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Daily midday soil temperature measurcd at25 cm and 1.5 m below the soil surfaccin an area with

a10per cent canopy cover compared with one with a 60 per cent canopy cover at a study

area, 20 km south-east of Dwellingup.

Profile of (a) jarrah-marri open forest and (b) janah-open woodland. J = jarrah, M = marri,

Bg = Banksia grandis,Ba = B. attenuata, Pl = Persoonia longifulia and Xp = Xanthorrhoea

preissii (McArthur and Clifton 1975).

Distribution of dead and live jarrah and mari in an area infec ted with Phytophthora cinnamomi

in Teesdale block near Dwcllingup in February 1951. Most of the jarrah of different size classes

had died in the north-west comer of the map compared with live and dead jarrah to the south.

Live marri occured throughout the area'

Impact of Phytophthora cinnamomi in infected areas in Tcesdale block.

(a) An area infected \nith P - cinnamomi in the foreground and healthy forest with detse Bqnksia

grandis in the background. Note the dead B.grandis in the infected alea and the dense line of

healthy banksia indicating the border of the infection.
(b) An infectcd area with standing dead jarrah. Note the reduction in cover within the infected

area in the foreground in conftast to healthy forest in the background. The lower stratum in the

infected area has a'sedge' like appearance (Varing 1950).

Variation in 'dieback' symptoms in jarrah in an area infected with Phltophthora ciftnamomi ' A

dead tree in the background compared with an unhealthy crown with reduced leaf growth from

epicormics in the middle and a healthy crown in the foreground.

variation in the im pactof Phytophthorq ci.nnamomt in the jarrah forest. (a) High impact. Most

of the susceptible overstorey and understorey dead. (b) Intermcdiate impact. susceptible

understorey dead, few or no deadjarrah. (c) Low impact. Localiseddeath ofshlub stratum,little

effect on the overstorey.

Life cycle of Phytophthora cinnamomi in the soil ( - -) and host tissue ( ) in the jarrah

forest. Events are indicated by rectangles with factors affecting the rate of development

enclosed in an hour glass symbol.

Sporangia of Plrylop hthora cinnamomi form more readily at warm than at cool tempcratures'

Schematic representation of near-surface flow of water ovel laterite and clay in a high and an

intermediate impact area monitored by Kinal (1986). Near-surface flow of water and dispelsal

of Phynphthora cinnamomi is cumulative in the high impacr wS site typo, but not in the

intermediate impact type tS area. - indicates recovery of zoospores. (Not to scale)'

phytophthola cinnanorni survived for more than a week in moist sandy loam (water addcd and

sealed) but not in the &y [eatment (Shea et al 1980).

Greatest number of spotngia of P hytophthora cinnamomi formed in the top 10 cm ofan upland

jarrah forest site in the autumn and spring of 1978, but some also formed in wintel (shea e, al.

r980).

sporangia producti onby Phytophthora cinnamomt in an upland type s site was greaterat depth

above a duricrust layer than in the top 20 cm of soil.

phytophthora cinnamomi wasrecoveted throughout the year from a lowland type c site but not

in iummer from an upland type wS-S site in thejarah forcst. Soil matric potential for thc lowland

site is indicated by -.-- and - - - for the upland site. continuous lines represent predicted values

from regression equations fitted to the data (Shearer and Shea 1987).
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Perccntage of sites on which relevant water relations parameters (prcdawn leaf watcr potential
- dawn't ̂ , midday lcaf water potenrial - midday ?, and stomatal conductance - 8) were

significaritly lower in groups of healthy than ne.lrby aieback iniected tees during successivc

summers (1985-86 and 1986-87). A greatcr number of significant differences in the second

summer is believed to reflect thc dder conditions of the second year which acccntuated

deficicncies in the condition ofroot systems of trees in the infected area compared with healthy

trecs (adapted from Crombie and Tippett 1990).

The outer bark has been removed to show stem lesions of Phytophthora cinnamomi in jarah.

Jarrah suffering water stress as indicated by reduced stomatal conductance were often girdled

at the base. (a) Area ofinner bark affecte dby P. cinnamomiwas painted white. (b) P hynphthora

cinnamomi was isolated from extensive dark brown lesions in the stcms of tees monitored on

infectcd sites. The chisel idicates a lesion front betwcen healthy white and infected discoloured

inner bark

Changes in the area of dcad jarrah with time.

Distribution of dead jarrah and areas infectcd with Phytophthora cinnamomi rn Lang block in

1984.

Influence of management on disease devclopment. (a) Hygienic proccdures delay thc likely

infoduction ofdisease Gt), but do not affect thc rate of diseasc development should introduction

occur. (b) Treatment I reduces the rate ofdisease development. Treatment 2 delays the onset of

discase ("t) and reduces the ratc of developmcnt.

Mapping Phytophthora cinnamomthazard in uninfected areas of (a) Myara block and (b) Jones

catchment in ihe no hern jarah forest.

A map of Phytophthora ctnnamomi hazrud in Mack block in the southem jarah forest (Grant and

Blankendaal 1988).

45 Combining Phytophthora cinnamomi hazard with risk. The surface shows the relationships
between combinations of hazard and risk to the possible damage should P cinnamomi be
infoduced into an area. fo

Hygiene failue test (Underwood and Murch 1984).

Lengths oflcsions of P hytophthora cinnamomi (astzndarderlor ofthe mean) in rooLs of B anksia

grandis trees inoculated with the fungus and injected with neutralized phosphorous acid in the

trunk (a) 3 weeks bcfore and (b) 3 weeks after inoculation (+), compared with fiees not injectcd

with the chemical O. Lesion lengths were recorded (a) 3 weeks before and (b) 6 weeks after

inoculation.

Components of the hillslope hydrological cycle importnnt to devclopment of Phytophthora

cinnamomi in soils of the iarrah forest.
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influenced by soil tlpe and the composition of the soil
microflora. In stimulatory soils, sporangium production
is favoured by warm, moist and acrobic conditions. Release
of motile mospores from sporangia is favourcd by wet
soil conditions and fluctuating temperatures, modifiedby
soil type and season. Once rcleased, motile zoospores
swim over short distances in water or e passively dispenerl
over larger distances in infected moist soil or flowing
watcr. Lateral near-surface seepage ofwatcr is one ofthe
main mechanisms of passive dispersal of inoculum at
depth in uplandjanah forcstsoils where coarsetextures or
aggregatc structure occur over a perching layer. This
significant finding linked disease devclopment in upland
areas with spccific site factors that affected behaviour of
the fungus at dcpth in the soil and the infection ofjarrah.
As the jarrah forest is a mosaic of site-vegetation types it
is aLso a mosaic of sitcs wift different drainage characteristics
that can influence dispcrsal ofP. cizzamomi. Relatively
free draining sitcs favouring vertical percolation of watcr
are interspersed betwccn sites with neff-sudace seepage
of watcr, with gadations between the two cxtremes. The
fungus can also bc dispersed in infected roots eithcr
actively by growth through root systcms or passively in
infected roots transportcd in soil. Once dispersed tungal
propagules must survivc to produce ngw inoculum and
infcct host tissue. Temperature, moisturo, floristic
composition of the understorey, antagonistic microflora
and soil type affect survival o[P. clnnamomi rnthe jrrah

forest.

