores, and numbers represent the colonisegrsigier (c-p) value 1-5 (Bongers
1990), structure (s) (B3-B5, F3-F5, Om3-Omb5, P24vBere Om = omnivores, P =
predators) and basal (b) (B2 and F2) nematode comtiesi (Ferriset al. 2001). The
channel index (CI), is an indication of the decosipon channel of nutrients
calculated as Cl = 100 x [0.8F2/(3.2B1 + 0.8 F&r(ls et al. 2001). A low value
indicates a primarily bacterial decomposer comnyumihd high value a fungal

dominated decomposer community (Hohberg 2003).

5.3.8 Statistics
Measurement from soil sites were analysed usingepeated analysis to

determine differences between sampling times aatrtrents and their interaction. If
significant differences were found using the repeéainalysis for treatments, a one-
way ANOVA for treatment differences was used. ifnfficant F values B<0.05)
were found, the means were separated using the m®hod using Genstat 8
statistics package (Lawes Agricultural Trust). dlotematode numbers and number
of nematodes in each trophic group per 100 g dfvesie transformed using In(x+1),

prior to analyses, to comply with assumptions ofmelly distributed data.
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5.4 Results

5.4.1 Crop growth and yields
There were no significant differences in the veg@atagrowth of the banana

plants in the first crop following planting in Septber 2003, up until flower
emergence at March 17, 2004. The addition of theriments prior to planting had
not significantly affected the vegetative growthloé banana plant (Table 5-3).

Table 5-3: Vegetative growth, leaf emergence andaoit height, of bananas in the
plant crop until first bunch emergence

Treatment 8 Dec 2003 5 Jan 2004 16 Feb 2004 17 N2Y04

Leaf  Height Leaf  Height  Leaf Height Leaf  Height
emergence (m) emergence (m) emergence (m) emergence (m)

Mill ash 1.27 0.45 * 1.05 1.29 1.52 0.93 1.90
Compost 1.31 0.51 * 1.08 1.29 1.50 0.98 1.85
Organic matter 1.32 0.47 * 1.22 1.30 1.64 0.86 1.93
Mill mud 1.36 0.51 * 1.26 1.36 1.74 0.93 2.05
Untreated 1.33 0.42 * 1.00 1.31 1.51 0.93 1.88
LSD n.s. n.s. . n.s. n.s. n.s. n.s. n.s.

n.s. denotes no significant differené&0.05) between means in columns. * denotes misiaita.

Measurement of the time taken from planting untihéh emergence in the
first crop revealed that mill mud treated plantsméred on average two-weeks earlier
than other treatments (Figure 5-1 A). Howeverthi@ second ratoon crop, the mill
mud and compost treated plants took the longest tnflower relative to other
treatments (Figure 5-1 A).

The compost and the mill mud treated plots hadifsegmtly more fingers per
bunch in the first crop after planting relative ttee untreated plots (Figure 5-1 B).
There were on average 10% more fruit per bunchemtill mud and compost treated
plants compared to the untreated plants in thedngp. However, in the first ratoon
crop there were no significant differences in thenber of fingers per bunch (Figure
5-1 B). Furthermore, in the second ratoon crop asih treated plants had an average
20 fingers more per bunch than the untreated anfin88rs more than the compost
and mill mud treatments (Figure 5-1 B). In theosetratoon the compost and mill
mud treated plants had significantly fewer fingegkative to the untreated and the
mill ash treated plants (Figure 5-1 B). The orgamatter treated plants were

intermediate.
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Figure 5-1: Time for flower emergence (A) and fingr number per bunch (B) of
bananas in the first and two successive ratoon crggn a field experiment
investigating the use of soil amendments on soil gperties and the growth of

bananas.

On March 20, 2006 the experimental site was destidyy tropical cyclone

Larry, with wind gusts of 300 km Hr An assessment was made of the number of
plants that were uprooted, rather than just hathegstem bent over. Relative to the

untreated soil (9.4% plants up-rooted), the milh a®ated soil had a significantly

lower proportion of plants uprooted (2.2%) (Fig&2). The organic matter treated

soil had the highest proportion of plants up root@d.2%) but this was not

significantly more than the untreated soil (Figb2).
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Figure 5-2: Percentage of banana plants uprootedliowing cyclone Larry in

March 2006 in soil with different amendments compagd to untreated bare soil.
Assessments were made of root growth at each sagnpériod by washing

soil from the 150 mm rings used for respiration anfdtration measurements. Small

differences were detected in the weight of roo$s flhan 1 mm. However, this was

not consistent over time and there were no trehdswere related to the application

of amendments (Table 5-4).

5.4.2 Soil measurements
There was twice as much organic matter on the soilace in the organic

matter treated plots relative to other treatmentstan times more than the untreated
plots at the two assessment periods in October a883May 2006 (Figure 5-3). This
was the result of the continual removal of cropdces from the untreated plots to

organic matter plots following the harvest of thretfcrop in August 2004.
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Mill ash Compost Organic Mill mud  Untreated
matter

Surface organic matter (t/ha)
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Figure 5-3: Surface organic matter in bananas trei@d with different soil
amendments in October 2005 and May 2006.
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The repeated analysis of variance found that thex® a significant variation
over time for all soil properties measured, excém channel index and the
assessment of banana roots (Table 5-3). There signgficant treatment effects
determined in the repeated analysis of variancether soil properties aggregate
stability, EC, labile C, the ratio of labile C toO¥N, nematode enrichment and
channel indices and for growth of root less thanrt in diameter (Table 5-3). There
were also significant interactions between theed#ht amendment treatments and the
sampling time for the soil properties aggregatéibtg bulk density, labile C, soill
respiration and number of bacterivores (Table 5-3).

Table 5-4: Repeated measures analysis of soil pregies determined in an
experiment to determine the differences in soil prperties due to the application
of amendments to banana plants.

Soil Parameter Treatment Time Time X treat
Physical soil properties

Aggregate stability (%) * *k *
Bulk density (g cnt) - ok sk
Infiltration (cm min ™) - sk ]
Temperature (°C) - — i
Volumetric water (cm cm™) - ok -
Water filled pore space (%) - ok i
Chemical soil properties

pH - Kkk _
EC (p.S le) * *kk _
NO3-N (kg ha) - * )
Labile C (mg kg™) sox sk sk
Labile C/ NOs-N * Kkk _
Biological soil properties

Respiration (kg CO2 ha' d™) - - .
Total nematodes - *k )
Plant parasites - kk

Bacterivores - *xk *
Fungivores - - )
Omnivores - . 3
Predators - *kk }
H’ diversity - *kk _
A dominance - *% )
Plant parasites (%) - ook 3
B/F ratio - *kk _
Enrichment index * * )
Structure index - *xk )
Channel index * - i}

Banana roots

All roots (g 1 soil*) - - -
>5mm roots (g 1 soil) - - -
1-5mm roots (g 1 soif) - - -
<1mm roots (g 1 soif) * o -

* P<0.05, ** P<0.01, **P<0.001,
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5.4.3 Physical soil properties
Aggregate stability was significantly different iveen treatments and over

time, with a significant interaction between treattnand time (Table 5-2). There
was a continual increase in the aggregate stalilitile organic matter treatment, but
it was not significantly greater than other treattseuntil May 2006 (39%), 31
months after the experiment commenced (Table 5¥)e application of mill mud
produced more stable aggregates (26%) relativbddoaire, untreated soil (14%) at
the completion of the experiment, but was not $igantly greater than the mill ash
(21%) or compost (16%) treatments and was sigmfigdess than the organic matter
treated soil (Table 5-5). The aggregate stabihtythe mill ash and the compost
treatments was never significantly greater thanutiteeated, bare soil throughout the
experiment (Table 5-5).

The soil bulk density in the untreated bare sail@ased over the duration of
the experiment. At the beginning of the experimentOctober 2003, soil bulk
density was 1.11 g cfa At the termination of the experiment, in May B0€he bulk
density had increased to 1.38 g tmand was significantly higher than all other
treatments, except the compost and mill mud treawitl (1.23 and 1.24 g ct
respectively) (Table 5-5). Bulk density in the Inaish treated plots in October 2005
and May 2006 (1.17 and 1.18 g €mespectively) was significantly lower than the
untreated control. However, in May 2006, at thenteation of the experiment, the
lowest bulk density was recorded in the organictenateated plots (1.09 g ¢f)) 0.3
g cmi® lower than the untreated bare plots (Table 5-5).

Water infiltration was significantly greater in @ber 2005 in the mill ash
treated plots relative to all other treatments @meés (Figure 5-4). This corresponded
with the significantly lower bulk density in the lirash treated plots in October 2005.
During October 2005 the soil exhibited lower volungesoil water content (data not
shown) relative to other assessment times, whicly mave allowed a faster

infiltration of water into the soil.
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Table 5-5: Changes in soil physical properties, agggate stability and bulk
density over the experimental period from October Q03 to May 2006 in soils
treated with soil amendments compared to an untread bare control.

Indicator Treatment Sampling date

Oct 03 Mar 04 Sep 04 Oct 05 May 06

Aggregate Mill ash 17 ns. 12 ns. 13 ns. 16 ns. 21 bc
stability Compost 15 nss. 15 ns. 21 ns. 14 ns. 16 bc
(%) Organic matter 14 ns. 16 ns. 27 ns. 24 ns. 39 a
Mill mud 19 ns. 15 ns. 23 ns. 15 ns. 26 b

Untreated 19 ns. 15 ns. 17 ns. 16 ns. 14 c

LSD (P=0.05) 12

Bulk Mill ash 1.16 ns. 1.21 ns. 117 ns. 1.17 a 1.18 b
density Compost 1.15ns. 1.26 ns. 124 ns. 134 b 1.23 ab
(gcm®)  Organic matter 1.22ns. 1.25 ns. 1.18 ns. 1.25 ab 1.09 b
Mill mud 1.19 ns. 122 ns. 126 ns. 121 a 1.24 ab

Untreated 1.11ns. 124 ns. 121 ns. 1.32 b 1.38 a

LSD (P=0.05) 0.12 0.15

Means in columns for each indicator followed by slagne letter are not significantly different
(P=0.05). n.s. denotes no significant differeneed.05) between means.

b
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Figure 5-4: Differences in infiltration rate of water in October 2005 in soils
treated with soil amendments compared to an untread bare control.

5.4.4 Chemical soil properties
There was a significant change in the EC betwepmpkag dates (Table 5-6).

In particular, in September 2004, there was a largease in the EC in all treatments
relative to other sampling periods (Table 5-6).wdwer, this corresponded with high
within treatment variability so that there were significant differences between
treatments (Table 5-6). The EC measurements thoaigthe experiment were
significantly correlated with high soil NEN measurements (R= 0.66P<0.05). At

the termination of the experiment the organic mnidteated plots had a significantly
greater EC (0.05 pS ¢tpthan the untreated and the mill mud treated @B3 and
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0.04 uS crit respectively). However, the final soil assessmeatsrded the lowest
EC measurements for the whole experiment (Tablg 5-6

Soil NOs-N measurements mirrored EC measurements (Tab)e Htere was
a significant difference between treatments atcbramencement of the experiment.
In particular, the compost treatment had doubleame®unt N@-N measured in the
soil (93.4 kg ha) relative to all other treatments. The lowest;NODmeasurements
were recorded at the end of the experiment, bukeitC there were no significant
differences between treatments (Table 5-6).

Labile C measurements were significantly lowerhie tintreated, bare banana
plots relative to the organic matter, mill mud ammmpost treatments throughout the
experiment, except following planting (Table 5-@imilarly, the organic matter, mill
mud and compost all tended to have greater labileeasurements, relative to the
mill ash treatment up until the termination of #weperiment. The amount of labile
carbon measured under mill ash increased as #@ideptogressed, initially at 390 mg
kgt in March 2004, increasing to 668 mg“kin May 2006 (Table 5-6). At the
termination of the experiment there was no sigairftcdifference in the amount of
labile C between amendment treatments. Howevkelgnaéndment treatments had
labile C measurement significantly greater thenuthigeated plots (Table 5-6).

The ratio of labile C to N©N was significantly different between treatments
at the beginning and at the end of the experimEablé 5-6). At the beginning of the
experiment the ratio of labile C to N® was significantly greater in the mill ash and
mill mud treatments relative to the compost (Tab&). However, at the termination
of the experiment the organic matter treated sad h significantly greater ratio of
labile C to NQ-N relative to the untreated soil. The ratio djila C to NQ-N had

increased in the final assessment (Table 5-6).
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Table 5-6: Changes in chemical soil properties; EONO3-N, labile C and labile
C/NOs-N ratio over the experimental period from October2003 to May 2006 in
soils treated with soil amendments compared to anntreated bare control.

Indicator  Treatment Sampling date
Oct 03 Mar 04 Sep 04 Oct 05 May 06
EC Mill ash 0.08ns. 0.04ns. 0.19ns. 0.07ns. 0.04 ab
(S cm) Compost 0.16s. 0.05ns. 0.48ns. 0.08ns. 0.04ab
Organic matter 0.0%.s. 0.04ns. 0.39ns. 0.08ns. 0.05a
Mill mud 0.07ns. 0.04ns. 0.26ns. 0.09ns. 0.04bc
Untreated 0.0%s. 0.05ns. 046ns. 0.19ns. 0.03c
LSD (P=0.05) 0.006
Nitrate N Mill ash 31.2b 54.7n.s. 40 n.s. 41 n.s. 23 n.s.
(kg ha)  Compost 93.7a 53.7ns. 149 ns. 47 ns. 23 ns.
Organic matter 44.® 41 ns. 103 ns. 48 n.s. 21 ns.
Mill mud 35.2b 60.5n.s. 70 ns. 43 n.s. 22 ns.
Untreated 38. b 37.2ns. 172 n.s. 42 n.s. 22 ns.
LSD (P=0.05) 34.5
Labile C Mill ash 390bc 429 ab 541b 548 b 668 a
(mg kg')  Compost 436abc 464ab 679a 680a 676a
Organic matter 472 500a 672a 673a 714 a
Mill mud 443 ab 421bc 676a 635a 680 a
Untreated 36 352¢c 483 b 399c 443 Db
LSD (P=0.05) 76 74 75 63 47
Labile C/ Mill ash 24.3a 12.7ns. 15.8ns. 139ns. 314a
NO3-N Compost 8.6 11.5ns. 7.1ns. 149ns. 30.2a
Organic matter  15.@&b 19.7ns.  122ns. 152ns. 393a
Mill mud 204 a 11.8ns. 14.8 n.s. 22.1 ns. 325a
Untreated 14.2ab 13.7ns. 94ns. 10.2ns. 20.1b
LSD (P=0.05) 11.2 9.1

Means in columns for each indicator followed by slagne letter are not significantly different from
one anotherR=0.05). n.s. denotes no significant differeriée(.05) between means.

5.4.5 Biological soil properties
Soil respiration changed significantly over the dimof the experiment. The

highest soil respiration occurred at the commencénoé the experiment when
amendments had been applied and then declinedbseguent sampling times. There
was a significant difference in the soil respiratioetween treatments at the initial
sampling in October 2003 and 24 months later imBat 2005 (Table 5-7). At the
first assessment following the application of tneamts there was significantly greater
production of CQ from the compost treated soil relative to the esied soil, mill ash
and organic matter treatments. The organic mditat the lowest respiration
measurement, significantly less than the mill mad aompost treatments (Table 5-
7). However, in October 2005, the mill ash treatmil had the greatest soll

respiration, relative to the compost, organic miated untreated soil (Table 5-7).

78



Chapter 5: Organic amendments in the field Dr.abesis: A Pattison

The number of plant-parasitic nematodes was lowutlin out the experiment
and Radopholus similisvas not detected in any samples. The only planagitic
nematodes present wemdeloidogyne spp. andHelicotylenchus dihysteraboth
regarded as minor plant parasites on bananas ih Greensland. There was no
significant difference in plant-parasitic nemataaémbers until the final sampling
period in May, 2006. The lowest numbers of plaatagitic nematodes were found in
the organic matter plots relative to all other tngents (Table 5-7).