The various components and intcractions previously
describcd are the building blocks fiom whlch P. cinnannmi
dcvelops in space and time. In frce draining surface soil
greatest number of sporangia form in autumn and spring
when warrn moist conditions favour sporulation. Gcncrally
sporulation is inhibited by dry summers and cool winters.
Propagulcs surviving dry summers in plant matcdalactas
sources ofinoculum in autumn. Wet conditions in winter
favour survival ofthis inoculum which may increase with
the rctum of favourable conditions for sporulation in
spring. Inoculum levels dccrcase rapidly as the surface
soil dries out in late spring. Viable inoculum occurs in
infected, water-gaining lowland areas ard in the soil at
depth throughout the year, reflecting extended periods of
moist conditions favourable for survival and maximum
coincidence of warm. moist conditions favourable for
sporulation. The seasonal pattern of inoculum increase
varies from ycar to year depending on the timing of
opcningand closingrains, soil typeandchanges in canopy
cover.

The interaction betwecn pathogen and host starts with
infection. Zoospores probably initiate most infections.
They encyst and germinate to produce germ tubes which
penefate roots. Hlphac proliferate wi[rin roots macerating
all unlignified and unsuberized tissues; causing tie roots
torcI. B anL\ia grandisisreadily infecte rlby P. cinnamomi

because of its thin bark and the proliferation of rootlets
associated with the specializcd proteoid roots of Ban,tsias.
How P. cinnamomt infects the root syslem ofjarrah is not
known, butthe vertical taproots, on which jarrah depends
to maintain intemal water balance during dry pcriods, is
prone to infection,

The pattems offungal invasion anddamage in infected
root systcms vary. Once infectedB. grardis root systcms
become extensively colonised ard die. Invasion and
damage injarrah root systems are morc variable. Alfiough
jarrah can resist extension of the fungus, site and season
can sfongly influence the intemction. Temperatue,
moisture, mincral nutrition and the physiological status of
host tissues influcnces the host-pathogen interaction.
Evidence from experimentation and forest observations
suggests that thcre is gcnotypic va ation in resistance of
jarrah to P. cinnamomi. Fortunately for tree breeders,
intra-specific vadation within P. cinnamomi is low.

Circumstantial evidence suggests t\at P hy to p ht ho r a
species othcr than P . cinnamomi have also been inlroduced
into Western Australia. Although much is known about
P. cinnamrtmi, relatively littlc is known about most ofthe
other species in the jarah forest. P hytophthora citricola
probably has the greatest potential to cxaccrbate the
problcm of dicbrck caused by P. cinnamomi.

The excavation of infccted root systcms ofjarrah has
provided valuable information on lhe amounts ofdamage
to finc and large root systems at a number of sites. Jarrah
can suffer root infection and loss for a numbcr of years

bcfore final symptoms are exprcsscd and death occurs.
Longtcrm responses oftrees to root loss includc reduction
in leaf arca. However, ttre severity of damage sustaincd
by jamah following infcction will depend on many facto$
including gcnotype, abundance of inoculum in thc soil
and chance ofinfcction, site type and climate. The effects
of diffcrcnt levels of infection on the growth of jarrah

requires clarification.

Spectacular rapid death of trees is probably brought
aboutby clirnatic conditions which synchronize symptom
expression following high levels offungal activity in the
soil. Monitoring deaths ofjarrahover thclasttwo decades
has shown that therelatively few deaths obscrved in some
years did not mcan that the fungus was not infccting and
invading roots of trees in infected areas.

Disease managementcan bc dividcd into the following
four main arcas: hazard rating (recognition of vulncmble
sites), assessment of risk, hygienic procedures, and
manipulation ofconditions to disfavour thc pathogen ard
enhance host rcsistance. Hazefd is determined by fte
influence of climatic, site and management factors on
discase expression. Risk is the probability of spread and
infection detcrmincdby disease proximity and the type of
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Podger 1968, 1972). Phytophthora cinnamomi was isolatrl'

from 55 species ofindigenous plants in infected forest but
not from healthy forest. Typical dieback symptoms
developed in healthy forest infected with puro cultures of
P. cinnamomi or with soil from beneath nearby diseased
forest. Healthy forest inoculated with soil from unaffected
forest remained healfiy Godger 1972).

Podger's breaktlrough provided tie catalyst for extensive
work in State and Commonwealth departments and
Universities throughout Australia 6ig. 2) on the distribution
of P. cinnamomi and environmental factors affecting the
host-pathogen interaction. The work was further stimulated
by funding from a Foundation for Jarrah Dieback Research.
The aluminium and timber industries contributed to the
Foundation which was chaired by the Conservator of
Forests with representatives from industry, universities
and govemment departments. The foundation funded
new and existing research dudng the period 1979 to 1987.

BRIEF DESCRIPTION OF THE FUNGUS
AND THE DISEASE IT CAUSES

P hy tophthora cinnamomiis a soil-bornefungus belonging
to tho evolutionary primitive group called the Oomycetes

or'water moulds'. The fungus is pathogenic, requiring
plant tissue as a food sourcc. As the name'water mould'
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Figure 2
The increase in fie number of publicarions per ye?l ot Phrtophthoru

cinnomomi fromwesrem and Eastem Australia, compared wilh areas

other ihan Australia during fte period 1960- 19 87. The arrow indicares

the publication by Podger e, al. (1965) of the association between

P. cinnanomi and janzh dieback. (Numbers of publicalions pcr year

since 1960 are ihose abstracted in fie Review of Plant Pathology.).

suggests, the life cycle of P. ctnnamomi depends on moist
conditions which favou survival, sporulation and dispenal.
When condidons are warm and moist. microscopic spore
sacks called sporangia and thick walled chlamydospores
are produced vegetatively from mycelial strands that form
the body of the fungus in the soil or host tissue @ig. 3).

ii:j
MOtSTSOtL

Life q.le of phytophthora cinnanomi in rhe jznah foresr. Microscopic myceliurn oversummering in infected roors (a) form chlamydospores (c) or

sporangia (b) when $e soil is warm and moist. Chlamydosporcs may germinate direcdy to form sporangia (d). Sporangia releasemotile zoosPores in water

(e) which are acrively orpassively dispcrsed tlrough the soilto uninfected roots (f,g). Fol lowing in-fection ihe fungus invades root bark O) to folm lesions

*ii"h -"y "*,"nd into the rree collar (i). Infecdon of roots and collar results in de3lh ofthe host (i) or crown decline (k). (not to scale).

Figure 3
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illustates the interaction of the fungus with the streams in

shallow valleys draining upland areas' The least impact is

in red loams associated with the more deeply dissected

river valleys.