The highest number of bacterivores occurred atcthramencement of the
experiment following the application of amendmefitable 5-7). The high number
of bacterivores corresponded with the high respimat The number of bacterivores
recovered from the soil samples at March 2004 wasfeantly lower in the organic
matter treated soil relative to all other amendmssdtments and the untreated, bare
soil (Table 5-7).

There was no significant difference in the numbkefungivores throughout
the experiment (Table 5-7). Similarly there was significant difference in the
number of omnivores and predators until the firsslessment conducted in May 2006
(Table 5-7). In May 2006 the number of predatogmatodes was significantly
higher in the mill ash treated soil relative to ather treatments including the
untreated soil (Table 5-7). Furthermore, in MayYy@Q@he number of omnivorous
nematodes was significantly higher in the mill astill mud and organic matter
treatments relative to the untreated soil (Tabl®.5-The compost treated soil had an
intermediate number of omnivores relative to thdraated soil and the other

amendment treatments (Table 5-7).

79



Chapter 5: Organic amendments in the field

Dr.abesis: A Pattison

Table 5-7:Changes in soil respiration and nematod&ophic groups, plant-
parasites, bacterivores, fungivores, predators andmnivores from October 2003
to May 2006 in soils treated with soil amendmentsompared to an untreated,

bare control.

Indicator Treatment Sampling date
Oct 03 Mar 04 Sep 04 Oct 05 May 06
Soil Mill ash 8.9 ab 5.2 ns. 4.3 ns. 6.8 a 4.9 ns.
respiration  Compost 16.2 c 6.3 ns. 40 ns. 45 b 3.0 ns.
(kg CO:ha' d*) Organicmatter 71 a 49 ns. 51 ns. 4.2 b 3.9 ns.
Mill mud 12.5 bc 4.7 ns. 4.4 ns. 5.5 ab 3.5 ns.
Untreated 10.9 ab 4.9 ns. 3.7 ns. 38 b 2.3 ns.
LSD (P=0.05) 4.8 1.9
Plant- Mill ash 54(4.01)n.s. 8(2.24)n.s. 14(2.73)n.s. 112(4.73)n.s. 28(3.38)a
parasiteS  Compost 122.58)n.s. 10(2.41)n.s. 31(3.45)n.s. 86(4.47)n.s. 30(3.44)a
(1OOQSOTI1) Organic matter 65 (4.19)n.s. 35(3.58)n.s. 14(2.68)n.s. 49(3.91)n.s. 12(2.59)b
Mill mud 31(3.48)n.s. 12(2.59)n.s. 25(3.25)n.s. 27(3.32)n.s. 26(3.29)a
Untreated 3%.69)n.s. 14(2.73)n.s. 39(3.69)n.s. 190(5.25)n.s. 43(3.78)a
LSD (P=0.05) (0.52)
Bacterivores  Mill ash 124.83)n.s. 32(3.50)a 76(4.35)n.s. 40(3.72)n.s. 31(3.48)n.s.
(100 g soif') Compost 74%6.62)ns. 40(3.72)a 80(4.40)n.s. 25(3.25)n.s. 38(3.66)n.s.
Organic matter 132 (4.89)n.s. 6(2.000b 50(3.99)n.s. 48(3.89)n.s. 33(3.52)n.s.
Mill mud 180(5.20)n.s. 58(4.07)a 54(4.01)n.s. 20(3.03)n.s. 35(3.58)n.s.
Untreated 20%.32)n.s. 47(3.87)a 64(4.17)n.s. 32(3.49)n.s. 31(3.48)n.s.
LSD (P=0.05) (1.05)
Fungivores Mill ash 6%.14)n.s. 66(4.20)n.s.107(4.68)n.s. 90(4.51)n.s. 70(4.26)n.s.
(100 g soif') Compost 1475.00)n.s. 88(4.49)n.s. 27(3.34)n.s. 59(4.10)n.s. 40(3.72)n.s.
Organic matter 146(4.99)n.s. 81 (4.41)n.s. 67(4.22)n.s. 105(4.66)n.s. 39(3.68)n.s.
Mill mud 122(4.81)n.s. 94(4.55)n.s. 46(3.86)n.s. 43(3.79)n.s. 54 (4.00)n.s.
Untreated 1444.98)n.s. 95(4.56)n.s. 67(4.22)n.s. 66(4.20)n.s. 30(3.44)n.s.
LSD (P=0.05)
Predators Mill ash 0.70)n.s. 6(1.94)n.s. 7(2.11)ns. 15(2.75)n.s. 37(3.64)a
(100 g soif') Compost @o0.00)n.s. 1(0.84)n.s. 20(3.04)ns.  5(L.77)n.s. 15(2.75)b
Organic matter 0 (0.00)n.s. 5(1.85)n.s. 18(2.96)n.s. 11(2.48)n.s. 15(2.79)b
Mill mud 0(0.00)n.s. 3(1.37)n.s. 16(2.85)n.s. 3(1.38)n.s. 8(2.23)b
Untreated 10.79)n.s. 14(2.68)n.s. 12(2.54)n.s. 3 (1.41)ns. 14(2.27)b
LSD (P=0.05) (0.77)
Omnivores Mill ash %1.74)n.s. 3(1.49n.s. 15(2.77)n.s. 15(2.80)n.s. 25(3.25)a
(100 g soif') Compost 41.54)n.s. 10(2.41)n.s. 20(3.06)n.s. 3 (1.44)n.s. 8(2.17)ab
Organic matter 11 (2.47)n.s. 7 (2.07)n.s. 21(3.11)ns. 26(3.29)n.s. 25(3.24)a
Mill mud 7(2.10)ns. 2(1.22)ns. 6(1.98)ns. 9(2.27)n.s. 13(2.61)a
Untreated @2.27)n.s.  8(2.16)n.s. 28(3.36)n.s. 10(2.42)ns. 3(1.46)b
LSD (P=0.05) (1.13)

Means in columns for each indicator followed by $iagne letter are not significantly different
(P=0.05). n.s. denotes no significant differeneed.05) between means.

A Means presented are back transformed with vatuparientheses being the transformed means

In(x+1)
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There were no significant differences in the diitgrer the structure index of
nematodes between the treatments at the five gagsplimes throughout the
experiment (Table 5-8). However, there was a 8mgant difference in the
enrichment index, at the commencement of the exyari (Table 5-8). The
enrichment index was significantly higher in thenpmst amended soil relative to the
untreated, mill ash and organic matter treatmerablé 5-8). The mill ash, mill mud
and untreated soils had an intermediate channelxirmetween the compost and
organic matter treatments at the commencementeoéxperiment. At the following
assessment, March 2004, the organic matter treatmaeina significantly higher value
for the channel index relative to the other treatta¢Table 5-8).

Similarly, there was a significant variation in tregio of bacterial to fungal
feeding nematodes over the course of the experir(iemtle 5-8). There was a
significantly lower ratio of bacterivores in theganic matter treated soil relative to all
other treatments soon after the amendments weleedppConversely, the compost
treated soil had the highest ratio of bacterivor@here was a significantly higher
ratio of bacterivores relative to fungivores in te@mpost treatment compared to the
organic matter treatment for the first 12 monthghefexperiment, from October 2003
until September 2004 (Table 5-8). This coincideth wifferences measured using
the channel index. Initially, the compost treatinbad a greater proportion of
bacterivores and the organic matter treatment hgieé@er proportion of fungivores.
Other treatments were intermediate. However, byl 2005, there were no
significant differences in the ratio of bacteriver® fungivores between treatments
through to the termination of the experiment (Tl k).

There was an initially a significantly lower raid plant-parasitic nematodes
to total nematode numbers in the soil in the cormmpreatment (Table 5-8). However,
at the termination of the experiment in May 200&ré was a significantly higher
ratio of plant-parasitic nematodes in the untregiets (0.33) relative to the mill ash
(0.18) and organic matter (0.09) amended soil, Withcompost (0.26) and mill mud
(0.20) treatments having intermediate proportiorfs ptant-parasitic nematodes
relative to other soil nematodes (Table 4-8). He October 2005 sampling, the
untreated soil (0.60) had double the proportioplaht-parasitic nematodes relative to
the organic matter (0.24) and mill mud (0.30) tmeenits (Table 5-8). However, the

variability within treatments meant that there weoesignificant differences.
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Table 5-8: Changes in nematode community indicesljversity, structure index,

enrichment index, channel index, B/(B+F) ratio, plat-parasitic to total
nematode ratio from October 2003 to May 2006 in slsi treated with soil
amendments compared to an untreated, bare control.

Indicator Treatment Sampling date
Oct 03 Mar 04 Sep 04 Oct 05 May 06

Diversity Mill ash 163 ns. 150 ns. 1.70 ns. 159 ns. 1.94 ns.
Compost 1.33ns. 159 ns. 166 ns. 155 ns. 191 ns.
Organic matter 1.70ns. 1.61 ns. 161 ns. 177 ns. 197 ns.
Mill mud 149 ns. 143 ns. 194 ns. 1.70 ns. 191 ns.
Untreated 1.76ns. 1.73 ns. 1.86 ns. 1.23 ns. 1.93 ns.
LSD (P=0.05)

Structure  Mill ash 15 ns. 61 n.s. 52 ns. 77 ns. 87 ns.

index Compost 17 ns. 57 ns. 80 ns. 62 n.s. 76 ns.
Organic matter 24 n.s. 75 ns. 84 ns. 70 ns. 84 ns.
Mill mud 28 n.s. 30 n.s. 62 ns. 75 n.s. 64 ns.
Untreated 26 n.s. 68 n.s. 81 ns. 73 ns. 69 ns.
LSD (P=0.05)

Enrichment Mill ash 63 a 74 ns. 55 ns. 61 n.s. 66 n.s.

index Compost 90 b 71 ns. 61 ns. 58 ns. 76 ns.
Organic matter 57a 50 ns. 53 ns. 47 ns. 72 ns.
Mill mud 74 ab 72 ns. 54 ns. 62 n.s. 66 n.s.
Untreated 66 a 67 n.s. 64 n.s. 63 n.s. 71 ns.
LSD (P=0.05) 17

Channel Mill ash 37 ab 33 a 56 n.s. 45 ns. 43 ns.

index Compost 8 a 44 a 44 ns. 54 ns. 31 ns.
Organic matter 55b 84 b 49 ns. 71 ns. 34 ns.
Mill mud 34 ab 39 a 52 ns. 33 ns. 39 ns.
Untreated 34 ab 45 a 31 ns. 51 ns. 44 ns.
LSD (P=0.05) 30 34

B/(B+F) Mill ash 065 ab 070 b 0.45 b 0.34 ns. 0.31 ns.

ratio Compost 0.82a 057 b 0.71 a 0.30 ns.  0.49 ns.
Organic matter  0.15c 0.29 a 047 b 0.33 ns. 0.46 ns.
Mill mud 061 ab 0.45 ab 0.54 ab 0.32 ns. 0.40 ns.
Untreated 0.62ab 061 b 0.48 b 0.32 ns. 0.51 ns.
LSD (P=0.05) 0.19 0.25 0.17

Plant- Mill ash 0.12 ab 0.11 ns. 0.10 ns. 0.43 ns. 0.18 bc

parasites / Compost 0.05b 0.11 ns. 0.19 ns. 0.47 ns. 0.26 ab

total Organic matter 0.18ab  0.20 ns. 0.09 ns. 0.24 ns. 0.09 c

nematodes Mill mud 0.11 ab 0.12 ns. 0.14 ns. 0.30 ns. 0.20 abc
Untreated 0.11ab 0.15ns. 0.18 ns. 0.60 ns. 0.33 a
LSD (P=0.05) 0.08 0.14

Means in columns for each indicator followed by siagne letter are not significantly different
(P=0.05). n.s. denotes no significant differeneed.05) between means.
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5.5 Discussion
The effects of amendments on the production of hamahanged over the

course of the experiment. Initially, the composid ahe mill mud treatments
produced plants with a greater number of fingersdogp@ch. This is thought to be due
to the initial influences of the amendments on godperties. The application of
compost and mill mud amendments resulted in grdatech size in the first crop
following planting, possibly through greater numtieavailability following the
decomposition of the compost and mill mud. Therasva significantly higher
recording of soil N@N in the compost and mill mud treatments relativethe
untreated soil. This suggested that soil chenpeaperties, like N@N tended to
have the greatest impact on banana productionwoitp planting. Furthermore, the
application of mill mud was also able to reduce timee until flower emergence,
reducing the vegetative phase of the first crop.

The application of amendments with high nitrogenteat, such as compost
and mill mud, stimulated bacterial activity in theil resulting in a greater respiration
and greater numbers of bacterivores. However, nadrlge changes induced by the
applications of the pre-plant amendments were astagned past 12 months. Some
of the changes in soil properties which occurradrahe application of amendments
may have been masked by commercial crop managenpens such as fertilisers and
therefore were not detected after 12 months. Tdraneercial crop management
inputs may have also contributed to the variabilitysoil properties at the 12 month
sampling period, in September 2004. The varigbiiithin treatments meant that it
was difficult to determine the impact of amendmemnsthe first ratoon bunch size
and therefore, no statistical difference was mesbum banana bunches or banana
bunch emergence time.

The application of mill ash produced significantgrger bunches in the
second ratoon banana crop and had a shorter tiftmmering relative to the compost
and mill mud treated plants. The application off msh resulted in a lower soil bulk
density relative to the untreated soil in the tagi assessments of soil properties, in
October 2005 and May 2006. Interestingly, soilkbdénsity measurements were
increasing in the untreated bare soil, with inaregadime, whereas they tended to
remain constant in the mill ash treated soil.s lpossible that high soil bulk density is
a limiting factor to the long term production ofriaamas, which goes unrecognised

because of the slow nature of this change. Indhs®, it took two years for soil bulk
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density to be significantly different between thal 4reatments and affect banana
production. The application of mill ash was théyameatment, which improved the
infiltration rate of water into the soil, similaw the findings of (Coxet al.2001). This
only occurred in October 2003 during a dry periddhe application of ash to the soil
can have differing affects on soil properties dejieyp on the source of the ash.
Application of fly ash, a by-product from coal fir@ower stations tended to increase
bulk density relative to other treatments (@&al.2001), whereas the ash from sugar
mills resulted in a similar bulk density to cultted soil. The reapplication of the mill
ash to the soil surface after one year appearée toore effective than the pre-plant
application for maintaining bulk density and susitag crop production. The mill ash
treated soil also reduced the number of uprootedra plants following destructive
winds caused by cyclone Larry. This could be dudhe plants having a larger
support structure, although root measurements asésaments of the following
sucker did not support this hypothesis.

The application of organic amendments is reporteth¢rease soil biological
diversity and disease suppression (Jangteal. 2007). The application of organic
matter, firstly as grass hay followed by additioflnana residue, was able to
significantly increase the amount of surface orgamitter, labile C and increase
aggregate stability. The organic matter applicetiovere related to a lower number of
plant-parasitic nematodes relative to the bare, sdiich suggested better general
suppression of plant diseases. This was parsailbported by the significant increase
in the number of omnivorous nematodes in the oamatter treated soil relative to
the bare, untreated soil. However, it would applear factors other than the presence
of predatory nematodes were contributing to thepsegsion of plant-parasitic
nematodes. The levels of plant-parasitic nematoet@s/ered from soil samples were
not regarded as being able to limit banana yietdh bn the number of individuals
qguantified and the species identifidd. (dihysteraandMeloidogynespp.). However,
these species can be used as a surrogate measurEmesther plant-parasitic
nematodes that cause losses in production of bananeh asR. similis The
suppression of plant parasitic nematodes appeds #® general suppression that is
not related to any specific suppressive mechanisch ss the number of predatory
nematodes. The mechanisms causing nematode ssippraseds to be clarified with

further investigations involving the addition ofganic amendments.
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Soil bulk density was lower in the organic matteeated plots at the
termination of the experiment in May 2006. Soillkodensity was an excellent
indicator for many of the physical soil propertigat were limiting banana growth.
Therefore, if the experiment were to continue farencrop cycles, up to four to six,
which is normal commercial practice for the nortlue®nsland banana industry,
additional organic matter may contribute to impmbvelant productivity through
increased aggregate stability and decreased bulbkitge

High levels of organic matter in the soil may halso contributed to high EC
in the organic matter treated plots at the ternomatof the experiment. EC
measurements are typically used to determine prwbleith salinity, but in high
rainfall areas such as in the north Queensland naamaoduction zone, EC may
indicate nutrient availability. Organic matteraigle to hold onto nutrients (Seiter and
Horwath 2004). Therefore, it is possible, follogiheavy rains after cyclone Larry,
that the additional organic matter was able to lwwitb nutrients, preventing leaching
and resulting in a significantly higher EC relatteethe untreated bare soil. Changes
in soil EC may also serve as an indicator thatetheave been changes in soill
conditions, which may affect the soil nematode camity structure (Neheet al.
2005; Pattisoret al.2008).