The regional pattem of affecBd areas has not ocrured

by accident, but is the result of the interaction of the'

pathogen with climate, vegetation, soil, topography'

drainage, time since infecdon and intensity of human

activity. It reflects how factors of the environment
intemct to crealg niches which P. cinnamomi c r or

cannot occupy. In order to fully appreciate how research

has improved an unalers{anding of some of these interactions

and patterns, it is instructive to examine tlle environment
and ecology of the jarrah foresL

In the following chapters the heston River @g' 1) is

used as a convenient dividebetween northem and southem

iarrah forest. The southern jarrah forest understorey has

many species not normally found north of the Preston

River, in response to differences in landform'
geomorphology and climate between the two areas.
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Chapter 2

The Jarrah Forest Environment

The cnvironment of the jarrah forest is a complex of microclimates characterised by the

weathering of an ancicnt landscape over a long period of time. The various facets of the

environment arc interrelated, but have been categorized hto geology and geomoryhology,

climate, the soils and their archirccn{e and morphology, the hydrological cycle, soil tenpelature,

fertility, and firc to aid descriprion.

GEOLOGY AND GEOMORPHOLOGY

Thejarrah forest is delineated on thc westem edge by the
Darling Scarp fig. 1). The Scarp is a significant topographic
feature of south-wcstern Austalia (Figs 1, 6). It was
formed by displacemcnt along the Darling fault line due
to a marginal upwarping (Mulcahy et al. 1972) of the
Great Plateau of Westem Australia. The ancient plateau

is composed mainly of gmnitic rocks intruded by dolerite
dykes and mantled with laterite. It rises to 250-400 m in
the highest plateau remnants and culminates in isolated
granitic hills or monadnocks up to 580 m in height ffig.
6). Uplift ofthe plateau caused rejuvenated drainagc and
downwasting by sffeams,resulting in the normal sequence
of valley shape being reversed. The valleys of the major
rivers are deeply incised (V shaped) near the Scarp,

JAFRAII FOBEST

ZONE IFSTFBNq6H RATTTFALLI oE\-FA_ | EASTLFN Low R^lrlrA.L

sc Fp L!IEn- MAroc UIEFIp emAD o1A,
NO EBfIIC YAIEYS LJPIAIIDS VAILEYS II@Y.S

L^NDFOFMS

SOI]TH DAITDALLJP DAH

KILOMfTBES FROM COAS]

VALLEYFOBMSAND
GBOUNDWATEF SU BFACES

SOILS

FOCK S,AltD6
S+fiIOW LAT. BEO LAIERIIE A.'{D

8t! Enn€s EMrNs

rcCK SAl,lDS
IIIERI]IS ANO

SHAI|CW CIAY

i'IAVELSITE

VEGETATOI{TYPES

UPPEB SLOPES

LOWEB SLOPES

c s,T,o, s.P.o s.T.Po.z
R u,c,D,w,o,R R I,C,D,W

H G M.  Z ,P

J B  E , Y

Figure 6
Variation in ropography, rainfal l, sah slorage, val ley form, soils ard llavel site-vegetadon types on a west east transec! acros s thc janah forest. Th e tmnsect

passcs ttrrough Pinjana in rhe wcsr and M!. Wells in rhe easr (Iig. 1). Ilavel sitc-vegebrion types are dcscribed in Chaptcr 3. [Adapted from Shea and Herbcn

(1977) wi*r additional infomarion from Heddle ,l al. (1980)l
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SOLS

The evolution of the soils of the jarrah forest has been
controlledby topographic position and geology, modified
by climate (McArthur and Clilton 1975). In tum, the soil
charactcristics described ir this section have strongly
influenced the ecophysiology ofjarrah and the behaviour
of P. cinnamomi (chs 3 to 5). The soils reflect earlier
periods of pcneplanation, lateritization and uplift.

The architecture of the soil, morphology, hydrologic
properties, l,cmperature, and fertility are fie most important
soil factors thatinfluence thelife cycle of P. cinnqmomi in
the jarrah forest. The factors arc interrelated, but are
dcscribed under the main headings as follows.

ARCHITECTURB OF TIIE SOIL

The soil is composed ofparticles with a networkofairand
water filled poresbetween them. The size and distribution
of the interconnccting network of pores, callcd the pore
space, is important for plant growth, the hydrologic cycle
(described in a following section) and sporulation and
dispersal ofP. cinnqmomi wilhir, the soil profile (ch. 5).
The fundamental prolnrtics of a soil depend on the geomeu'y
of the pore space, movemcnt oI watcr within fte pores on

the properties of the bounding surfaccs, and on the
mechanisms thatsupply nutdenB to the water in the pores

and also to the solid surfaccs.

The pore space depends notonly on thekinds and sizes
ofindividual particles (soil texture) but also on how these
are arrangcd and bonded together (soil sftucture). The
propertics ofsomejarrah forest soils are given in Table 1.
Later sections and chapters describe relationships between
textue, water holding capacity and dcvclopment and
dispersal of P. cinnqmomt.

Clayey and loamy soils with awell developed structule
are relatively porous because the particlcs bond together
!o ftrrn aggegatcs. Soils with w%k structral dcvelopment,
such as the sandy gravels, can also be relatively porous as
the pore space is partly detcrmined by the way the inert
sand and gravel fractions are packed togethcr. Gravel
content yaries bctween soil type (Table 1), being up to 99
per cent in some late tic soils (McArthur and Clifton
1975). It may also increase with depth; in a Havel site-
vegetation type S (ch. 3), gravel content vaded from 24
per cent in the top 5 cm of soil to 84 per cent at 80-100 cm
depth (Hingston et a/. 1981). Pore size is also determined
by the development of macropores by rmts and invertebraies.
Litt.le is known ofthe pore size disuibution in jarrah forest
soils.

Table I

Propcnies of soils of thejanah foresr samplcd frorn selecred Havel site-vegelarion rypcs (after Havel 1975a). lhe llavel sire-vcgctation types are
dcscribed in Chapter 3.
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areas as the infiltration capacity of jarrah forest soils is
rarely exceeded, even during heavy downpours in vr'inter
(Bettenay et al. i980). However, the soils resist wetting
when dry (McArthur and Clifton 1975) and overland flow
may occur during heavy summer rain.

Water is redisributed both vertically and laterally in
the profile during and following infiltration. The coarse-

textued laterites that have a high water storage capacity
absorb a large proponion of the minfall in winter. Absod:ed
water is held as films within the soil pores by surface
tension. S oil water availability, determined largely by the
surface tension forces holding the films of water, is
measured in terms of energy as soil matric potential. Soil
water status is an important determinant of sur:vival and
sporuladon ol P. cinnamomi (ch. 5).

o)
Upland laterite near Dwellingup wirh the gnvelly sand ropsoil removed to expose the duricrusr layer. The duricrust layel may outcrop or occul up lo

1 m below the soil surface. (a) Duricmsr occurs as a continuous layer wirh cementation (C). Note lhe circular depressions where roots pass ihrough lhe
lay er G.). O) Duricrust layer occurs as discrete sl abs. Roors can p€nelrate the layer lhrough cracks or rool charmels (R).
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Figure 13 shows the relationship bctween soil mahic

potential and water contcnt for some jarrah forest soils'

The physical charactedstics of sieved gravelly sandy

loam soil from the surface 10 cm of upland areas were

sufficicntly similar to give similar water contents at the

same maldc potentials. In conftast, there were large

differences in water contents at the samc matric potential

between lateritic soil from upland areas and yellow fine

sandy loam from a lowland area (Fig. l3). At a maric

potcntial of -40 kPa, thc water content of surface lateritic

soils from upland areas was about 10 per cent compared

with about 45 per cent for the yellow earth from fie

lowland area. Figure 26 shows changes of soil matric

potentials with season in a lowland and an upland arca.

Water moves in the largepore spaccs ofthe soil, either

downwards towards the water table or up towzfds the soil

surface whcre ir is evaporated. Water rcadily percolates

through the surface horizons of coarsc-textured gravelly

sand typical of upland areas. The gravelly sands have a

high satumted hy&aulic conductivity ofabout 2 m/day, in

conftast to the underlying duricrust and the sandy clay

layers which have a low hydraulic conductivity of about

10 3 m/day (Sharma et a|.1987). Duricrust andclay layers

can impcde the vertical percolation of water resulting in

near-surf:rce transient perching with later.rl flow and seepage

of water bclow the soil surfacc in some upland areas @ig.
12; Kinal 1986). Chaptcrs 5,7 and 8 describe and assess

the importance of subsurface perching and lateral flow of

watcr to the lifc cycleofP. cinnamomi in thejanah forest.

Figure 13
Relalionship between marric porential 3nd watcr conlent for sieved

surfacc gravelly sandyloam fromthreeupland areas and a sieved surface

fine sandy loam from a lowlmd srea in $ejanah forest (shcarerand Shca

1987).

Tho amount ofnear-surface perching and lateral flow
of water varies between areas depending on topographic
position, soil type and the occurrence of pathways for
yertical percolation ofwater. Waterseepage from upslope
keeps the gmvel over clay soil profilcs occurring in the
zone transitional bctween upland laterites and the headwalen
of sEeams in shallow upland valleys moist wcll into
summer. Conditions are consequentially favourable for
survival of P . cinnamomi i\ these areas through most of
the year (ch. 5).

Root channels (Dell et al. 1983) and cracks in the
duricrust layer (Bettenay et al. i980) are preferred flow
pathways which encourage rapid vertical percolation of
water. Flow along preferred paths is an important but
unquantified component of the jarrah forest hydrologic
cycle (Loh et al. 1984). Veflical percolation through the
subsoil is probably related to root disfibution. The high
biomass associated with the high fertility ofthe rcd earths
probably enhances vertical percolation of water because
of the large numbcr of root channels. Subsoil parent
matcrial also infl uences the occurencc of root channels as
they are permanent features of profiles derived from
granite but gcnerally absent from profiles derived from
dolerite (Dell et al. 1983).

Groundwater recharge is an important component
of the jarrah forest hydrologic cycle and is affected
by many factors such as topography, climate and vegetatron.
However, only those relevant to the life cycle of
P. cinnatnomi ue cnnsidcred here. Permanent groundwater
directly affects the activity of P. cinnqmomi it r,eal-
surface soil horizons where discharges to tie surface
occurwithin first and second ordu sffeams wherebedrock
ftequently outcrops and soils are shallow (Fig. O. Permanent
groundwater in upland and eastem areas of the forest
mainly occurs 15-30 m below the soil surface @ig. 6) and
in these areas does not aflect the lifecycleofP. cinnamomi
in upper horizons as much as near-sudaco lateral seepage
of water. However, the vertical tap root system ofjarah
which taps the large water stores held deep in the soil (ch.

3) is vulnerable to infection by P. cinnamomt (ch. 5).
Plant species distdbution (ch. 3) is also affected by the
depth to grourdwater.

Relatively liltle recharge of groundwaters occurs
in forested areas, even in the high rainfall zone. This is
partly due to efficient extraction of water from thc profile
by vegetation to maintain photosynthesis and plant water
status (ch. 3). Borg et al. (1987) estimate that water
transpired by the jarrah forest vegetation accounts for 60-
70 per centof the total rainfall in the high ninfall zone and
80-90 per cent in the low rainfall zone. The high iz sita
consumption of rainfall has caused accumulation within
the soil profile of salt carried inland mainly by rain. Salt
accumulation in the soil is low in the high rainfall zone
forestbccause of high rates of leaching. Salt accumulation
increases with dscreasing rainfall and sftearn yields, and
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Figure 14
Daily midday soil Emperarure m&surcd ai 25 cm and 1.5 m below the soil surface in an area wirh a 10 per ccnt canopy covcr compared wirh one wirh

a 60 per ccnt canopy covcr ar a sudy arca,20 km south east ofDwcllingup

higher fertility of the red loams cncourages greater

biomass and tlercfore higher organic matter and biological

activity than is thc case in thc infertile latedtic soils
(Podger 1972).

FIRE

Jarrah forcst communities are highly flammable due

mainly to thc high content of volatile oils in leaves and

the rapid accumulation of flammable littcr fuels on the

forest floor (Underwood and Christensen 1981). Fire is

a natural pafi ofthejarah forest environment and plants

have evolved adaptive strategies such as thick bark,

dormant buds and heat triggenrd seed release mechanisms

and dormancy to cope with it. Fire influences nutrient

cyclingby unlocking nutrientsbound in dead tissucs and

encouraging the germination of nitrogen fixing legumes.

Brcad-scale low intensity bums have been implemented

on a regular basis !c reduce the accumulation of flammable

liftor and the incidence of uncontrolled wild fires.

Techniques developedfor low intensity bums haYe becn

refined to allow manipulation of the frequency and

intensity of fires in the forest.

Undcrstorey composition that is important to survival

and sporulation ofP . cinnamomi (chs 5 urd 7), is affected

by hre intensity and frequency. The following chapter

describes the vcgetation and how it has developed in
responsc to the environment of the jarah forest.

for agriculture and played a part in the prescrvation of the
jafiah forest. This has bccn partially negated by the low

fertility favoudng survival of P. ctrunamomi, sirce

impovcrished soils do not encourage high populations of

soil microflora antagonistic to thc pathogen (chs 5 and 7).

The fenility ofjarrah forest soils varie's ftom lhe relatively

fertile fine textured red carths to thc infertile lateritic

gravelly sands (Table l). Variations in fertility arc related

to the degroe of weathering; latcrites have been depletcd

over longer pcriods than the freshly weathered red loams in

youngcr parts of the landscape (Turton €r al. 1962).

Availability of phosphorus is particularly low in lateritic

soils, due to long periods of leaching of weathered materials

from parent rock already low in phosphorus and to fixation

by iron oxides. Thcjarrah forcst vegetal.ion has developed

specializcd root systems to cope with low phosphorus

availability (ch. 3). Infection by P. cinnamomi car, be

favoured or disfavoured by the panicular tlpe of specialized

root system developed (ch. 5).

Later chapters rcfer to biological activity in the soil.