The results of increased organic inputs into theaba production system
required at least 2 years of consistent applicatiocreate significant changes in soill
properties. The application of additional orgamatter resulted in a change in a
number of key soil indicators; soil bulk densitygeegate stability and EC. This
highlights the long term investment needed for sogrovement through the addition
of organic matter and the time needed for bioldgicaocesses to change soll
properties, particularly physical properties sushaggregate stability and soil bulk
density.

The use of amendments with low C:N ratios suchamsposts and mill mud
tended to have only a short term influence (6 ahdnbnths) on soil properties in the
banana production area of the wet tropics. Thesendments tended to increase
bacterial decomposition of organic matter and dtlnesult in long term changes in
soil properties. However, the addition of amendimevith a high C:N ratio, such as
grass hay and banana residue, tended to slow dmhagizal activity resulting in less
bacterial decomposition of the organic matter im $bil and help to restore degraded

soil properties over a 2-year period. Mill ash egmed relatively chemically inert,
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due to the very high C:N ratio, but provided imped\physical soil properties, such as
bulk density and water infiltration, allowing imed soil water and root exchanges.
The practice of keeping the soil bare around banglaats resulted in a slow
degradation of the soil. This was evident from #ignificant decline in the soll
indicators by the end of the experiment, such aseased bulk density, reduced
aggregate stability, poor nutrient holding capaatyd increased levels of plant-
parasitic nematodes. Therefore, banana growestodend an alternative practice to
keeping bare soil within their plantations. The 0$ grass hay was meant to simulate
the use of grassed fallows prior to planting basararassed fallows act as mulch for
plant banana crops, and when followed by reterdfocrop residue in the banana row
area, constitute a low cost method of increasigguaic C levels in the soil.

Changes in farm management, such as the applicatiamendments, lead to
changes in soil properties that were detected usmfarm soil health indicators.
Short term increases in N, EC, soil respiration and the levels of bacleéeading
nematodes indicated improved short-term growingdtmms for plants. However,
bulk density, aggregate stability, labile C andgamion of plant-parasitic nematodes
in the soil nematode community were better indiatof sustainability of banana

production.

5.6 Summary
The application of soil amendments have previolgn shown to be able

change soil properties and suppress plant-parastitatodes. However, the effects
of the amendments on commercial banana productidnsail factors were unclear.
A field experiment was established to determine thanges in soil properties
following application of four commonly availableisamendments; compost, grass
hay and by-products from sugar mills, mill mud anidl ash. The amendments were
applied at the time of planting bananas and reiagalgain 12 months later. After 12
months all crop residue from the untreated ploteewemoved from the soil surface
and placed in the rows of plots receiving the gita&g to increase organic matter
inputs. Measurements of soil properties were nadtér 1, 6, 11, 24 and 31 months
after planting bananas. Assessments of plant grenwt production were made for
the plant, first ratoon and second ratoon cropke dpplication of compost initially
increased soil respiration and was linked to grelaéeterivore nematode activity in

the soil. The application of grass hay and bamasa@ue increased the proportion of
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fungivore nematodes relative to the compost treatmdhe application of compost

and mill mud resulted in a significantly greatemmhoer of fingers in the first crop

relative to the untreated soil. In the first ratoorop, there were no significant
differences between treatments in terms of prodoncind changes in soil properties.
However, at the termination of the experiment,hat énd of the second ratoon crop,
there was significant increase in bunch size inntfié ash treatment and decline in
bunch size in the compost and mill mud treatmeelative to the untreated plants.
Furthermore, there was a significant increase igregate stability and decrease in
soil bulk density in the organic matter treated selative to the untreated soil. This
corresponded with increased labile C and numbeorohivorous nematodes and
lower number of plant-parasitic nematodes in tlgaoic matter treatment relative to
the untreated soil. Therefore, practices that dine & increase soil carbon and
improve soil structure may give greater suppressioplant-parasitic nematodes and

increase sustainability of banana production.
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6 Impact of banana farming system on the soil food
web and suppression of plant-parasitic nematodes.

6.1 Introduction
Banana production in the Australian environmeneamultiple constraints

associated with productivity, labour efficiencyyvennmental protection and pest and
disease management. It has been suggested thaituseill for crop production in
tropical regions are particularly sensitive to @e@tion due to the climatic influences
(Primavesi 2006). Within the north eastern Ausgrabanana production area there is
a need to reduce the impacts of farming on the tGBearier Reef (Anon 2003).
Therefore, crop management systems have evolvaddapt to changing constraints,
which has led to a divergence of management pexcand farm inputs (Blazst al.
2009).

Agricultural practices have been shown to havergelampact on the soil
environment (Doran 2002; Westphal 2005). In ordemaximise crop production
synthetic fertilisers have been used to increasentiirient availability, tillage is used
to provide a fine seed bed and pesticides are tsethanage pest and disease
problems. The use of chemical nematicides, mostlganophosphates and
carbamates, has traditionally been the main metbiodnanaging plant-parasitic
nematodes in banana crops (Stirling and Pattis@8)20However, the reduction in
the use of chemical nematicides is necessary beadukeir toxicity to human health
and concerns about their impact on the environmemurthermore, chemical
nematicides are becoming less effective at complplant—parasitic nematodes in
bananas due to enhanced biodegradation of the chlBniMoenst al. 2004; Pattison
et al 2000).

Uncertainty about new farm management practicesice=] adoption and
innovation. Blazyet al(2009) suggested that participatory on-farm resea@s one
of the main methods of prototyping innovative cropnagement systems to reduce
some of the uncertainty. However, Janwerl (2007) also suggested that the links
between improved plant health and measurable sopeties were not sufficiently
clear. The way in which specific agricultural prees affect soil properties,
particularly in respect to sustainability requicdsser scrutiny (Upofét al 2006). A
set of soil health indicators developed for the thalen banana industry could assist

in the assessment of banana farming practices ibealth (Pattisoret al. 2008).
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However, the relationship between each type of famarctice, the effect on soil
properties and the effect on plant-parasitic nenedas not well understood.

A methodology framework using multivariate statistand factor analysis can
aid in the selection of soil health indicators aetermine impacts of farming systems
on soil health (de Limat al. 2008; Shuklaet al. 2006). The authors were able to
reduce the number of indicators needed to a minirsatrwhich could discriminate
between different types of agricultural productgystems. Furthermore, Idovet al.
(2009) were able to discriminate between tillagaag@ment systems using principle
component analysis with a set of physical, chemaeal biological indicators. The
concept was also applied to develop indicatorstifier suppression of soil borne
diseases and nematodes (Borretral. 2004; Garbevat al.2004; Janvieet al.2007)

The findings from previous chapters suggested fdrating practices, which
were able to increase carbon inputs, particulatylé C, caused greater suppression
of plant-parasitic nematodes, particularly burragvilematode Radopholus similjs
Alternative methods for managing plant-parasiticmatodes must be developed and
integrated into farming systems to sustain proditgtiand profitability of banana
growing. An integrated nematode management progerbased on cultural and
biological controls needs to be developed so tiabanana industry can adapt to the

pressures of the current economic, environmenthlpafitical climate.

6.2 Objectives
The aim of this survey was to use farm managemahtail health indicators

to define farm typologies and to relate these iatics to the suppression Rf similis

on bananas.

6.3 Materials and methods

6.3.1 Farm typology
The data used to develop farm typology was derivech interviews with

banana plantation managers. Ten banana plantatieer® selected in north
Queensland, Australia with a range of soil managegmgstems. Banana plantation
managers were asked questions relating to landamgpn, use of amendments,
fertiliser practices in the banana crop, pesticagplication, crop age, interplant
vegetation and crop residue management (Table G4i¢. survey was qualitative and
used a scoring system that was developed for tmagess’ response to each question

allowing statistical characterisation of the plaiota typology (Table 6-1).

89



Chapter 6: Australian farming system effects on aieihe suppression Dr.agr. Thesis: A Pattison

Table 6-1 Criteria used to determine banana plantationlogporelating to soll
management practices.

Cultivation Scoring categories
Do you have a fallow period between banana crops? < 6 months

. 6 month — 1 year

> 1 year
Do you grow something in the fallow period? Yes
No
Approximately how many tillage operations did yaeu <3
in preparing the soil to plant bananas (e.g. dgkiotary 3-6
hoeing, deep ripping, V ploughing)? -6
Amendments
Did you add an amendment to the soil prior to hant Yes
bananas (e.g. mill ash, mill mud, compost etc)? No
If yes how much did you apply? < 40 t/ha
> 40 t/ha

Fertiliser
How much nitrogen was applied to the bananas?

< 200 kg N/ha
. 200-400 kg N/ha
> 400 kg N/ha

How long since the last fertiliser application? < 1 week
1 — 4 weeks
> 4 weeks
Pesticides
Do you apply insecticide / nematicides to your3oil Yes
No
If yes, when was the last application made? < 1 week
1 — 4 weeks
> 4 weeks
Crop
What age is the banana crop? Plant
1% ratoon
2" ratoon
3" ratoon
>3 ratoon
How do you manage the inter-row between bananas? Grassed
Bare
Where do you place the crop residue (trash)? Inter-row
Row

WhRENPORONE ONRPENE ONRPONEL INEINE WNhE NP

. Where it falls

6.3.2 Soil sampling
Ten commercial banana plantations were surveydd soil samples collected

from three fields on each plantation (Table 6-2)eenvironment and location for
each plantation were recorded (Table 6-2). In dedth, soil samples were collected
from 20 different locations by selecting plantstthad recently flowered. The soil
was collected using a 50 mm diameter soil coredeh of 150 mm at a distance of

100 mm in front of the following sucker.

6.3.3 Soil health indicators
Eight indicators were selected as key soil healthcators for the Australian

banana industry (Pattisat al. 2008). These included a physical soil indicabardK
density), chemical soil indicators (labile C, NN, pH, electrical conductivity (EC))
(Table 6-3) and biological indicators (diversity tbk nematode community, number
of plant-parasitic nematodes and proportion of ppfaErasitic nematodes) (Table 6-4).
Bulk density measurements were not recorded fank&; 9 and 10 (Table 6-3).
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Soil properties were measured using on-farm assedsndescribed in section

5.3 (Sarrantonicet al 1996, http:/soils.usda.gov/sqi/soil_quality/assessméitttml).

The soil nematode community was assessed from ag260b-sample using the
methods described in section 5.3.6 and assignéantiional groups and nematode
community indices calculated as described in sedii®.7 (Ferriet al 2001;Yeates
2003). The proportion of plant-parasitic nematoitlethe soil was a useful indicator
that may be related to the suppressive potentithesoil (Abawi and Widmer 2000;
Stirling et al 2005).

6.3.4 Statistics
A hierarchical cluster analysis was used to deteenfarming system typology

based on group averages and weighted by cluster i 8mg the group average
method. The similarity between farm managementtjpes was used to construct a
dendrogram and plantations with a similarity gre#éttean 0.7 were regarded as having
the same typology. The mean and standard err@obfphysical, chemical and
biological parameters was determined for each atemt. A correlation matrix was
used to determine linear relationships betweenpsotimeters included in the survey.
The mean values were used in a multivariate prieacigomponent analysis to
determine key factors related to the suppressigrianit-parasitic nematodes using the
methods described by de Lined al. (2008) and Shuklat al. (2006). The factors
were subject to varimax rotations and parametetis aviweighted value greater than
0.3 were regarded as important principal components

A cluster analysis was used to determine the siityilaf plantations based on
the important principal components. A stepwisevBid regression was used to
determine the soil health indicators that were ificantly related to the proportion of
plant-parasitic nematodes in the soil. All statitianalyses were conducted using
Genstat 11 (Laws Agricultural Trust).
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6.4 Results

6.4.1 Farm typology
Farms included in the survey used some similartjpes such as: growing

ground cover in the fallow period, no plantatioqgpléed soil amendments prior to
planting bananas, all plantations had appliedligeti between 1 and 4 weeks prior to
the survey and plantations that had applied nemdaticad applied it greater than 4
weeks prior to the survey. The location, raintadld soil types of plantations were
similar and were not used in the analysis of faypolkogy (Table 6-2). However,
Farms 9 and 10 were taken from the southern regfidhe north Queensland banana
growing region, which is marginally drier (Table2h- Banana plantations included in
the survey were predominately situated on Dermosaltept for two plantations
Farms 2 and 5, which were on Ferrosols (Table 6e®)ly seven criteria were used to
determine the soil management typology for the &@aba plantations included in the
survey (Table 6-2).

Seven banana plantations used a fallow period grélaan one year between
subsequent banana crops. Farms 1 and 3 used tafgllmw system less than 6
months and Farm 10 used an intermediate fallowigog of 6 months to 1 year
(Table 6-2). Farms 5, 6 and 7 used less thanl&@)eiloperations to establish new
banana planting, whereas Farms 2, 4, 8, 9 and &8 between 3 and 6 tillage
operations. Two farms, 1 and 3, used greater éhéillage operations to establish
new banana plantings (Table 6-2). Only Farm 1 ugedter than 400 kg of N fa
yr'!, whereas Farms 4, 5, 6, 7 and 8 used less thak@@80N ha" yr* (Table 6-2).
Four plantations had used nematicide to manage-p&asitic nematodes, Farms 1,
3, 4 and 6, with the remaining 6 plantations nangisematicide (Table 6-2). Farm 7
was a recently established banana plantation pnogltice first crop since replanting.
Most banana plantations wer& Batoon crops (Farms 2, 4 and 6) or a mix of déffier
ratoons. Farm 5 was a long term planting, oldantthe &' ratoon crop (Table 6-2).
All plantations, except Farms 6 and 10, maintaimedetated ground cover in the
interrow spaces between banana plants (Table G4&p plantations, Farms 5 and 10
removed the crop residue from around banana plplatsing it in the interrow space.
Farms 1, 2 and 4 actively retained their crop residround the base of the banana
plants, whereas Farms 3, 6, 7, 8 and 9 left thp msidue where it fell following de-

leafing and harvesting operations.
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From the responses of the seven soil managemetariariand using a
similarity threshold of 0.7, the cluster analysigte responses grouped the typologies
of plantations into four different groups (Figurelp Plantations typology 1 was
made up of Farms 1 and 3, plantation typology 2 mvade up of 6 banana plantations
Farms 2, 4, 6, 8, 9 and 10 (Figure 6-2). Typolsdieee and four were made up of
single plantations, typology 3 was Farm 5 and tyggl4 was Farm 7 (Figure 6-2).

Similarity
10 08 0.6 04 0.2 0.0

T
Farm 1 1
Typ 1l i—'*.
Farm 3 I
1
1
1
1
1
1
1
1
1
1
1

~

Farm 2

Farm 4

Farm 8
Typ 2
Farm 9

Farm 10 A

\ Farm 6

Typ 3 { Farm 5

Typ 4{ Farm 7

Figure 6-1: Cluster analysis dendrogram of 10 banana plam&goouped based on
soil management typology (dashed line represesitsidarity of 0.7 used to form

groups)
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Table 6-2 Characteristics of 10 banana plantations includedsurvey to determine the impact of soil manag# on the soil food web and
plant-parasitic nematodes.