Biological activity is encouragcd by organic matter in the

surface 30 cm soil, which in tum is influenced by the

biomass o[the vegetation. Organic mattercontent ofjarrah

forest soils is generally low. Lateitic soils ofa Havel site-

vegetation type S (ch. 3) had an organic matter contcnt of

5 per cent in the top 5 cm, decreasing to 1-2 per cent at

depths between 10 cm and 1 m (Hingston et al. 1981)' The
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Havel described the variadon in vegctation as a four

dimensional continuum in which the factors of the

envircnmont wcre sfongly interelated (Havel 1975a)'

Topography, moisture availability affectcd by proximity

to the Scarp, the degeeoflcaching and fcrtility ofthe soil

were fie main factors influencing Yariation in the vegetation

The continuum was broken into srte-vegetauon types'

each having a characteristic group of indicalor species'
Table 2 gives thc indicator spccies for the site-vegetation
q,pes o[ thc nuthcm jarrah foresr for which jamh domimtes
in tre tree stratum. A general description of the Havel

site-vegetation types (Havel 1975a'b) occurring on rhe

Eans€ct thrcugh Pinjarra and Mount Wells (Fig. 6) follows'

Table 2

Havels i tcvegetat iontyFsfor | l 'enonhcmjanahforesr inwhichjarrahdominatesin l l le t reesFatum(Havel l975a) '

Havel
Site
Tvp"

Oiher tree spccies Indicaror species
usuauy prcsenr

Description Soil Type

Eucalyptur calophylla

E. calophtua
E. patelt

Le uc op o I on cap ite llatus
Leucoposon ptopinquus

Macrczamia riedlei
PhJllanthus calycinus
Tryrwtiun ledifotiwn

Chorizenn ilbifotiwn
Ildkea lissocarpha
H, p oc alrnnu angustdo lium
Le uc opo I on cap ite llatus

LeucopoEo^ propinquus

Mactozania riedlei
P hyllant hus caltr intlt

Trymalium ledifoliwn
Trynaliwn for ibttutun

Baeckea canp horosnae

I I) p oca lyffia an I us tifoliun

Kingia dustralit
Le p idosp e r na a Ius|atum
Leptocaryus scartosLe
Lep I os P er mum pe r tcalrruM

MesonelaeM tel.aSona
SyMphea petiolaft

IIakaa li:socaryha
H y p o c d l, tlura an I L, I if o I ium

Le p idos p er ra an I Ls Iotum
Mesonelaena tetraSota

SyMphea petiola^

Acacia brovrniav
Adetanthos barbiSerw
Grevillea wilsonii
Horea chotizenilolia
Lec henarltia biloba
LepidDsema o Iustaturn

StJphelb te^uiflotu

Acocia brownbta

Adenanthos barbiSerus

Hovea chor izemifolia
Ias;opeta|um flo| ibtt dum

Lep|on ria cunni ghamii

Le Lc op o g on cap ile I latw
Leucopogon propinquw

Macrozamia riedlei
Patersonia rudis
Phrlldnthus colrcinus
Styphelii Ienuiflora

Uniform ro concave.
Valley slopes,
frequently in piox-

mity !o gtanile

Uniform or convex.
Irwer and middle
slopes

Crey ro brown sandy
loam ro sandy clay with
admixture of lateritic
gravel.

Dark brown sandy or
silty over red-
clay loam.

E. calophytta
E. patens

E. calophylla
E. patens

Concave.
Lower slopes and
valley floors .

Concave.

valley floors .

Orange-brown loam sands
and sandy loams over

sandy ctay or secondary
lalerilic ironstone.

orange-brown sandy

Lalerilic Sravcl wilh

sand or loamy sand
matrix, or sand with
heavy gravel.

Yellow to orange heavy

lareriric gravel widl

loamy sand malrix.

Bank:ia granda

E. calophf a
Penoonia lo^giolia

Bank:b grandis
E. calophylla
Persoo^ia longifolil

Mostly uniform.
Mild, Lower and middle
slopes .

Uni{orm or convex.
Mid and upper slopes,
plareaus and ridges.
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Associated wittr granitic outcrops, the G sit€-vegclation

typeoccurs mainly on the face ofthe Darling Scarp and on

the monadnocks fu her east. The depth of soil over the

granitic rockdetcrmines thc structurc ofthe vcgelation. It

ranges from lichen on barc rock to hcrbfields, shrublands

and open woodlands dominated by eithcr marri, wandoo,

Eucalyptus laeliaeF. D. Podger & Chippendale, J. or rock

sheoak (Allocasuarina huegeliana (Miq.) L. Johnson).

Thc R site-vcgetation type occurs on valley slopes as

a fringing transition zone bctween granitic oul.crops and

latcrite-man ed slopcs. The soil is a relatively fertile grey

to brown sandy loam to sandy clay wih an admixture of

gravcl.

In thc high rainfall zone, Q and U types occur as high

quality forcst on slopes of thc dissectcd river valleys on

the westcm edgc of the Scarp. Thcy are the bcst sites in

tcrms of moisture and fertility having brown to red deep

loams (Tablc 1). Thc U type has been largely clcared for

agriculture with the prescnt vegctation occurring on the

periphcry of fonrcr agricultural clearings. Yarri dominates

the ovcrstorey in both typcs, tlough janah occurs in type

a.
Type C occurs on valley lloors fringing creeks and

swamps. Jarrah is notnormally common in this type as the

sandy loams occurring ovcr an impcding horizon are

frcquently waterloggcd. The chief indicators are yarri in

the ovcrstorey and densc thickets of ti-tlce (Agonir

linearifolia (lX).) Schauer). Bullich occurs in thc overstorey

where the C type extcnds upstrcam in shallow valleys into

the upland areas. Types W and D flank type C on valley

floors and lower slopcs. Thc ycllow sandy bams oftypes

W and D are frcquently waterloggcd in winl.cr, though the

soils of type w tcnd to bc drier and more fc(ile than type

D. Jaffah has ccased to bc a major componcnt of thc

overstorey in types W and D that are infected with

P. cinnamorni (Havel 1975b).

Types P, S and T occur in the lateritic uplands of the

high and intermediate rainfall zones. They occur along a

topographic and fertility gradient. Thc infertilc type P

occurs as gravclly sands in mid slope positions (Table 1).

I[ is characl.crizerl by the relative abscnce of thc zamia

p)m (Macrozamia riedlei (Fischcr cx Gaudich.) C. Gardner)'

P hy I I anthus c aly c i n us Labill., I'e uc o p o g o n c ap tt e I latu s

DC. urdL. proptnqrrs R. Br. and the frcquent occurrence

of Le pido spe r nw anStdl4lum R. Br. and Gr erilleateil sonii

Cunn. in the undcrstorey and shcoak (ALLocasuarina

fraseri.ana) in the ovcrstorey (Table 2)

Type S, flanking typc P upslope, is thc broadest and

most common type on lateritc-mantled uplands (Havel

1975b). Occuning on upper slopes, ridges and plateaux

type S has highcr stocking densitics and thc soils are more

fcdle (Table 1) than those of type P. The chief indicators

are Banksia grandis, Persoonia longifolta with some

Allocasuartna fraseriana in the second storey and

Adenanthos barbigerus Lir'dley, Hovea chorizemifolia
(Sweet) DC., Lasiopetalum floribundam Benth.,

Macrozamia riedlei, P hyllanthus calycinus, Izucopogon

capite I latus, L. pr opinquus, Ac acia pre issiana (Meissner)

l.[aslrn, Styphelis tenuiflor aLindley and P ater sonia r udis

Endl. in the shrub sratum (Table 2).