Latitude Longitude Rainfall Sall Fallow  Tillage Nitrogen  Nematicide Crop Interrow Crop
Farm (S) (E) (mm) Soil Order Description length operations applications application age vegetation residue
Farm1 1734'37" 14801'17" 3442 Dermosol ' nadleclay 3 3 1 2.6 1 2
or clay loam
Farm2 1736'42" 14600'03' 3390 Ferrosol 'navleclay 4 2 2 2 3 1 2
or clay loam
Farm3 1736'17" 14600'33" 3390 Dermosol 'nadleclay 3 2 1 2.5 1 3
or clay loam
Farm4 1727'42" 14851'50° 4048 Dermosol ' nadleclay 4 2 1 2 3 1 2
or clay loam
Farm5 1737'33" 14856'49" 3482 Ferrosol navleclay 4 1 1 1 4 1 1
or clay loam
Farm6 1756'18" 14847'04" 3245 Dermosol ' nadleclay 4 1 1 2 3 2 3
or clay loam
Farm7 1756'18" 14847'04" 3245 Dermosol ' nadleclay 4 1 1 1 0 1 3
or clay loam
Farm8 1736'01" 14601'05" 3390 Dermosol 'nadleclay 4 2 1 2 2.8 1 3
or clay loam
Grey loam,
Farm 9 18 14'35" 14857'12" 2157 Dermosol poorly 3 2 2 2 2.6 1 3
drained
Grey loam,
Farm 10 18 13'51" 14852'54" 2144 Dermosol poorly 2 2 2 2 2 2 1
drained

Fallow length: 1 = < 6 months; 2 = 6-1 year; 3 yedr. Tillage operations: 1 = < 3; 2 = 3-6; 3 = N@rogen applications: 1 = 200 kg Nhgr™; 2 = 200 = 400 kg N ha
yr’: 3 =>400 kg N hayr®. Pesticide applications: 1 = yes; 2 = no. Crge;® = plant crop; 1 =ratoon; 2 = ¥ ratoon; 3 = % ratoon; 4 = >% ratoon. Interrow
vegetation: 1 = vegetated; 2 = bare. Crop resitlseinter-row; 2 = row; 3 = where it falls
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Table 6-3 Soil physio-chemical characteristics and stanéarors of 10 banana plantations included in aesute determine the impact of soll
management on the soil food web and plant-parassicatodes.

Plantation Labile C Nitrate-N Labile C / NO3-N pH EC Bulk density
(mg kg (kg ha') (dS nih) (g cm’)
Farm 1 348 + 14 94 + 9 39 £ 05 6.5 + 0.3 0.078 £ 0.009 1.19 + 0.02
Farm 2 444 + 10 50 + 8 95 + 1.3 71 £ 0.1 0.055 + 0.006 0.95 + 0.04
Farm 3 319 + 14 89 + 15 40 + 0.8 53 + 0.3 0.090 + 0.021 1.15 + 0.02
Farm 4 357 + 21 29 + 5 134 + 2.3 6.8 £ 0.1 0.103 + 0.009 1.27 + 0.02
Farm 5 608 + 16 24 £ 5 28.7 + 8.6 57 £ 0.1 0.027 £ 0.003 0.89 + 0.01
Farm 6 483 + 53 64 + 19 10.3 £ 3.0 70 £ 0.1 0.035 + 0.010 1.13 £ 0.03
Farm 7 474 £ 49 30 £ 11 195 + 9.1 7.1+ 0.2 0.010 £ 0.000 1.03 £ 0.05
Farm 8 509 + 40 47 = 5 111 = 1.0 6.5 £ 0.2 0.044 + 0.007 n.a.
Farm 9 289 + 35 120 + 15 25 + 04 73 £ 0.2 0.058 + 0.008 n.a.
Farm 10 430 + 10 125 + 6 34 + 0.1 7.3 £ 0.0 0.043 + 0.007 n.a.

n.a. = not available
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Table 6-4 Nematode community characteristics and standaodseof 10 banana plantations included in a suteedetermine the impact of
soil management on the soil food web and plantgiézanematodes.

Plantation Total Bacterial Fungal Predators Omnivores Plant parasites Diversity  Structur&nrichment Channel
nematodes feeding feeding index index index
100 g soif 100 gsoif 100gsoilf 100 gsoif 100 g soif 100 g soif Proportion
Farm 1 1385+t444  80+12 2216 2149 19+13 1243+436 0.86+0.04 0.94+0.20 68+7 70+11 2248
Farm 2 1294587 234+86 20+11 0+0 16 +6 1024+573 0.67+0.09 1.37+0.30 63+21 8718 6 15
Farm 3 651208  49+16 35118 6+2 942 5514218 0.74+0.11 1.21+0.40 52+13 5149 59+17
Farm 4 587119 80+16  58%18  48+11 126+41 27572  0.45+0.04 2.06x0.09 88%3 68 +6 3216
Farm 5 640£163 168+12 137149 5747 35+1 243199  0.341+0.07 2.30£0.07 6615 67 +2 337
Farm 6 752126  98%8 55+28 58+24 74+£16 467+92  0.62+0.05 1.68+0.12  88+2 79 6 21+10
Farm 7 282172  25+19 79+40 2348 6 0 1504121 0.43+0.17 1.52+0.04 57422 5942 64 +8
Farm 8 1308t335 195+66 71+20 6820 77+20 896+279 0.63+0.09 1.45+0.24  80%6 66 +8 18+4
Farm 9 500+84 89+13 10+2 38+15 913 354167 0.69+0.03 1.43+0.13 7746 64 +13 27+18
Farm 10 353102  59+12 13+3 10+4 208 251490 0.68+0.05 1.59+0.15 80+l 773 7 +3

(Nematode diversity was determined using the ShaWieiner index H' =% pjloge p,. wherep; is the proportion of individuals in th€ taxon. The proportion of plant-
parasitic nematodes was determined from the nuof@ant-parasitic nematodes relative to the totahber of nematodes recovered from the soil sampte enrichment
index assesses the resources available to théosdilweb and response by primary decomposers &ethesources. The structure index is a measutleeafiumber of
trophic layers in the soil food web and the potdrfor regulation by predators. The channel ingean indication of the decomposition channel dfieats; a low value
indicates a primarily bacterial decomposer comnyuauitd high value a fungal dominated decomposer aomitgn)
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Table 6-5 Correlation coefficients matrix of physical, chieal and biological soil parameters of 10 banam@atations from a survey to
determine the impact of soil management on thefsod web and plant-parasitic nematodes.

8 8
o Z \u
) £ g o
Soil parameters % o & 8 s >~ 8 0 |5
S ~Z~02 0_ 8/~8,~ %2 &8 &5~5~ 08 2 ¢ 3
SE T 2T 02 02 B 3P T 2 EBD 2O GB D £, B Ex
x5 w St o 58 E9 88 2. £ B9 £ SE C 29 50 U
S oL O E2 8¢ G2 89 €8S 54 8 €9 ES S8 =2 €T 5T £T
mZao e Zz o0& 4 2T 0l Lo oo AT 0T az A we mnt O£
Bulk density (g cri) 1
pH 0.08
Electrical conductivity (uS ™) 0.71 -0.28 1
Nitrate -N (kg h&) 0.42 -0.31 045 1
Labile C (mg k) -0.79* 0.07 -0.83 -0.64 1
Labile C/ NQ-N -0.62 -0.02 -0.64 -0.86* 0.86*
Nematodes (1007 0.00 0.11 0.32 056 -0.26 -0.54 1
Bacterial feeding (1009 -0.63 0.11 -0.11 -0.23 0.44 0.20 0.55 1
Fungal feeding (1009 -0.50 -0.26-0.56 -0.70  0.80* 0.95* -0.61 0.03 1
Plant parasites (100%y 0.10 0.08 0.36 0.70 -0.43 -0.690.96* 0.35 -0.74
Predatory (100'@ 0.08 0.06 -0.24 -0.44 0.52 0.55 -0.39 -0.06 0.66 -0.55
Omnivores (100'(1]) 054 0.26 0.38 -0.34 -0.08 0.08 -0.20 -0.04 0.11 -0.34 0.68
Parasites / Nematodes 0.39 -0.09 0.48 0.95* -0.68 -0.92** 0.73 -0.05 -0.86* 0.86* -0.58 -0.33 1
Diversity -0.27 -0.03-0.25 -0.83* 0.65 | 0.82* -0.54 0.23 0.82* -0.74* 0.76* 0.58 -0.90** 1
Enrichment index -0.24 0.64 -0.15 -0.14 0.29 -0.03 0.5¢0.76* -0.23 0.42 0.11 0.24 0.09 0.08 1
Structure index 0.47 043 020 -0.19 004 001 003 006 0.03 -0.13 0.091* -017 0.44 0.48 1
Channel index 0.11 -0.38-0.13 -0.08 -0.12 0.17 -0.78*~0.77 0.30 -0.61 -0.10 -0.27 -0.28 -0.-0.92** -0.50 1

* Significant r valueP<0.05 ** significant r valud®<0.01
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6.4.2 Soil measurements
Labile carbon measurements from the 10 farms vdriad 608 mg kg at Farm 5 to

289 mg kg at Farm 9, with the majority of plantations haviaglabile C measurement
between 300 and 500 mg kgTable 6-3). The nitrate-N readings ranged fr&h kg ha at
Farm 5 to 24 kg haat Farm 10, with half of the plantations havingkgpha® of nitrate-N or
less and the remainder between 51 and 125 RdFeble 6-3). The variations in labile C and
nitrate-N between the plantations resulted in gean the labile C to nitrate-N ratio of the
two parameters from 2.5 at Farm 9 to 28.7 at Fafable 6-3). Only two plantations had a
soil pH less than 6.0, Farms 3 (5.3) and 5 (5.@p(@ 6-3). The remainder of the farms had a
soil pH close to neutral, between 6.5 and 7.5 @#&68). The EC on all plantations was low
with the highest recordings on Farm 4 (Table 6-Sjmilarly, the soil bulk densities were
regarded as low for clay loam soils with only of@npation having a soil bulk density greater
than 1.2, Farm 4 at 1.27 g Sr(iTable 6-3).

The highest total nematode population was on Famitii 1 385 nematodes in 100g
of soil (Table 6-4). Farm 1 also had the highasinber and proportion of plant-parasitic
nematodes (Table 6-4). The lowest number of glanésitic nematodes was on Farm 7,
however, Farm 5 had the lowest proportion of plaarasitic nematodes (Table 6-4). In
general, plant-parasitic nematodes made up arowwthirds of the total nematode
population on banana farms included in this sur¢egble 6-4). The highest number of
bacterial feeding nematodes were from Farm 2 (28#hatodes 100 g of sdjl and the
highest number of fungal feeding nematodes wer&am 5 (137 nematodes 100 g Spil
(Table 6-4). The greatest numbers of predatoryatedes were on Farm 8 (68 nematodes
100 g soif') and the greatest number of omnivorous nematodeSaom 4 (126 nematodes
100 g soit'); the higher number of omnivores resulted in @grestructure index at Farm 4.

The correlation analysis of the 16 soil parametepsesenting physical, chemical and
nematode community structure in the soil resulted.8 significant correlation coefficients
(P<0.05) out of a possible 136 (Table 6-5). Howeldrof these were indices related to the
values used in their calculations (Table 6-5). nBigant correlationsH>0.05) of non related
indices and values included labile C with bulk dgngr = -0.79), nitrate-N with plant-
parasite / total nematode ratio5 0.95), nitrate-N with diversity ratio € -0.83) and labile C
with fungal feeding nematodes € 0.80). The ratio of labile C and nitrate-N was

significantly correlated to three other variabldse number of fungal feeding nematodes (
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0.95), ratio of plant-parasitic to total nematoapuyation (= -0.92) and nematode diversity
(r =0.82) (Table 6-5).

The 16 soil parameters considered in the prinaipahponent analysis were able to
separate the 10 plantations; however, there washwous grouping of the plantations
(Figure 6-2). The soil parameters could be grouptxtwo components, which accounted for
a total of 61 % of the variation in the data seal{fé 6-6). The first principal component
accounted for 38 % of the variation and parametatts a high positive loading for the ratio
of labile C to nitrate-N, nematode diversity, numb&fungivores and the amount of labile C
and a high negative loading for the proportion lanp-parasitic nematodes and amount of
nitrate-N (Table 6-6). Because the first principaimponent contained the parameters related
to the proportion of plant-parasitic nematodes atheplantation it was identified as the
primary component with parameters related to ppamasitic nematode suppression (Table 6-
6) and used to determine similarities in soil prtips between plantations in a cluster

analysis.

El

Lab_C

Div
Lab C/ N?":_‘
5

FF

Principal component score 2
Percentage variation 23%
o

Cl

) ) ) )

-2 0 2 4

Principal component score 1
Percentage variation 38%

Figure 6-2: Scores on the two significant principanponent functions based on 16 soll
parameters for physical, chemical and nematode aontynproperties to determine nematode

suppression at banana plantations in north Queshsla

(numbers coincide with plantation numbers; BF = &aat feeding nematodes 100 g 8oiCl = Channel index, Div =
nematode diversity, EC = electrical conductivity,/&nrichment index, FF = fungal feeding nematddisg soif', Lab C

= Labile carbon, Lab C/N©O= labile C / nitrate-N, PP/Nems = plant-parasigétnatodes / total nematodes, Nems = Total
nematodes 100 g sGilNO; = nitrate-N, OM = omnivorous nematodes 100 g5@H = pH, PP = plant-parasitic nematodes
100 g soif', Pred = predatory nematodes 100 g5@ll = Structure index)
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Table 6-6: Rotated component loadings of physical, chemiodlreamatode parameters on
the first two principal components to determine atde suppression at banana plantations
in north Queensland.

Rotated factors PC1 PC2
Parasites / Nematodes -0.38 -0.12
Labile C/ Nitrate-N 0.38 0.07
Diversity 0.36 0.00
Fungal feeding (100Y 0.37 0.08
Labile C (mg kd) 0.34 -0.12
Nitrate-N (kg hd) -0.33 0.03
Predatory (1009 0.28  -0.15
Omnivores (100 Q) 020  -0.22
Electrical conductivityus m") -0.20 -0.02
Plant parasites (100 -0.19  -0.29
Bacterial feeding (100 0.12 -0.38
Structure index 0.08 -0.31
Nematodes (1009 -0.08  -0.36
pH -0.05 -0.18
Channel index 0.05 0.47
Enrichment index 0.03 -0.43
Variation (%) 38 23

A cluster analysis was used to determine plantatigology based on five soil
parameters; proportion of plant-parasitic nematpdesmatode diversity, fungal feeding
nematodes in 100g of soil, labile C and nitrateFigjire 6-3). The ratio of labile C to nitrate-
N was not included in the cluster analysis as i warived from two parameters that had
already been included in the analysis. From thuster analysis the plantations could be
grouped into three types. The first type had foantations, Farms 1, 3, 9 and 10 (Figure 6-
3). These farms were characterised by tendingte la high nitrate-N and greater proportion
of plant-parasitic nematodes in the soil (Figur2)6-The second group of plantations was
made up of Farms 2, 6, 8, 4 and 7 with intermedsaieproperties (Figure 6-3). The third
group was made up of a single plantation, Farnir&m 5 was characterised by having high

labile C and high nematode diversity (Figure 6-2).
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Similarity
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Figure 6-3 Cluster analysis dendrogram of 10 banana plangbased on proportion of
plant-parasitic nematodes, nematode diversity,dufegeding nematodes in 1009 of soil,
labile C and nitrate-N typology (dashed line repres a similarity of 0.9 used to form

groups).
A forward stepwise regression of soil parameters used to explain the difference in

the proportion of plant-parasitic nematodes ingbg. Two parameters; the ratio labile C to
nitrate-N @ = 0.014) and nematode diversiti? & 0.028) gave a significant multiple
regression result, with adjust&d coefficient of 88.7 P = 0.029). The proportion of plant-

parasitic nematodes in the soil could be prediotdg equation 6-1.

Equation 6-1

Proportion of plant-parasitic nematodes = 1.0151.6¢049 * (labile C / nitrate-N)) -
(0.187*nematode diversity)
AdjustedR? =88.7 P=0.029)
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6.5 Discussion
Farm management was found to be an important factothe development of

favourable soil conditions to suppress plant-péasiematodes of bananas in north
Queensland. Analysis of farm typology based olofalength, number of tillage operations,
pesticide applications, crop age, interrow vegetaand placement of crop residue, allowed
plantations to be grouped into four types, withnfFes having a distinctly separate farm
management system relative to other plantationmil&@ly, plantations grouped on the soil
parameters; proportion of plant-parasitic nematpdesmatode diversity, fungal feeding
nematodes in 100g of soil, labile C and nitratedsb aound that Farm 5 had distinctly
different soil properties relative to the other &aa plantations included in the survey. Farm
5 was found to have the lowest proportion of plaatasitic nematodes in the soil, which was
a function of the amount of labile C, nitrate-N ath@ diversity of nematodes in the soill
community. Farm 5 also had the highest labile @sueement, lowest nitrate-N and highest
nematode diversity of the plantations included he survey (Tables 6-3 and 6-4). The
management of Farm 5 was characterised by usit@yvilgreater than one year, using less
than three tillage operations to prepare grounglieagion of less than 200 kg N har?, no
nematicide applied, older plantations greater ianatoon, vegetated interrows and removal
of crop residue from around the base of the bamdawats. The retention of crop residue
around the base of banana plants is another safircarbon inputs, which if practiced on
Farm 5 may have further increased labile C measem&srand suppressed of plant-parasitic
nematodes. The practices used on Farm 5, whichaeed soil C and reduced N appeared to
have contributed to the favourable soil condititeeding to the lower proportion of plant-
parasitic nematodes in the soil community.

Previous research in Chapters 3, 4 and 5 havaditlated that the amount of labile C
in the soil is an important factor in the suppressof plant-parasitic nematodes on bananas.
The results from this on-farm survey coincide wilie work in the previous chapters, where
increasing labile C in the soil lead to greateragahsuppression of plant-parasitic nematodes,
but additionally in this study nitrate managementl dhe diversity of the soil nematode
community were indicators that could be used tatifle production systems, which suppress
plant-parasitic nematodes on bananas. Therefanm®, fhanagement practices that are able to
increase labile C such as long fallows, use ofriate vegetation and reduced tillage and
careful nitrogen management can all contribute he suppression of plant-parasitic

nematodes in bananas.
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Conversely, Farm 1 had the highest number and piiopoof plant-parasitic
nematodes, lowest nematode diversity, low labilan@ high nitrate-N (Table 6-3 and 6-4).
Farms 1 and 5 had divergent soil properties antl rmanagement typologies, with only
around a 60% similarity in both of these aspectbarfana production (Figure 6-1 and 65-3).
Farms 1 and 3 were grouped similarly (<10% diffegnn the cluster analysis of both the
key soil indicators and the soil management (Figiileand 6-3). These two farms could be
regarded as traditional intensive, high input fararsd were representative of conventional
banana farming operations in Australia. Farms € &0 also had very similar (<5%
difference) soil parameters and soil managemerttipes of bananas and were a part of a
closely related group. These farms used fewertsnpnd were experimenting with practices
to improve the health of their soil. However, mgement practices did not always
consistently match differences in soil health iatlics (Figure 6-3), which suggested other
factors may have also impacted on the key soilthaaticators and that some caution is
needed when using single point measurements tondet the health of banana soils if it
cannot be related to some other factor such astodmauppression.

The proportion of plant-parasitic nematodes wasteel to soil management that could
be identified by soil health parameters using avéwd stepwise regression. Using this
method, the proportion of plant-parasitic nematogas determined to be a function of the
amount of nitrogen applied to the crop and carlogutis. Increasing the amount of nitrogen
and reducing soil carbon in the plantation incrdasiee proportion of plant-parasitic
nematodes. The number of fungal feeding nematadssalso correlated to increased labile
C, nematode diversity and a reduction in the priorof plant-parasitic nematodes in the
soil. Therefore, increasing the labile C contenthe soil may be related to soil conditions
that favour fungal growth leading to an increasefungal antagonists and predators of
nematodes. The survival and increase in fungalifigedematodes could be seen as an
indicator of suppression of plant-parasitic nemasod Therefore, the general suppression of
plant-parasitic nematodes observed in this survay fve related to a greater number of
fungal nematode antagonists in the soil, which werenoted under the conditions of high
labile C and low nitrate-N.

Low levels of nitrate-N in the soil were found t@ lan important contributor in
developing banana cropping systems that suppremst-phrasitic nematodes. Banana
growers in Australia have implemented a numberratfice changes, which have led to a
reduction in the amount of nitrogen fertilisers liggbto banana crops. At the same time they

have managed to maintain the same level of pragluctirhe average amount of N applied in
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1995 was 519 kg Ha(Daniells 1995) with an average of 2 300, 13 kgass hd yr?
(http://www.abgc.org.au/?industry/banana-industry). The average amount of nitrogen
currently being used by banana growers in 200#pjpical banana production is 305 kg‘ha
(Mark Warmingtonpers. comn) with an average production of 2 520, 13 kg aastba yr
(http://www.abgc.org.au/?industry/banana-industry)These figures do not account for
seasonality differences, but are indicative offihevious overuse of nitrogen-based fertilisers
by the banana industry and suggest that reductioé application can be made without
sacrificing production.

Only two plantations, Farms 6 and 10 did not haggetative ground cover between
rows of banana plants. The inclusion of managegpttated ground covers reduces soil and
nutrient movement and has been shown to reduce adiop due to machinery traffic in
banana plantations (Rasiah al. 2009). Furthermore, increasing the diversity odumd
cover has been linked to increasing diversity df amanisms (Van der Puttegt al. 2009;
Wardle et al. 2004). However, when ground covers are not mahagel are allowed to
compete with banana plants they reduce productinh(et al. 2003; Johns 1994). While
there are many factors contributing to the divgreftnematodes in the soil, by maintaining a
non-competitive vegetative ground cover, greatecrofial diversity can be achieved.
Increases in the diversity of soil organisms hagenbshown to contribute to the suppression
soil borne diseases (Alabouve#tal.2004; Garbevat al. 2004; van Bruggen and Semenov
2000). Therefore, the management of a diverse tagge ground cover, together with
management of carbon and nitrogen inputs are faramagement options that can
significantly contribute to the suppression of plparasitic nematodes of bananas.

The inherent properties of different soil types totwite significantly to their
suitability for crop production and have been showndevelop distinctly different soil
microbial profiles (Adesinat al. 2007). Two plantations, Farms 5 and 2 were sthian
Ferrosols of volcanic origin. These are describgedriable clay soils that are well drained
(Cannonet al. 1992). The remaining plantations were situatedi@mosol soils of alluvial
origin. However, Farms 9 and 10 were on poorlyrdi@ soils. The inherent soil properties
associated with the soil types may have contribtaetdifferences in the suppression of plant-
parasitic nematodes. Farm 5, which had distindifierent soil and management properties
resulted in the greatest reduction in the proportd plant-parasitic nematodes in the soil.
While soil management appeared to be a contributaetpr, differences due to soil type

cannot be disregarded because of the limited nunobbesites included in this study.
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Therefore, further work is needed to clarify théeef of inherent soil properties due to soil
type and to farm management systems on plant-parasmatode suppression.

The approach of using multivariate statistics tdedaine differences in banana
production systems and soil properties allowed determination of factors that were
contributing to differences in the proportion oapl-parasitic nematodes to total nematodes.
The survey questionnaire of farm managers allovegghimtion of plantations depending on
differences in soil management. While this infotiora is categorical and semi-qualitative it
was useful in determining differences due to faranagement. Similarly, the measurement
of soil physical, chemical and nematode communésameters using a pre-determined set of
indicators allowed the separation of plantationsedaon soil properties. Furthermore,
parameters that were indicative of suppression lahtgparasitic nematodes could be
determined. By matching soil management systeiin satl properties, such as the case with
Farm 5, a greater understanding of how farm managéendecisions can impact on
development and suppression of soil borne pest disdases such as plant-parasitic
nematodes can be developed.

The management practices which suppressed plaasiparnematodes included the
increasing carbon inputs, managing nitrogen inpats practices that could increase diversity
of soil organisms. Soil indicators that can beduse monitor achievements following
implementation of these practices include labile ritrate-N and the diversity of soil
nematodes in the soil community. These resultscaresistent with studies in previous
chapters on suppressionkf similis,and therefore give banana growers guidance ictsabe

of inputs for developing practical management pcast

6.6 Summary
Agricultural practices have been shown to have gmificant impact on the soil

environment. Therefore, by characterising banawih management typologies and soil
properties it may be possible to determine soil agament practices and indicators that can
lead to the suppression of plant-parasitic nematatdeanana plantations. Previous work had
suggested that increasing the labile C fractiothésoil was correlated with suppressionRof
similis. A study was implemented on 10 banana plantaiionise north Queensland banana
production area to determine differences in soilnagement, physical, chemical and
nematode community properties using a multivarsigistical approach to determine factors
that demonstrated differences between plantationd suppression of plant-parasitic

nematodes. A cluster analysis was used to sepplat¢ations based on soil management
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based on fallow length, number of tillage operaiomitrogen application, nematicide
applications, crop age, inter-row vegetation arat@nent of crop residue. Four management
typologies were formed from the resulting dendragsahich separated a plantation, Farm 5,
from other plantations as having a unique soil rgangnt approach. Measurement of soil
physical, chemical and nematode community paraseteere used to determine the
parameters that were associated with the suppressioplant-parasitic nematodes. A
principal component analysis was able to explai¥h &f the total variation and identified the
soil factors with the highest loadings: the projortof plant-parasitic nematodes, labile C,
nitrate-N, and the number of fungal feeding nemesodch the soil community. Again a
cluster analysis of these factors was able to sgp&arm 5 as having unique soil properties.
A forward stepwise regression of the soil propsrassociated with the proportion of plant-
parasitic nematodes in the soil community found tha ratio of labile C and nitrate-N in the
soil and the diversity nematodes was able to ex@aiadjusted 88.7% of the variation in the
proportion of plant-parasitic nematodes in the.sdihe identification of Farm 5 as having the
lowest proportion of plant-parasitic nematodes,quai soil properties and management
typology suggested that management could be usetbvelop soils suppressive to plant-
parasitic nematodes. Farm practices that increadsor inputs, manage nitrogen fertiliser
applications and promote soil biodiversity, canr@ase soil labile C, reduce nitrate-N and
increase nematode diversity leading to a suppnessiglant-parasitic nematodes on banana

plantations in Australia.

106



Chapter 7: Costa Rican farming system effects onatede suppression Dr.agr. Thesis: A Pattison

7 The effect of banana farm management on soil health
and plant-parasitic nematodes in Costa Rica.

7.1 Introduction
Bananas are typically grown in areas of high rdinfagh soil temperatures and on

acid soils (Simmonds 1959). It has been suggettat] intensively managed monocrop
agriculture, practiced close to the equator canuhsustainable, due primarily to soil
degradation and erosion (Primavesi 2006), whickhgdanost of the banana production areas
around the world at risk. Costa Rica is the thargest banana exporting nation in the world,
located between®8and 16 north of the equator and producing 2.3 millionrtes of bananas

in 2007, worth US$675 million from 43 817 Hattp://faostat.fao.org/site/339/default.akpx

However, in terms of banana production Costa Récanly the 8 largest banana producing

nation behind India (21.7 million tonnes), Chingd(&illion tonnes), Philippines (7.4 million
tonnes), Brazil (7.1 million tonnes), Ecuador (6d@llion tonnes), Indonesia (5.4 million
tonnes) and United Republic of Tanzania (3.5 millio tonnes)

(http://faostat.fao.org/site/567/default.aspx#apcor There is an increasing need to

demonstrate that banana production practices intaCRga, which are typical for export
monoculture production systems, can be sustairaidecan overcome inherent constraints of
soil and climate with minimal impact on the envinoent.

Plant-parasitic nematodes, particularly the burngamematodeRadopholus simills
remains a serious constraint to sustainable bapesduction in Costa Rica (Araya 2005).
The burrowing nematode is endemic to the bananduptmn areas of Costa Rica being
found on greater than 95% of plantations (Arayal. 2002; Araya and Moens 2005) and is
responsible for declining banana production (Araya Moens 2005; Cabreet al. 2006;
Moens et al. 2001). The nematode has traditionally been ctdatrahrough the use of
nematicides applied, on average, twice per yeaay@iand Lakhi 2004; Moeret al. 2004).
However, there has been a decline in the efficdcth® nematicides in Costa Rica due to
enhanced biodegradation (Cabrerfaal. 2010; Moenset al. 2004). This has meant that
alternative methods must be developed to managatodm populations and minimise yield
losses in banana plantations, methods that doetypbn the use of nematicides (Pocasangre
2000; Sikora and Pocasangre 2004). The use ofpbgtio fungi has been shown to be able
to reduce the populations of burrowing nematoddsaimana plantations and has potential for
use in commercial plantations (Pocasangre 200@r&t al. 2008; zum Feldet al. 2005).

However, research in previous chapters has denabedtrthat soil properties are also
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important in the suppression Bf similisand careful management of bananas can increase
general suppression of plant-parasitic nematodes.

There have been many investigations to determieeptiysical and chemical soill
properties that constrain banana production in £&4ta (Turner and Rosales 2005). In
particular, poor drainage and compaction leadingestriction of roots has been identified as
a major physical constraint to sustainable banaoduygtion in Costa Rica (Gaugget al.
2005). Furthermore, low pH and soil acidity haverbshown to reduce plant growth with the
problem becoming more apparent in older plantat{@ssrano 2005). However, there is lack
of information on how the biological componentstié soils in Costa Rica change under
commercial banana production and how managemesbibfbiology may contribute to a
healthy soll.

It has been suggested that a healthy soils arerladite to buffer plants from biotic
and abiotic stresses, thus sustaining crop prastludtivels (van Bruggen and Termorshuizen
2003). This requires the development of methodaskess soil health and to determine the
stresses imposed on the plants, such as soil lnlisrases (Janviat al. 2007). Soil health
assessment requires holistic interpretation of phgsical, chemical and biological soil
properties, which are related to suppression df lsmine pathogens such as plant-parasitic
nematodes (Janviat al. 2007). An approach, such as this, measures aajeswppressive
mechanism, which is not usually transferable betwssels (Welleret al.2002). Research in
Australia, presented in previous chapters, had tifieh that labile soil C and nitrate-N
management, together with increased nematode div&rsre important in developing soils
with general suppression to plant-parasitic nemegodnder bananas. However, under a
different banana production system, with differsail conditions, such as in Costa Rica, it
was unclear if the same mechanisms and soil fathatsproduce nematode suppression in
Australia would be relevant.

The methodological framework using multivariatetistecs and factor analysis for
selection of soil health indicators suggested by idea et al. (2008) and used in Chapter 5
was considered appropriate to determine soil pt@serelated to suppressionRf similisin
Costa Rican banana production. Furthermore, thenslicators suggested by Pattisenal.
(2008) and found to be useful in determining saibperties related to plant-parasitic
nematode suppression was used in the context tader@ practical and rapid method of
assessing banana plantations.
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7.2 Objectives
The aim of the study was to use the knowledge dfiisdicators and plant-parasitic

nematode suppression gained in Australia to ingati the effects of different soall
management practices and soil physical, chemical hiological properties on the

suppression dR. similisin Costa Rica.

7.3 Materials and methods

7.3.1 Survey sites
Twenty one banana plantations in Costa Rica, iraebim commercial production for

the international export market, were surveyed betwFebruary and June 2007. All
plantations surveyed were growing Cavendish ban@viasa AAA Cavendish sub-group) of
the varieties Williams, Gran Naine or Valery. Tbeation, soil type, soil moisture and soil
temperature at the time of the survey are giveraiple 7-1.

All banana farms surveyed had extensive drainagéesys in place and had plant
density between 1500 and 1700 plants-.haAll farms were using systemic and contact
fungicides to control the leaf disease black Sikat@Vycospharella fijiensis Bunch
bagging and trimming were carried out as standamttige one and two weeks after
flowering, on all farms. On each bunch, three tiaads plus the false hand and the bell were
eliminated. Fruit deflowering was conducted befoagging, when fruits had begun to curl

upwards.
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Table 7-1: Location, soil type, volumetric moistwantent and soil temperature of Costa
Rican banana farms surveyed for soil health charatts.