The soils of type T are morc feftile than those of type

S (Table 1), supporting high quality foreston upper slopcs

and ridges in strongly dissccted areas ofthe western high

rainfall z-one. Thc incidence of typeT tends to bc greatest

around Dwellingup. Type T sharcs with rypc S lttsbpetalwn

fl or ib undum, M ac ro z a mia r ie dle i, P hy I hnt hus c aly c itru s,

Leucopogon capttellatus, L. propinquus, and Acacia

preisslana, but A . barb iger us and S . te nuiflora ter,d to be

replaced by lgucopogon verticillatus R. Br., Pteridium

esculentum (G. Forster) Co,0kayne, Clematis pubescens

Huegcl ex Endl. and Acacia urophyllaBenth. cx Lindlcy.

Allo casuar inafr aseriara is largcly absentfrom the sccond

storey of type T (Tablc 2).

Type O lacks thc presence of the defined indicator

species of other typcs. It mosl strongly corresponds to

type P, having sandy gravel colluvium in minor vallcys

and depressions within lateritic uplands. However, sites

of type O tend to be moister than ttrose of typc P.

With distance east ofthe Scarp, type Z tcnds to be lio
'dry' equivalent of type S, typc H the 'dry' equivalent of

P and E the 'dry' equivalent of typc W. In thc castern Iow

rainfall zone, type A occurs as scasonally wet, leachcd

grey soils ovcr an impeding horizon on flat, poorly draincd

floors ofvalleys. Type B flanks type A with type J usually

occurring above B butbelow H on gentle slopes. Type M

occupies dissected slopes with pure wandoooradmixtures
ofwandoo, marri andjarmh. Wandoo is dominantin pale

loamy soils ol type Y in broad valley floors and lower

slopes.

Srelein (1988) has used methods similar to those of

Havcl to devclop a sitc classification for thc southern
jarrah forest. The indicator species differ between the two

site-vcgetation classificalion sysiems bccause of differences

in climate, soils and landform betwecn northcm and

southem jarrah forest. Seventecn types were recognized

besed on soil moisture relations and drainage, soil slluctu.re

ard fertility. Types T, K, S and P and are mertioned later

and occur on a fertility gradient as follows.

Types T and K support good quality forest on fertile

loamy soils on uppcr slopes. Type K has deeper loamier

soils, better drainage and is more common in moderate to

steeply dissected landscapes than T. Type S suppo s

good to mcdium quality forest on soils less fe ile than T

on upper slopes. This typc is variable in undentorey
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Low leaf water potentials are rarely recorded for
B . grundis andits distribution is patchy in the low rainfall
zone of the forest (Z and H site-vegetation types). This
highly susceptible species is most common in the high
rainfall zone of the jarrah forest where conditions are most
favourable for P. cinnamomi prollferation and spread.

Jarah can survive several monlhs of severe drought
stress. a common condition in the low rainfall zone of the
forast. Although jarrah water relations parameters have
been me€$rcd (Doley L967; Carbn et a\.1981; Cohuhoun
et al. 1984) few studies apart from that of Carbon er al.
(1981) have comparcd the performance of jarrah over a
range ofsites. Lit e is lmown about phenot'?ic differcnces
in the performance of the species throughout its range.

Crombie er al. (1988) and Tippett e, d/' (1987) have
compared the water status ofjarah and diurnal pattems of
stomatal opening and closure on a range of I{avel site-
vegetation types. The following observations have been
made:

. Janah stomaia may be less sensitive to changes in
humidity than other Eucalyptus specles (Bartle et al,
1983t, unpublished; Crombie et al. 1987). The tree
rcsponds to water stress !o maintain leaf wat€r potential
above a threshold value between -2 and - 2.6 MPa.

lknle, J., Giles, R. snd whidord, K 0983), UnPublished data, File LE
3 10, Dwellingup Research Centrc.

o There were no qualitative differences in the water
relations ofjarah on sites with or without permanent
water tables.

o Water consumption of jarrah in the eastern zone is
limited by restricted water availability from eady
summer. This was reflected in significant differences
in pre-dawn leaf watsr potentials and growth rates.

Water status of understorey species reflects the overall
availability ofwater on a site as well as the root depth and
ability to control water loss of each species. The only
detailed study of the water relations of a range of jarrah
forest understorey species was made by Crombie et al.
(1988). Differences between a westem S site-vegetation
tlTe and an eastem Z type were determined by measuring
the water status of plants and soils over summer' Root
depths of each species were also determined' Shallow
root€d species developed more severe water deficits than
did medium and deep rooted species as suface soils tlried
out. Water sEess developed more slowly and was less
severe in the deeper rooted than in the shallow rooted
species.

Monitoring of water slatus of understorey species
can now be used to compare lhe water stau.ls of different
sites. Differences in waler status may then be related to
differerrces in the susceptibility of vegaaionn P. ciruttnomi
(ch.5) .
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Westem Australia (cf. Weste and Taylor 1971). Members
of the Proteaceae, Epacridaceae, and Xanthorhoeaceae
are the lirst to die when sites are infected. Most eucalypts
exDress some resrstance.

Figure 17
lmpacr of P hytop hthoru cinaamomi in itfectei Neas in Teesdale
block.
(a) An area infected witr P. cin&nomi in rhe foreground and healthy

foresr with dense Bar*ria grandb ln thebackeround. Note ihe dead

B. grunais n the infected area and the dense line of healthy banksia

indica.ing the border of the infection.
(b) An infected area with sranding deadjarrah. Note the reduction in cover

within the infecEd arca in the foreground in contiast to healfiy forest in

the background. The lower stratum in ihe infected area has a 'sedge' like
appearance (Waring 1950).

DISEASE EXPRESSION

The appearance of infested sites var:ies according to the
time elapsed since the fungus was first introduced. This
is an important consideration when obse ing impact.
Although P. cinnamomi has bee'|, present in parts of the
jarah forest for at least 50 years its inEoduction to some
areas has been relatively recent.

The first indication that the fungus has spread into a
new area is the death of the susceptible understorey spe-
cies. Banksia grandts is considered a 'good indicator'
species of disease because it is a large and obvious plant
that dies rapidly once infected (Figs 17a and l9b) and is
distributed over a wide range ofsites throughout the high
rainfall zone of the forest. A line of dead and dying

banksias often marks the 'infection front' at the edge of
dieback patches (Fig. 17a). Other understorey species
s\ch as Xdnthorrhoea preissii and Macrozamia rkdlei
may also appear yellow and chlorotic.

Jarrah in areas not infected with P. cinnamomi may
show symptoms ofcrown decline, evident as a framework
ofbranches canying few leaves. The relative importance
offungi, insects, site, stand density, and wildfire in caus-
ing untbrifty crowns requires evaluation (Abbott and Lon-
eragan 1986).

In areas infected with P . cinnamomi, janah exhibits a
range of symptoms (chs 5 and 6) and rate of symptom
explession is variable (Fig. 18). This can be partly
explained by the greater resistance of jarrah than
B. grandis tothefingus. Gradual deterioration ofcrowns
may occur, commencing with leafchlorosis and death of
primary leaf-bearing branches. New leaves formed on
epicormic shoots arereduced in size, resulting in thinning
ofthe crown (Fig. 18). As the condition progresses both
epicormic production and leaf area decline. Trees exhib-
iting such symptoms may survive for many years.