Farm  Latitude (N) Longitude (W) Soil Type Volumetric soil Soil temperature

moisture (%) (°C)
Agl 10°21'19" 83 41 46" Dystrandept 47 26.1
Ag2 09° 40 09"  82°47 48" Tropaquept 44 29.0
Bal 10° 25 48"  83°42 00" Dystropept 56 24.6
Ba2 10° 07’ 56"  83°28 51" Eutropept 52 23.5
Cal 08’28 12" 82°56 24" Eutropept 46 -
Ca2 10%:19' 17" 83°36 32" Dystropept 47 -
Ca3 10°07' 25" 83°26 19" Eutropept 57 23.0
Ca4 10°38 12" 833812 Dystropept 46 26.7
Cab 08 27 55"  82°56 15" Eutropept 50 23.5
Col 09° 46" 37"  82°54 017 Tropaquept 45 -
Esl 10° 04’59  83°22 01" Tropaquept 44 27.8
Es2 10° 09 42"  83°27 49" Eutropept 50 24.8
Lal 10°20'59”  83°44' 01" Dystrandept 47 25.9
La2 10° 09 37"  83°28 51" Eutropept 45 26.4
Mil 10° 0201”7 83°15 36" Tropaquept 38 28.3
Pal 10°02' 43" 83°13 19" Tropaquept 49 26.7
Pel 10° 25" 23"  83°54 24" Dystrandept 50 26.0
Rel 10° 28 32"  84°00 31" Dystropept 52 24.1
Sal 10°:29' 17"  83°55 41" Dystrandept 59 24.5
Sa2 10° 06' 45"  83°22 54" Eutropept 55 24.6
Vel 09° 43 25"  83°03 25" Tropohumult 40 25.4

7.3.2 Soil health indicators

7.3.2.1Sampling soils and plants
On each plantation an area was selected for thaty shlat was described by the

plantation owner or manager as being average ®pldntation. Sampling sites in each area
were determined by selecting five banana plantsthat same physiological stage of
development, that is, plants that had recently éi®d and that had the lower hands removed.
The fruit on selected plants had not yet begunurb wpwards and the lower hands usually
had female flower ends still intact. At each sanmgpkite measurements of infiltration, bulk
density and root density were taken 10 cm frombiage of the selected plant in front of the
daughter plant, in the zone where fertiliser anstipele were applied and most root activity
was thought to occur. A composite soil sample l&droratory analysis of chemical and
biological soil properties was taken by collectihgee 15 mm soil cores, from the selected
plant and four additional neighbouring plants, tdegth of 10 cm in a zone 30 cm from the

base of the plant and in front of the daughter tplafhe soil was divided into sub-samples
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from each sampling site for different chemical &malogical soil tests. A 200 g sub-sample
was kept for nematode community analyses and 1g2&vds used for a pot experiment. A
100 g composite sample from each plantation overfife sampling sites was used for
analysis for chemical properties by a commerciabtatory.

7.3.2.2Plant measurements
The finger number per bunch was determined usingdified method described by

Turneret al (1988). The commercial practice on the farm twagim the lower three hands
from each bunch. Therefore, the number of handsagh bunch was determined by counting
the total number of hands present on trimmed bunmchghe number of fingers on the third
hand from the top and the number of fingers on l#s hand of trimmed bunches was
determined. The estimation of finger number wamthalculated from the average of the
third hand from the top and the lower hand, mukgblby the number of hands on each bunch
(Turneret al. 1988).

Three additional plant measurements were madehéight of the following sucker
from the ground to the intersection of the secamdl third youngest leaves; the height of the
bunched plant was determined by measuring fromhigbest point of the curve of the
underneath of the peduncle to the ground at the bbBthe plant and the circumference of the
plant which was measured at a point which was detexd to be one-third of the height of
the plant.

7.3.2.3S0il measurements
A soil health survey method was developed usingcbsail quality indicators as

described previously in section 4.3 (Pattisiral. 2008; Sarrantoni@t al. 1996). The soil
measurements made included physical soil measutememk density (section 5.3.5) and
water infiltration times (section 5.3.5), chemicall measurements included; pH, electrical
conductivity (EC), nitrate-N and labile C (Wesk al. 2003) as described in section 5.3.5.
Furthermore, a composite soil sample from eachtalmm was analysed for extractable
nutrients using Mehlich 3 methods by the laboratof the Corporacion Bananera Nacional
(Corbanan, Centro de Investigacion, La Rita, Pqdaaion, Costa Rica) and included pH,
extractable acidity, Al, Ca, Mg, K, P, Fe, Zn, Mndaorganic matter (OM). Biological
measurements included analysis of the soil nematwmmmunity and calculation of
community indices (Ferrigt al. 2001; Yeates and Bongers 1999) as described iiossc
4.3.6 and 4.3.7.
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7.3.2.4Root nematodes
Banana roots collected from the field were washeeé Df soil. Excess water was

dried from the surface of the roots using paperetowlhe functional root weight was then
calculated by removing any dead roots (Moegisal. 2001). The disease index was
determined by splitting the roots open and assgshim amount of necrotic tissue in the root
cortex (Stantoret al.2001). Root ratings were assigned: 0, no leslgoris25% of root cortex
occupied by lesions; 3, 26-50%; 5, 51-75%; and6¢100%. The ratings were then used to
calculate the disease index using equation 7-1:

Equation 7-1
Disease index Z ratings*100

total number of roots*7

Nematode populations in the root were then detexdhby cutting the roots into 10-20
mm length and macerating in a blender for 10 sédsvaspeed and 10 secs at high speed
(Arayaet al.1999). Nematodes were recovered from the mackratd tissue by passing the
blended roots through a series of sieves 300, h802& um. The nematodes were washed
from the 25 um sieve into a container and suspemd&@ mL of water. A 2 mL aliquot was
used to determine the total number and generamétoeles present.

7.3.2.5Glasshouse bioassay
Solil collected from the 21 banana plantations wsedun a glasshouse experiment to

determine the suppressive potential of the soreventR. similispenetrating into the roots
of banana plants. 250 g of soil was placed inestt cups (75 mm d x 100 mm) with
drainage holes in the base. A 7-week widvitro banana plantMusa AAA Cavendish
subgroup, Gran Naine) was planted in the soil @heaup. From each farm there were 5
replicate pots, except ES1 due to insufficient.s@ibil had been stored af@ from the time
the soil had been collected until the commenceroktite glasshouse experiment.

Fertiliser was applied seven days after plantimgidtAnanas using 3 g of a slow release
fertiliser (Hydrocomplex, Barco Vingingo, 12%N, 11P%0s, 18% KO, 3% Mg, 8% S, 1%
minor elements (B, Zn, Cu, Mn), 47% inert ingreds¥n The following day, 8 days after
planting, all plants were inoculated with 250 meft. similis obtained from carrot disc
cultures (Moodyet al.1973).

Plant height was measured 4-weeks after plantidgtla® experiment was terminated
8 weeks after planting and 7-weeks after bananaplaere inoculated with nematodes. At

the termination of the experiment the fresh weightoots and shoots of banana plants were
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determined and nematodes were extracted from ths esing the maceration and sieving

technique described earlier.

7.3.3 Statistics
The mean and standard error was determined fonedisurements of soil properties

from plantations. A correlation matrix was useddetermine linear relationships between
soil and plant parameters included in the survéne Mean values were used in a multivariate
principle component analysis to determine key fctelated to the suppression of plant-
parasitic nematodes using the methods describatkdymaet al. (2008) and Shuklat al.
(2006). The factors were subject to varimax rotegiand parameters with a weighted value
greater than +/- 0.3 were regarded as importanatesr for the principal component. The
variables with a weighted value greater than +B @ere used in a hierarchical cluster
analysis for each of the principal components weighby cluster size using the group
average method. The similarity between soil pripemwas used to construct a dendrogram
and plantations with a similarity greater than ®&8re regarded as having similar soil
properties, unless otherwise specified. A stepWoseard regression was used to determine
the soil health indicators that were significajated to the number &. similisrecovered
from the roots of bananas grown in the bioassagmxent and used to construct a multiple
linear regression model. All statistical analysesravconducted using Genstat 11 (Laws

Agricultural Trust).

7.4 Results

7.4.1 Soil health indicators
Banana plants measured in the survey were at dasimphysiological stage of

development, however, there was a range of bangnan@mic characteristics between
plantations (Table 7-2). The plantation with thghlest number of hands and fingers per
bunch was Mil, where trimmed bunches had on avéaybands and 179 fingers per bunch.
The tallest following sucker occurred at Vel (2i4) @nd the tallest mother plant occurred at
Sa2 (392 cm) (Table 7-2). The plantation with shertest following sucker, mother plant
and circumference was Sal (Table 7-2). Root dem&ss greatest at Bal and least at Mil,
however, there was a large error associated witisarement of the root density (Table 7-2).
Physical soil measurements included water infitratrates and bulk density. The
fastest infiltration rate was recorded at Pal, 2i2min* and the slowest at Ba2, 0.4 cm min

! (Table 7-2). There was a small range in soil ligksity from 0.81 to 1.17 g énat Agl
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and Vel respectively (Table 7-2). The in-field miheal measurements produced a range of
EC measurements from 71 to 909 puS'anPal and Ca5 respectively (Table 7-2). There was
a 19 fold difference in the amount of nitrate-Nvibe¢n Es2 and Ca5, which represented 10 kg
NOs-N ha' and 192 kg N@N ha' respectively (Table 7-2). Soil pH ranged from &t3\g2

to 6.8 at two plantations Ca4 and Mil (Table 7T)ere was a two-fold difference in the
amount of labile carbon measured, with Vel and Mid5 and 685 mg kbrespectively
(Table 7-2).

Differences were observed in the number of plandgiic nematodes and damage
observed on the roots of bananas from the 21 pglanta The lowest disease index was
recorded at Mil where no root damage due to nereata@ds observed and the highest was at
Pal, where over half of the root cortex was ocalifng nematode lesions (Table 7-3R.
similis was not detected at two plantations Ca3 and Paldl€T17-3). However, high numbers
of R. similiswere extracted from the roots of Rel (Table 7Rg1 also had the greatest total
plant-parasitic nematode number extracted fromrdwds (Table 7-3). In the soil, plant-
parasitic nematodes generally made up around 50%hefsoil nematode population.
However, the greatest proportion of plant-parasigmatodes was found at Cal, which had
86% of the soil nematode population as plant-peesgilable 7-3). Conversely, Ca4 had the
lowest proportion of plant-parasitic nematodes, 20%the soil nematodes population.
Furthermore, Ca4 had the greatest proportion ajifuames, 44% of the nematode population,
but the proportion of fungivores was generally beld5% of the nematode population on
most plantations (Table 7-3). The proportion aédators and omnivores was typically under
25% of the total nematode population. However, Mdd 26% of the soil nematode
populations as predators and omnivores (Table 7-B)e proportion of bacterivores was
generally between 25 and 50 % of the soil nemagpagilation, but ranged from 7% at Cal
to 49% at Ca2 (Table 7-3).

The diversity of soil nematodes, determined by $f@annon-Weiner index, ranged
from 1.12 to 2.32 at Vel and Ca 3 respectively [@ak3). Similarly, there was a range in
the enrichment index from 28 to 75 at La 2 and &&pectively (Table 7-3). There were
three plantations with a structure index of 80, (@i, and Rel. The lowest structure index
was observed at La2, which was 19 (Table 7-3). dfennel index was generally below 50
for most banana plantations included in the stubpwever, two plantations, Cal and Sal
had channel indices of 58 and 69 respectively. [ETaiB).

Soil nutrient tests were only performed on commossbil samples from each

plantation. There was a range in extractable entisi Ca, Mg, K, P Fe, Cu, Zn, Mn and Al
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recorded between plantations (Table 7-4). Simijaaly observed with in-field soil chemical
measurements, there was a range in soil pH valoes 4.3 at Ag2 and Ca4 to 6.3 at Vel
(Table 7-4). Furthermore, there was a range im@xgeable acidity from 3.1 cmol (+)'lat
Ag2 to 0.1 cmol (+) [* at four plantations Ba2, Ca3, Rel and Vel (Tab#. &oil organic
matter, similarly, ranged between plantations fth8% at Vel to 8.2% at Ca2 (Table 6-4).
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Table 7-2: Differences in soil properties assigteedoil functions, productivity, plant health andehse suppression on 21 banana farms in

Costa Rica.
Farm Plant measurements Physical measurements Chemical measurements
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Agl 7.8t02 137+5 145%11 293+9 72t2 6.6 +1.0 6.8t3.0 0.81+0.06 259+40 5.4+0.1 38+9 668+ 25
Ag2 7.6x04 131+10 183+10 299+7 702 39 +31 5.6%34 1.01+x0.06 320+22 4.3+02 62+17 515+67
Bal 6.0:03 105%8 144+11 302+ 17 66*2 94 +42 45+11 (0.92+0.05 414+20 5.3+0.1 667+ 15
Ba2 7.4£04 129+10 172+11 3165 75+1 52 +15 0.4+01 1.23+0.03 140+38 6.2+0.1 428+ 40
Cal 8.4:0.4 144+12 183+10 322+6 73+2 26 +15 15%11 1.04+0.03 273+45 4.8+0.2 652+ 13
Ca2 7.0004 116%*12 159+18 307+16 734 76 +17 4.2+15 (0.86+x0.06 291+47 5.8+0.1 597+ 20
Ca3 8.8:0.4 163+14 140+6 310+4 73+3 2.0 +09 8.7+33 1.15+x0.06 228+42 5.8+0.2 559+ 23
Ca4 7.6:03 148+10 126+13 341+11 802 1.3 +04 1.8%07 1.14+002 147+14 6.8+0.2 467+ 12
Cab 7.402 118+5 142+14 288+6 69+1 23 +04 11.8%27 1.07+0.04 909+136 4.5+0.1 603+ 22
Col 7.8:0.2 137+6 184%9 294+38 69+1 25 +12 6.4%f12 1,00+002 352+29 5.5+0.3 585+ 36
Esl 7.2£0.7 125+22 123+13 282+ 14 64+3 6.0 +36 3.7+28 (0.87+0.06 255+22 5.2+0.1 572+ 22
Es2 8.2£0.2 160+8 174+16 334+ 32 77£2 45 +13 5312 1,13+003 125+26 5.0+0.1 570+ 23
Lal 6.4+0.2 1048 179+10 360+6 69+1 36 +14 12.4+51 (0.99+0.05 78+8 6.2+0.1 588+ 19
La2 7.4£06 142+16 163+10 320+ 12 763 4.4 +22 14.4+73 1.14+004 241+27 4.6+0.1 444+ 39
Mil 9.2+0.2 179+7 150+14 3415 77+2 1.0 +03 1.9%13 1.04+0.03 185+34 6.8+0.2 685+ 12
Pal 7.4:02 135+7 147+14 311+38 75+1 3.7 £+1.3 21.2x49 1,18+0.02 71+4 5.6+0.2 527+ 24
Pel 7.402 144+8 168+20 334+3 80+2 39 +15 b5.8%27 (0.96+x0.04 321+44 5.5+02 694+ 9
Rel 7.4:02 134%+5 206%15 329+ 20 77+2 32 +13 7.5%27 1.05+003 165+26 5.6+0.1 681+ 14
Sal 6.4£05 110+12 118+4 281+25 65+2 49 +20 15+06 0.85+0.03 57+12 4.9+0.1 649+ 12
Sa2 7.0:0.2 128+5 194+£11 392+9 71+2 22 +09 6.8t3.0 0.96+x0.06 317+38 5.9+0.2 516+ 31
Vel 6.2£0.4 107+10 214+10 351+7 662 86 +29 5.6%34 117+006 161+25 6.6+05 305+ 59
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Table 7-3: Differences in soil properties assigteedoil stability and nutrient supply and recyclioig 21 banana farms in Costa Rica.

Farm Root nematode measurements Soil nematode trojhgroups Soil nematode indices
(%)
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Agl 30+8 26 239+4864 28 091+4978 32%6 18+3 37 4 3 2.20+0.05 46+7 68+5 41+15
Ag2 3416  288C+2398 18 044+8169 64+13 31 27 13 6 1.12£0.09 54+8 28+12 30%7
Bal 165 19074+ 6516 20 450+5890 425 71 41 +4 10 1.82+0.05 67+4 46+ 5 14+ 4
Ba2 12+4 35533+ 15440 38 659+ 16198 63+3 62 25 15 7 1.96+0.09 71+6 57+11 8+2
Cal 3t2 3403+ 1885 32 042+15217 86%3 5+2 7 +2 3 1.23+0.11 36+6 68+10 58+17
Ca2 23t9 4 749+ 1397 8 033+1984 34%2 102 49 +4 7 2.03£0.06 64+8 55+10 11+3
Cas 8t4 0+0 4739+1975 40=*1 22+3 27 +3 12 2.32£0.04 46+3 8l+4 11+7
Ca4 33 2 710+ 2613 5307+2923 20z%5 11+3 25 #7 44 1.39+0.15 57+1 80+5 8+4
Cab 28:12 11 742+8549 27 094+ 7918 80=%2 4+1 14 +3 2 1.49+0.16 54+6 49+13 155
Col 33t13 7787+2749 20678+ 10954 67+8 73 19 +3 7 1.69+0.07 42+6 49+15 43+15
Esl 2t1 9442+5344 16 187+4620 6714 9+2 17 +2 6 1.86%£0.05 41+3 67+2 37+9
Es2 12+5 1 993+ 792 4213+1589 47%6 62 40 +4 7 2.10£0.05 50+6 41+7 15+2
Lal 28+16 25 725+11723 26 851+12291 444 162 33 +2 7 1.17+£0.30 72+5  79+3 13+5
La2 77 4 218+ 3994 4 667+4126 49%14 21 28 +9 2 2.13t0.07 28+9 19+10 34+18
Mil 00 4 661+ 4141 7 034+3615 34%8 26+3 34 15 7 2.23t0.14 37+1 80+3 49+ 21
Pal 56t13 75610+37388 79 033£36004 41%3 21+5 28 +2 1.78+0.12 54+5 74+8 28+6
Pel 3t3 0+0 7 544+ 3226 50%7 8t1l 26 +4 2.00£0.10 59+3 57+6 21+4
Rel 108 69 612+67964 69 193+67956 27+8 184 40 +6 1.85+0.05 79+5 80+3 7+3
Sal 197 2 413+ 991 10 307+ 4148 59%5 112 18 +3 1.83+0.17 39+4 65+7 69+9
Sa2 18:13 10101+ 7222 11 172+ 797 45+ 6 9+2 44 +8 2.20£0.05 75+6 61+7 7+15
Vel 2212 9881+4738 12 692+5199 48+*8 104 36 4 1.12+0.09 45+8 45+13 16+7
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Table 7-4: Analytical chemical soil analysis fr@&h banana farms in Costa Rica

Farm pH OM Ca Mg K CEC P Fe Cu Zn Mn Al Extract

acidity

(%) cmol (+) L™ mg L* cmol (+) L™
Agl 55 7.6 79 2.7 13 119 47 112 4 15 22 0.2 0.2
Ag2 43 34 180 56 55 29.2 118 380 7 50 163 2.3.1
Bal 45 7.1 72 26 25 122 98 143 3 13 48 1.1 1.3
Ba2 6.0 25 136 54 25 214 157 358 6 26 43 0.0.1 O
Cal 47 3.2 250 7.7 18 345 67 427 45 8 32 070 1.
Caz 52 8.2 6.0 31 1.2 102 25 87 3 30 15 0.1 0.2
Ca3 51 28 228 81 08 31.7 54 444 9 18 5 035 0.
Ca4 6.1 40 128 42 21 191 200 204 8 21 42 011 O
Cab 43 31 178 64 33 275 119 470 35 10 32 1.2.0
Col 50 42 211 75 20 306 655 341 10 29 118 0.©.8
Esl 45 39 228 71 20 319 45 369 8 10 159 08.6 1
Es2 49 35 98 6.0 21 178 388 460 6 9 60 0.7 0.8
Lal 54 58 109 55 13 17.7 62 240 6 10 34 02 3 0.
La? 46 25 56 56 26 139 491 466 5 5 40 1.9 2.1
Mil 56 47 286 7.1 09 36.6 59 292 7 24 110 00.2 0
Pal 54 29 220 81 09 310 47 297 7 11 142 025 O
Pel 56 41 132 53 22 20.7 139 421 17 25 22 0.0.2
Rel 56 42 116 49 17 182 116 350 11 11 32 001
Sal 50 5.8 9.7 41 1.1 1409 64 353 8 5 35 1.1 1.4
Saz2 49 36 265 7.0 28 36.3 293 305 8 21 49 04.7 O
Vel 6.3 19 333 46 20 399 108 269 6 3 84 00.1 0
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Table 7-5: Correlation coefficients matrix of planeasurements, physical, chemical and biologidgapacameters of 21 banana plantations in

Costa Rica from a survey to determine the impasbdfmanagement on the soil food web and plandgac nematodes.
Root
nematodes Soil nematode Soil nematode
Plant measurements Physical Field chemical tgsts  (100g trophic groups (%) indices Laboratory chemical tests
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A linear correlation matrix was used to determihe telationship between
plant measurements and soil physical, field chelnidaboratory chemical
measurements and nematode measurements made inthieotboil and roots of
bananas (Table 7-5). Soil pH measured in the feld laboratory were found to be
significantly correlated R<0.01) to each other as well as Al, nematode diwers
proportion of plant-parasitic, proportion of prenigt and omnivorous nematodes and
the nematode structure index (Table 7-5). The quam of plant-parasitic
nematodes in the soil was also found to be sigmfiy correlated #<0.01) with
proportions of other nematode trophic groups, Giliféermeasurements determined in
the laboratory chemical measurements (Table 73%)e diversity of soil nematodes
was significantly P<0.01) positively correlated with pH determinedtie field and
laboratory, proportion of predatory and omnivoramesnatodes and structure index
and was negatively correlated with EC, proportidrplant-parasitic nematodes, Al,
and K (Table 7-5).

Thirty four soil and crop growth parameters wereedusn the principal
component analysis. The first five principle comeots were able to explain 71% of
the variation in the entire data set (Table 7-6yhe first principal component
explained 24% of the variation and had high positigtated loadings with Al and
exchangeable acidity and high negative loadingé witucture index, proportion of
predatory nematodes, pH and diversity (Table 7-Bhis principal component was
regarded as asbil acidity’ component, because of the large number of compusne
correlated to soil pH, which included nematode camity diversity and structure.

The second principal component explained 17% of waeation and was
identified as an drganic mattet component, because it had high positive loadings
with organic matter and labile C and high negatovading with soil bulk density
(Table 7-6). The third principal component waseiniified as fecycled nutrients
and explained 12% of the variation (Table 7-6).e Thcycled nutrients component
had high positive loadings for enrichment index,timeo plant height and daughter
plant height and negative loading for channel infleable 7-6). The fourth principal
component explained 10% of the variance and hadhitjieest negative loadings for
total nematodes and numberRfsimilisin 100 g* of root and disease index and high
positive loadings for plant circumference and fingeimber per bunch. This
component was identified as aobt nematodeé component because of the

correlations between root nematode measurementsiwanter of fingers. The fifth
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principal component was identified asofl nutrient§ because it had high negative
loadings for Cu, nitrate-N and Ca and was ablexpdaén 8% of the variation between

plantations.

Table 7-6: Rotated component loadings of plant nn@msents, physical, chemical
and nematode parameters on five principal compsn@&a) to determine nematode
suppression at banana plantations in Costa Rica.

PC1 PC2 PC3 PC4 PC5
Organic Recycled Parasitic Soil

Component identifier Acidity matter nutrients nematodes nutrients
Variation 24% 17% 12% 10% 8%
Cumulative variation % 24% 41% 53% 63% 71%
Structure index -0.36 0.10 -0.05 0.04 -0.14
Predators (%) -0.31 0.00 -0.16 0.02 0.02
PHsield -0.30 -0.09 0.14 -0.01 0.02
Diversity -0.29 0.03 -0.04 -0.03 0.14
PHiax -0.26 -0.14 0.11 -0.02 0.09
Ca -0.18 -0.22 0.00 -0.09 -0.30
Mother height -0.11 -0.12 0.30 0.11 -0.02
Fungivores (%) -0.10 0.04 0.02 0.13 0.13
Enrichment index -0.10 0.11 0.40 -0.05 -0.03
Mg -0.09 -0.22 -0.13 0.04 -0.27
Hands -0.09 -0.09 -0.20 0.25 -0.13
Labile C -0.09 0.36 -0.11 0.16 -0.12
Finger number -0.07 -0.12 -0.18 0.32 -0.02
Circumference -0.06 -0.07 0.08 0.33 0.07
Total nematodes 100 g root -0.05 0.00 -0.02 -0.40 0.13
Organic matter -0.05 0.37 -0.02 -0.04 0.13
R. similis100 g roots -0.03 0.03 0.02 -0.37 0.03
Bacterivores (%) -0.02 0.06 0.22 0.01 0.25
Disease index -0.01 -0.06 0.00 -0.34 0.02
Cu -0.01 0.06 0.04 0.08 -0.38
Bulk density -0.01 -0.38 0.06 0.05 0.01
Channel index -0.01 0.05 -0.41 -0.07 -0.06
Zn 0.00 -0.10 0.20 -0.08 -0.05
Mn 0.00 -0.22 -0.20 -0.18 -0.05
Sucker height 0.00 -0.15 0.30 -0.05 -0.08
Infiltration 0.01 0.12 0.02 0.29 -0.08
Nitrate-N 0.05 0.22 0.24 0.09 -0.37
Plant-parasites (%) 0.13 -0.03 -0.06 -0.12 -0.29
EC 0.13 0.18 0.19 0.05 -0.28
Fe 0.14 -0.18 -0.09 0.17 -0.16
P 0.26 -0.15 0.09 0.21 0.21
K 0.28 -0.07 0.21 -0.02 -0.06
Exchangeable Acidity 0.32 -0.01 -0.12 -0.04 -0.02
Al 0.35 -0.01 -0.12 -0.02 0.06

The soil and plant measurements with the highesditgs from each of the
five principal components were used in a clustelyais to determine the groupings
of the plantations (Figure 7-1). Using the firsingipal component, dcidity’ and the

121



Chapter 7: Costa Rican farming system effects onatede suppression Dr.agr. Thesis: A Pattison

variables Al, exchangeable acidity, pH, structuréex, predators (%) and diversity,
plantations could be arranged into three group#h &isimilarity greater than 0.9

(Figure 7-1A). The first group consisted of 12méions, which tended to have
slightly acid soils, but high nematode diversitydastructure. The second group of
farms consisted of seven plantations and had amid with moderate nematode
diversity and structure. The third group consistédwo plantations with very acid

soils and low nematode diversity and structureyf@g’-1A).

A cluster analysis of the second principal comporiEased on components
related to brganic mattet, OM, labile C and bulk density, gave 4 groupsfaims
with a similarity less than 0.9. The first grouipfaur plantations tended to have high
organic matter, but low labile C and bulk densitile second group of 10 plantations
tended to have low bulk density but high labilev@ile the third group tended to
have high bulk density, but medium levels of organatter and labile C. The fourth
group consisted of a single plantation, Vel withhhsoil bulk density and low labile
C (Figure 7-1B).

The third principal componentrécycled nutrientswas assembled into three
groups with a similarity of 0.85 using the variaggsichment and channel indices and
mother and daughter plant height. The first groopsisted of 8 plantations, the
second group 9 plantations and the third groupfbad plantations, which tended to
have greater plant heights and a high enrichmelexiriFigure 7-1C).

A cluster analysis of the fourth principal compon@noduced four groups
based on parasitic nematodéausing the variables disease ind&X,similisand total
nematodes 100 g of root, plant circumference amgkefi number per bunch. The first
group consisted of 12 plantations, which tendetiaee high nematode counts, and
low finger number and plant circumference. Theosecgroup of three plantations
had medium levels of nematodes and plant charatitsri The third group consisted
of a single plantation, Pal, which had a high disaadex but also a high number of
fingers per bunch and plant circumference. Thetfogroup of plantations had low
plant-parasitic nematode indices and a high nunobdingers per bunch and plant
circumference (Figure 7-1D).

The fifth principal componentsoil nutrients, resulted in three groups with a
similarity of 0.88 after performing the cluster &sas using the variates Cu, nitrate-N
and Ca. Two plantations Cal and Ca5 made up gioge having high Cu and
nitrate-N and had a similarity less than 0.65 re¢ato the other plantations (Figure 7-
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1D).
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Figure 7-1: Cluster analysis dendrograms of 21 bamdantations in Costa Rica
based on principal component rotated loadings @dPacidity” (A), PC 2 “organic
matter” (B), PC3 “recycled nutrients” (C), PC4 “paitic nematodes” (D) and PC5

“soil nutrients” (E).(dashed line represents a similarity of 0.9 usefdnm groups, except in C and
E where the dashed line represents a similarif.&5 and 0.88 respectively)
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7.4.2 Glasshouse bioassay
The growth of banana plantlets in the glasshouperexent varied between

the soils collected from the different plantatiofi@able 7-7). The initial growth
determined by plant height after 4 weeks was gseateplants grown in soil from
Ag2 and least in soil from plantation Sal (Tabl&)7- Fresh shoot weight at the
termination of the experiment was greatest in glgnbwn in soil from Cab, but least
in plants grown in soil from Ca3 (Table 7-7). Tplantation Ca3 also had lower root
weight similar to Ca4 and Pal (Table 7-7).
recorded at Agl and Pal (Table 7-7).

The soils with the greatest numberRafsimilisper plant also tended to record

Theatgst fresh root weights were

the greatest number in 100 g of root (Table 7-Banana plants grown in soil from
Saland Ca5 had the highest numbeR o§imilisrecovered per plant and from 100 g
of root. Similarly, banana plants grown in sodrfr Ca4 had both the lowest number
of R. similisrecovered per plant and in 100 g of root (Tabl®.7-

Table 7-7: Growth and recovery of plant-parasigmatodes from banana plantlets
grown in soil collected from 21 banana plantation€osta Rica and inoculated with
R. similis

Farm  4-week Fresh Fresh root R. similisrecovered

plant height shoot  weight (g) Total per plant 100 g root

(cm) weight (g)

A9l 53 b 169 bc 84 a 927 (6.83) a0 11486(9.35) anc
AgZ 67 a 174 b 72 abc 876 (678) abc 12809 (946) ab
Bal 5.1 bede 165 bed 6.5 abcde 869 (6.77)anc  13642(9.52) av
Ba2 4.4 cdef 11.9 bede 4.3 efg 458 (613) bcde 11567 (936) abc
Cal 57 ac 159 ped 6.2 apcder 877 (6.78)apc  14690(9.60) ap
Ca2 53 bcd 105 de 48 cdefg 618 (643) abcd 13779 (953) ab
Ca3 3.7 e 96 ¢ 36 4 263 (5.58) ¢ 7207 (8.88) bed
Ca5 6.2 a 255 . 7.6 a  1338(7.20)a  19830(9.90).
Col 5.2 bed 13.8 bede 4.3 efg 417 (604) bcde 9906 (920) abced
Esl 54 acd 141 bese 7.8 a  1106(7.01)a  15382(9.64) av
Lal 45 cdef 114 bcde 64 abcde 629 (645) abcd 10362 (925) abcd
La2 4.8 bede 147 bede 7.0 abea 860 (6.76)anc  12682(9.45) ab
M|1 50 bcde 117 bcde 48 cdefg 243 (550) e 5161 (855) cd
Pal 3.4 g 104 g 3.7 4 725(6.59) apcd  20251(9.92)
Pel 44 cdef 125 bcde 39 fg 334 (581) de 9729 (918) abcd
Rel 45 cdef 113 bcde 45 efg 464 (614) bcde 10915 (930) abc
Sal 29 g 109 cde 53 bcdefg 1118 (702) a 21719 (999) a
Sa2 51 becd 140 bcde 63 abcdef 612 (642) abcd 11069 (931) abc
Vel 43 def 138 bcde 47 defg 407 (601) cde 11259 (933) abc

Values in columns with the same subscript are igoificantly different from one another Bt0.05.
* values presented are back-transformed from toamefd means using (In (x+1)), which were used in
statistical analysis and are presented in pareisthes
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A forward stepwise regression was used to deterthi@eelationship between
soil variables measured from the plantations aednithmber ofR. similisrecovered
from the banana root systems in the glasshousedaga Three variables were found
to have a significant relationship with the numbéR. similisrecovered from the
roots of banana plants; pH, Zn and structure ind@ble 7-8). As individual soil
measurements, pH, Zn and structure index had dfisart R® statistic P<0.05),
however, they were only able to explain 69.2, ahé 22.5 % of the variation in the
number of R. similis recovered from the roots respectively (Table 6-8)s a
combined multiple linear regression model, pH, Zd atructure index were able to
explain 79.2 % of the variation in the numbeRofsimilisrecovered from the roots of
bananas (Table 7-8).