Figure 18
Variarion in 'dieback' symptoms in janah in an are3 infeoed with

Phytophthora cinnanam; . A dead tree in t}re background compared wiih

an unheahhy crown wiih rcduced leaf growth from epicormics in the
middl€ and a healdy crown in rhe foregrouno.
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Many infected areas of the j arah forest in which janah

died in the 1950s and 1960s and early 1980s now have

ouirc a different appe:uance from Ule original forest'

Ooen woodlands with sedge-dominaled lower stratum

and regrowth marri-dominarcd upper sratum are charac-

teristic of these old dieback sites. Although colonized by

sDecies such as Dryandra sessi/is (I(night) Domin' @ockel
eicl. 1982) andsedges, the sites have become floristically

impoverished.

Climatic conditions affect the rate of disease inci-

dence and expression and are partly responsible for epi-

demics. Mass death of vegetadon does not occur every

fear, euen on the most disease-prone sites' In fact 1982-

i984 *"." the most recent years when jarrah mortality

rateswerehigh. Th ere seem s to be an association between

annual rainfall, summer rainfall events and disease ex-

oression. In Victoria, Tregonning and Fagg (1984) found

bucolyptus mortality rates were highest in the years

following heavy summer rain. This may also be true for

thejanah-forest, although any relationship between j arah

deaths and rainfall has yet to bo quantified'

A major problem in comparing disease impact from

site to siie and in predicting the long term effects of the

funsus in any area is that lhe ratc of disease development

can*uaty. One can never be quite sure how long sites have

been in'fected and if the disease has been fully expressed

in lerms of damage. lmpacl mry worsen depending on

climate, disturbance and teatment of sites' Patterns of

disease'and impact reflect not only patterns of fun-gal

sDread but also aifferences in siteconditions which aflect

rhe fungus and the susceptibilit y of lhe vegel'adon' De l'in-

ins imp;act in rerm s of jarrah moflality therefore has limi-

aions. Funhermote emphasis on deaths ofjarrah ignores

detrimental effects of disease on the undersbrey vegeta-

tion which suffers greatest mortality following infection'

The composition ot the understorcy vcgeEtion and

the establishment, spread, proliferation and impact of

P. cinnamomi vary greatly with siie' There is an

obvious association between level of disease impact and

composition of the understorey in some areas' Pardy for

this ieason, the site-vegetation classifications of the jarrah

forest (ch. 3) have been useful in describing disease

impact. Disease impact in nortiern jarah forestis gener-

ally low in Uand Q site-vegetation types commonly asso-

ciated with dissected river valleys ofthe Scarp in the high

rainfall zone of the forest (Havel 1975b)' Disease impact

in upland northem jarah forest is greatost in type P' varies

sreatly in S type torest and is low to intermediate inT type

iorest. The impacL in southem jarrah forest is greatest rn

typ" t, u".iubl" in type S and low in iypes T and K

(ttrelein 1983). The following chapters describe how the

site characteristics, which partly determine understorey

composition, affect the population dynamics ofthe patho-

gen and imPact of disease.
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survival and incrcase in thejarrah forcst. Chlamydospores

did not survive in a sandy loam aftcr three months when

moisture content was less than 3 per cent (Mircetich and
Zcntmyer 1966) and presumably survivc dry soil condi-

tions within living roots (Westc and Vithanage 1979).

The inability of P. cinnamomi to survive in dry soils

was dcmonstrated in the early 1960s by Kuhlman (1964)'

Fudhermore, he found that whcn soil moisture was not

limiting, temperaturc was the crilical faclor affecting
fungal developmcnt and infection in Douglas-fir forests

of the Pacific nortl-west.

Diffcrences in disease devclopment between low-

land and upland arcas of the jarah forest were first

associated with differenccs in soil temperature and soil

moistureavailability in the latc 1960s (Batini and Hopkins

1972', BaLifi 1973; Chdstersen 1975; Shea 1975). No
measurements of fungal population levcls were madc

and possible effects of the soil ervironmcnt on the

activity of P. cinnamomi in the top 30 cm of soil were

infe ed from pathogcn-cnvironment relationships reported

in  the  l i te ra lu rc ,  So i l  mo is lu re  i lnd  tempcra lu re  jn  mo is -

ture gaining sites were considercd to be favouable for

survival of the pathogen throughout the ycar. Surface

soils of free draining upland sites were unfavourable for

sporulation and survival of the pathogen in dry summers.
Soils of fertile sitcs beneat-h densc canopies had soil tem-
peratureand moisture inranges considcred suboptimal for
pathogen development for most of the year.

Research under[aken since the mid 1970s has aimed at

determining the main processcs and relationships that

affect diseasc developmcnt and exprcssion in the jarah

forest. The curent understanding of these processcs and
relationships is divided into reproduction, dispersal and
survival of the pathogcn, the build-up ofpopulation levels

of P. cinnamomt in jafiah forest soils, infeation and

invasion of host tissuc and the rclalive importance of

P hyto phthora specres.

REPRODUCTION

Spore production mainly involves stimulation and pro-

duction of sporangia and rclcase of zoospores @ig. 20).

Sporangium Production

Unlike a number ol other Phytophthora species,
P. cinnamomihasvery spccific requircments for sporan-
gium production, Even though temperature, moistureand
aemtion maybe optimal for sporulation, no spores will be
produced unless some inherent soil property stimulates
the formation of sporangia.

The precise nature of the stimulatory factor(s) in soil
is unknown but itcan be influenced by soit type (Sochacki

1982) and the composition ofthe soil microflora (Murray
1983). Soils from jerrah lorest uplands (sandy loam and
sandy gravel soils lrom Havel site-vegetation types T and
P, respecdvely) slimulated sporangium formation more
than did a red loam soil from type Q in a dissectcd river
valley (Sochacki 1982). For all soil types, the stimulatory
capacity oI the soil changed with season. being grcatest in
summer and least in wintcr.

The floristic composition of the understorey also
affected the stimulatory capacity of thc soil, possibly by
influencing the composition of the soil microflora and
chemical environmcnt of the soil. Soil from under
-8. grandis stands stimulated greater sporangium produc-
tion than soil from nnder Acacia palchella (C:ary 1982).
P enicillium specics that stimulatc sporangium production
by P. cinnamomiprcdominate undcrB. grandis stands but
occur at low levels in soil under A. pulchella (Mtnay
i983). Reduced stimulation in soil under A. pulchella
may also be related to changes in thc chemical cnviron-
ment. Saponins isolated from A. pulchella roots sup-
pressed sporulatior of thc pathogen at a concentmtion of
500 ppm (Alexander et aI.1978). It is not known how this
concentration relates to levels of saponin occurring around
roots ofAcacia spccies in the forest.