Table 7-8: Linear regression models of soil vaealib explain the variation in the
number ofR. similisrecovered from the roots of banana plants usedgiasshouse
experiment using soil from 21 banana plantationSosta Rica.

Model R’ P

pH 69.2 <0.001
Zn 17.2 0.039
Structure index 22.5 0.020

pH.Zn.Structure index 79.2 <0.001

7.5 Discussion
Management of soil pH appeared to be the criti@eddr in the suppression of

the plant-parasitic nematodR, similisin bananas in Costa Rica. From the soils
collected, banana plantations with acid soils hadreater number oR. similis
recovered from the roots of the bioassay bananalarhe low soil pH appeared to
restrict beneficial biological soil functions by ateasing diversity and nematode
community structure, determined by measuring sematode diversity and the
nematode structure index. The structure indexigmdicator of the number of links
in the soil food web and potential for regulatidmematode populations by predators
(Ferris et al. 2001). Therefore, the low structure index in aseiils, such as
plantations Ag2 and La2, suggested these soilsplad potential for regulation by
predators due to a simplified soil food web. Higldcid soils with a reduced
nematode structure, showing little predator postnallowedR. similisto penetrate
the roots of banana plants, resulting in a greaterber of nematodes being recovered
from the roots of banana plants in the banana bayas
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A principal component and correlation analysis fbuthat soil acidity
measurements; low pH, high exchangeable acidity arallable aluminium were
significantly correlated with low nematode diveysiow proportion of predatory soil
nematodes and low nematode community structuree cbrelation of soil acidity
measurements with nematode diversity and commustriticture in the field provided
further evidence of the impact low soil pH had be biology of the soil. However, in
the final multiple linear regression model of reepy of R. similis from bioassay
plants, pH, structure index and Zn was able toa@rpl9.2% of the variation in tHe.
similis population. The role of Zn in the suppressiomeimatodes is unclear, other
than the change in availability of Zn with changesoil pH and consequently Zn is
possibly limiting for soil organisms in soils witlkery low pH. The results from the
field survey and bioassay demonstrated that vesydoil pH changes soil biological
characteristics, reducing the ability of soil orgams to suppress plant-parasitic
organisms such d&. similis

Factors associated with soil pH in Costa Rica wdr@ most important
variables for separating the 21 banana plantatidosing a PCA, the first principal
component was able to explain 24% of the varidbietween banana plantations. The
soil variables with the greatest loadings in thim@pal component were associated
with acidity, and included pH, Al, exchangeable d#gi structure index and
percentage of predatory nematodes in the soils $hggested that there was a lot of
variation associated with soil acidity between #iebanana plantations. This was
further evident when a cluster analysis was ableefmarate the plantations into three
separate groups based on the variables associgtethwidity’. Two plantations Ag2
and La2 had soildcidity’ characteristics that had a similarity of 0.6 tela to the
other 19 plantations included in the survey (FigesgA). Both of these farms had
very acid soils, with a pH less than 5.0, high exageable acidity, high available Al,
a structure index below 30 and a low proportiorpoddatory nematodes, less than
3%. Using the structure and enrichment indices taedclassification proposed by
Ferris et al. (2001), the plantation Ag2 would be consideredaa%stresset soil
because both enrichment and structure indices teeav 50. Therefore, both Ag2
and La2 plantations could be considered as haviy goil health, which was
associated with soil acidity and poor soil nematcol@munity structure.

The populations of plant-parasitic nematodes ctdtbcfrom the roots of

bananas in the field did not reflect the same iaahip with soil pH and diversity as
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R. similisrecovered from the roots of bananas grown in tagsfpouse bioassay. This
may be because other management factors used imeammal banana production,
such as the use of nematicides, may compensatghérlack of biological
suppression of plant-parasitic nematodes. Ingtudy, it was difficult to ascertain if
low numbers of plant-parasitic nematodes recové@u the root samples collected
from the field were due to biological suppressionie application of nematicides.
However, thein vitro banana plants grown in the glasshouse experimens wot
subjected to nematicides. Therefore, the mechamignsuppression oR. similis
observed in the glasshouse experiment must beadae inherent soil condition and
not from recent farm management decisions like nierda application. When
relying solely on field assessments of nematodeuladipns it is difficult to separate
impacts due to farm management from mechanism rieat increase the soil's
general suppression. This may explain why the rarmbf plant-parasitic nematodes
recovered from the field did not correlate with rhers of nematodes recovered in the
glasshouse experiment and why soil pH and diverdity not correlate with
populations of plant-parasitic nematodes recovdreth field samples of banana
roots.

The importance of soil pH in the suppressionRofsimilis in Costa Rica,
contrasted with the results found in Australia (flea 6). In Costa Rica, suppression
of R. similison bananas was related to soil pH, whereas inrédlisstsuppression of
plant-parasitic nematodes on bananas was relatkadbite C and nitrate-N content in
the soil. However, in both countries either nerdatccommunity diversity or
nematode community structure were co-variableste@ldo suppression of plant-
parasitic nematodes. This suggested that nematodmunity structure and diversity
were important components and indicators of sugpras of plant-parasitic
nematodes. Therefore, to increase nematode cortyrsinicture and diversity, and
to develop nematode suppressive soils requirescoreng the most limiting soll
factors. In Costa Rica the most limiting soil factvas low soil pH, whereas, in
Australia the most limiting soil factors were lowilscarbon and excess nitrogen.
This highlighted the importance of quantifying andhderstanding the soill
environment and how it impacts on soil biology,drsefrecommending management
practices on commercial banana plantations.

The investigation of the soil nematode communityipowerful tool in the

understanding of soil biological interactions wigoil physical and chemical
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properties and land management practices. In otdedevelop soils that are
suppressive to plant-parasitic nematodes it is mapbto also understand the impacts
that soil management may have on other nematodghitrogroups, nematode
community structure and diversity. The suppressibplant-parasitic nematodes on
bananas in Costa Rica was linked to an increastn@nnumber of predatory or
omnivorous nematodes in the soil. While predatg omnivorous nematodes had
previously been regarded as poor biocontrol agé€stgling 1991), they may
contribute to nematode suppressiorsitu, as well as act as indicators of other non-
nematode parasites and predators of plant-parasticatodes (Yeates and Wardle
1996). The role that predatory nematodes playhen regulation of plant-parasitic
nematodes has gained increased attention and itsuggested that the migratory
stages and possibly juveniles are more susceptitjeedation (Khan and Kim 2007).
However, it is difficult to correlate activities @redatory nematodes directly to the
suppression of plant-parasitic nematodes due toctimeplexities in predator:prey
relationships (Yeates and Wardle 1996). Howevetrthia study increasing soil pH
increased the proportion of predatory and omniveroematodes in the soil, which
was related to greater nematode community stru@ncegreater suppression Rf
similis. Furthermore, omnivorous and predatory nematodayg be indicators of
increased microbial antagonism &. similis The omnivorous and predatory
nematodes mainly feed on nematode trophic grougdscttnsume bacteria and fungi,
the main source of microbial antagonists that amportant inR similis density
regulation. Therefore, increases in the omnivorus predatory nematode number in
the soil may also be an indirect indicator of irsed suppression by microbial
antagonists.

Although soil measurements associated with orgamiatter were not
significantly correlated with nematode suppressibay were still important variables
used to separate plantations in the principal carapbanalysis. Variables associated
with the “organic mattet principal component; organic matter, labile C awd bulk
density were able to explain 17% of the variatietw®en plantations. Furthermore, a
cluster analysis was able to separate the plantatioto four groups, based on
differences in 6rganic mattet components with a similarity less than 0.9. Hoer
soil organic matter did not appear to limit soinretode community structure and was
not found to be related to suppressionRofsimilisas had been found in Australia
(Chapter 6).
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Soil nutrition, other than soil acidity, was notrajor component separating
soil plantations in Costa Rica. While Zn was fowodbe significant component in the
final model related to the suppression plant-pacasematodes, overall soil nutrition
was not largely different between plantations. sdil nutrient component was the
fifth principal component, but was only able to kp 8% of the variation between
plantations. The soil nutrients that were contiify to the differences between
plantations were Cu, nitrate-N and Ca.

The recycling of soil nutrients and its contributito vegetative plant growth
was an important component for separating banaaatgilons in Costa Rica.
Recycling of nutrients occurs through a biologigaicess (Nannipieri and Paul 2009)
and the recycled nutrients contribute to the grosfthananas. Nutrient recycling can
be mediated either through bacterial or fungal dgmusition of organic matter and
the soil nematodes present reflect how the orgawaitter is decomposed (Fergtal.
2001; Yeates and Pattison 2006). The range iretinehment and channel indices
between banana plantations in Costa Rica suggese tis variation between
efficiency and availability of recycled nutrient§.he enrichment index indicates the
response of opportunistic bacterivorous and fungiwve nematodes to food resources
and the activity of the detritus consumers (Fegtisl. 2001). Therefore, if there are
higher levels of nutrient and resources availablerécycling through the soil food
web, there will be an increase in the enrichmedéx The channel index indicates
the predominate pathway through which nutrientsrecgcled. A low value, close to
zero indicates bacterially dominated decomposiaod a high value close to 100
indicates fungal dominance of nutrient decompasitiolherefore, plantations that
have a high enrichment and low channel indicesh ag Lal, Rel and Sa2, may
indicate greater nutrient availability, which wascycled rapidly through bacterial
activity, increasing the availability of nutrientsxd contributing to the vegetative
growth of banana plants resulting greater vegetagivowth of the mother and
daughter plants.

The factors affecting where banana plantations hees established in Costa
Rica were primarily based on climatic charactersstand physical soil properties,
particularly drainage (Gaugget al. 2005). Therefore, it was not surprising to find
little differences in soil physical measurementsbahana plantations in this study.
Only one plantation Vel, had soil with significgndlifferent properties and it formed

a separate group in the sodlrganic mattet principal component. The soil from Vel
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was classified as a tropohumult, whereas soils threroplantations were either
dystrandepts or eutropepts. Therefore, differenicessoil properties between
plantations, except Vel, could be attributed téed#inces in farm management rather
than differences in soil types.

Multivariate statistics allowed the identificatioof differences in banana
production systems and soil properties and henlbewed the determination of
factors that were contributing to differences i $uppression oR. similis The
measurement of soil physical, chemical and nematodemunity parameters using a
pre-determined set of indicators allowed the seperaof plantations based on soil
properties and determination of the soil propertied were limiting the suppression
of plant-parasitic nematodes. A forward stepwisgression allowed the most
important and interacting soil properties, pH, stwme index and Zn, to be
determined. However, further investigation is rezktb determine conclusively the
benefits from increased soil pH in the developnadrfavourable soil biology and its
effect on the suppression Rf similisin banana plantations in Costa Rica.

Farm management practices have an important ingrasbil pH. Low soil
pH has been attributed to poor root growth and eeduproduction through an
imbalance in nutrient availability and increasedidity of trace elements (Serrano
2005). Moody and Aitken (1997) suggested thatiicadion in Australian banana
soils was associated with carbon and nitrogen sycl@he carbon cycle factors
affecting soil acidity included the removal of base harvested fruit and reductions in
levels of soil organic matter, whereas the additddnintroduced organic material
could increase alkalinity. The major nitrogen eycfactors contributing to
acidification of banana soil was the leaching dutitrate from the root zone when it
has been originally applied as ammonium-basedisenti(Moody and Aitken 1997).
Farm management practices to reduce the rate difieation or neutralise acidity,
such as use of alkalising amendments, conservafiarganic matter and reduced
application ammonium based nitrogen, could fostemefficial soil biology, which

could encourage the suppressioiRokimilison banana plantations in Costa Rica.

7.6 Conclusion
Bananas grown in equatorial climates as monocutare susceptible to soil

and environmental constraints, which can reducetiséinability of their production.

In particular, biological constraints such as plpatasitic nematodes tend to increase
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as a result of unsustainable farm practices. Aeguof 21 banana plantations in
Costa Rica measured soil chemical and physicalepties as well as the nematode
community composition. A principal component as#yusing 34 soil variables was
able to explain 71% of variation between plantatiasing the first five principle
components. The variables identified in the pphleicomponents determined to be
related to soil &cidity’, “organic mattet, “recycled nutrients “parasitic
nematodésand “soil nutrient§ and were able to explain 24, 17, 12, 10 and 8f% o
the variation between plantations respectively.cldster analysis of the plantations
for each of the principal components using the aldes with the greatest vector
loadings allowed the grouping of plantations wiimitar soil properties. A banana
bioassay of the soil from the 21 plantations, inad withR. similis resulted in
different populations of the nematode recovereanftbe root system. A forward
stepwise regression of the number of nematodeveeed from the roots of bioassay
plants with soil properties revealed that pH, dtiteeindex and Zn gave a significant
multiple linear regression model, which was ablexplain 79.2% of the variation in
recovery ofR. similisfrom the roots of bioassay plants. Furthermdre,dorrelation
of soil pH with nematode diversity, the proportioh predatory and omnivorous
nematodes and the structure of the nematode conyrsuggested that pH was the
factor limiting the biological suppression d®. similis in banana plantations.
Therefore, management options to increase soil pEdnto be investigated to
determine if they are able to contribute to thepsagsion oR. similisin Costa Rican

banana plantations.
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8 General conclusions
Changes in soil properties that resulted from agmio management of

bananas were shown to influence the suppressioplasft-parasitic nematodes.

Suppression was constrained by low biological divgrand the lack of predators.

Therefore, manipulation of soil properties througbronomic management may

overcome these soil constraints. The studiesmadtlin this thesis found that:

1.

The use of organic amendments that are high indCNaappear to be
able to induce suppression of plant-parasitic nedes in bananas, by
developing a more favourable environment for ant&g@ organisms
in a glasshouse experiment.

The suppression of plant-parasitic nematodes fatigwhe addition of
moderately degradable organic matter, like celkilasd grass hay,
appeared to be due to a combination of nematoximpoonds
produced in the early degradation of the organittengollowed by an
increase in nematode antagonists favoured by aease in soil fungal
activity.

Amendment of soil with additional organic mattergrsficantly
increased the labile C, increased the number ofimrous nematodes
and decreased the number of plant-parasitic nereatoalative to the
untreated soil in a field experiment.

Suppression of plant-parasitic nematodes on bamdaatations in
Australia occurred where the soils had high laBildow nitrate-N and
high nematode diversity, which corresponded to $arimaving
agronomic practices that increased carbon inpsesg lower nitrogen
applications and promoted soil biodiversity.

Low soil pH limited suppression &. similisin Costa Rican banana
plantations by constraining nematode diversity, fhreportion of
predatory and omnivorous nematodes and the steudhgiex of the
nematode community.

Consistent increases in densities of fungivorousnigorous and
predacious nematodes followed addition of orgamer@dments high

in carbon which underscores the importance of fuaga bacterial
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antagonists in nematode suppression in the sbirethrough direct or

indirect mechanisms.

The development of suppression towards plant-garasematodes in
commercial banana plantations relies on identificatof the factors
constraining biological diversity and adopting mgement practices to
overcome inherent soil constraints, such as lowaobon or low pH. The
mechanisms by which plant-parasitic nematodes wappressed were not
specifically identified. There remains a need tlmgabetter understanding of
which antagonists are involved in the actual suggom of plant-parasitic
nematodes of bananas once soil constraints areveemd-urthermore, there is
a need to understand how to develop and validateirig systems that can
suppress plant-parasitic nematodes of bananas usugsgtigations under
controlled conditions, over longer time periodsl(byears). To develop soils
that are suppressive to plant-parasitic nematodeguires a more
comprehensive understanding of the soil ecologitaractions, starting from
a recognition of inherent soil constraints, hownfamanagement decisions
impact on soil properties, how changes in soil props impact on soall
organisms and how the antagonists impact on plarasitic nematodes,
pathogens and the host plant.
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