Thc stimulatory factor is the most variable and least
understood of the faclors affecting sporulation of
P. cinnamomi in solts of the jarrah forest. Although mois-
tue, tcmperature and aemtion can vary in the soil profile
the amount ofchangc is govemed by physical principles.
The stimulatory factor, in confiast, has a biological com-
ponent thatchanges greatly within a small area (Muray el
al. 1985). Prediction ofpathogen devclopment in diffcr-
ent sites under a mnge of conditions requircs more inlor-
mation on tie effect of fluctuating tempcrature and mois-
ture on tie stimulatory capacity of soil and sporangium
production with timc.

Sporangium production is favoured by warm, moist
and aerobic conditions in stimulatory soils (Duniway
1983). Figure 21'zclearly shows greatest sporulation at
temperatures between 25-3ffC. Some sporangia were
produccd at temperaturcs as low as 12'C after43 h. This
has important implications to thc behaviow of P. cinnamomi
in temperature buflered environments such as those oc-
curing at depth in the soil profile (Fig. 14). In winter, the
relatively constant temperatures of 12-i4'C at 1.5 m
below the soil surface would favour sporulation over
longer periods of time than the cooler fluctuating tem-
peratures near the soil surface @ig. 14). The alternation
of cool wet winters and hot dry summers experienced in
the jarrah forest means that warm surface soil tempera-
turesoptimal for sporulation often occur when moisture is
limiting.

lshearer, B.L. (1983), Unpublished data, File LE 425, Dwellingup
Research Cenfe.
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distance from sources of inoculum, such as the collar of

infected dead8. Srczdlr (Shearer and Shea 1987)' Even

when sites were irrigalod, inoculum was not readily dis-

persed through suface soil (Shearer and Shea 1987)'

In confiast to fine textures, tie macropore or aggregate

structue of natuml soils can favour disp ersal of P cinna-

momi. WaLeJ in rool channels and spaces between gravel

can faciliute aclive as well as passive movement of

fungal propagules as discussed in the next secnon.

Growth through roots is important for active extension

of the fungus, especially upslope of infected areas (Shea

and Dilfon 1980). Phytophthora cinnamomi can grow tp

to 1 cm/day in roots of susceptible 8. grandis in summer

when temperaturcs are optimal for fungal growth (Shearer

et al.1987b). Thus, although activity oftho fungus in dry

soil can ccase during summcr, infcction-centrcs continue

to expand through growth of the fungus in roots of

susceptiblc hosts. Spread of P. cinnamomi determined

from the death of .B . grandts, varted hom 20 to 1 10 cm/

year with an average of 7'/ cmlyear (Shca and Dillon

1980). Banksia grandis rcmoval rcduced the rate of

spread of P. cinnamomi by 12.5 per ccnl in compaflson

with untreated Plots.

Passive Dispersal - Soil

Passive dispersal, in contrast to active dispersal, can

resultin inoculum being transported over large distances'
New infections originate from movement ofinoculum in

moist soil and infectcd planttissue associatcd with distur-

bance by human aclivity. People are lhe main agcnts of

dispersal and their activity is the main mechanism by

*hrch P. cinnamomi has becn disseminated throughout

souti-westem Ausralia.

Infected gravel used in road consfiucdon is a major

Dotential source of contamination. Chlamydospores of'P. 
ctnnamomi can survive and multiply for up to eiSht

months in infected gravel free of a host (Wesrc and

Vithanage 1979).

Before the association between P cinnamomi a',l.d

dieback was established, gravel forroads was unwittingly
takcn from arcas with dcad and dying vegetation' This

practice dispersed inoculum of P. cinnamomi over large

arcas and initiated many new infections. Outside the area

confolled by the Department of Conservation and Land

Management, roads and driveways are still constructed

from gravel and sand removed ftom private properfles

where deaths of susceptible species indicate infected

areas or whers it is not possiblo to assess the presence or

absence of the fungus because pasture has replaced the

narive vegeEtion. Sublenancan clover in pasure can be

infected with P. cinnattami witho]ut showing symptoms

of disease (Boughton 1983).

Trafhc along unsealed gravel roads is an effective
mechanism of dispersal in addition to dispersal in mate-

rial used in road construction. Phytophthora cinnamoml
and P. citricola have been recovered from open access

forest roads (Batini 1984) ̂ td P. cinnamomi ftom re'

sficted access haul roads associated with bauxite mining
(GardnerandRokich 1987). The fungi occurredmainly in

road drains from which mainlenance gading could dis-

Derse infected material. Batini (1973) clearly demon-

itrated the abilty ofvehicle traffic topick up and movc in-

fected soil.

Any activity that disturbs and moves soil, such as

mining ancl logging, has a high potential to passively

move inoculum in infected soil. Chapter 7 describes the

methods developed lo avoid or minimise spread associ-

ated with these activities.

Passive Dispersal - Water

Passive dispers:rl of P . cinnamomi in water has often been

associated with overland flow. The fungus has been re-

covered in run-off water concentrated in a snig track

@alzer 1980) and in warcrholes (Gardner and Rokich

1987) near Jarahdale. Von Broembsen (1984) found

P. cinnamomi disributed lhroughoul $e river systems o[

South Africa. There are a number of instances in the

iarah forest where overland flow was the main mode of

transport for infections originating from road drains and

this has partly conftibuted to the dendritic pattern of af-
fected areas (Fig. 5).

The interpretation o fhow P cinnamomi is dispersed in

upland areas of the jarrah forest has now changed. Two

research finclings have highlighted the importrnce of lat-

eral near-surface seepage of water, dcscribed in Chapter

2, on the dispersal of propagules of the fungus in upland

areas of the jarrah forest These are: the presence of the

fungus at depth in the soil and the relationship between
perching of water in upland areas and pathogen survival

and dispersal, host infection and disease impact.

1. The fungus can occur at dcpth in the soil profile'

The supposition mainhined in the literature that

P . cinnannmi is minly a surface soil inhabitant (CampbeU

1951; Marks et al. 1975; Otrosina and Marx 1975i28nfirytr
1980) cannot be cx uapolated to the jarrah lorest env iron-

ment. The fungus can survive and be dispersed in janah

forest soils up !o 3 m below the soil surface (Shea e' al'

1983c; Kinal 1986; Kinal et al. 1987 Shearer and Shea

1987). Passive dispersal o[ he lungus in watcr moving

down root channels may be very impo ant in distributing

the fungus ve ically within the soil profile. The lower

limit of P . ctnnamon i occurrence within jarrah foresi soil

is not known. The fungus should occur where oxygen'

moisture and host. tissue are present, although low pH in
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P . cinnamomi in any area wherc soils of coarse textures or
aggregate structure occur above a pcrching laycr. The
perching layer can take a numbcr of forms, ranging from
clay, duricrust, hardpan, compacted gmvel or a textural
change. Duricrustand duplex soils wouldbe thcmain soil
profiles favouring perching in the westem zone in the
forest while in the eastern zone duplex profilcs prcdomi-
nate (ch. 2). More information is needed on the relation-
ship between the pore size distribution of these soils and
their capacity to fansmit spores.

Just as the jarrah forest is a mosaic of site-vegetation
types (ch. 3), it is also a mosaic of sites with different
drainage characteristics that can influence thedispersal of
P. cinnatrami. Relatively free fuaining sites favouring
ve ical percolation ofwater (e.9. Fig. 11) are interspersed
between sitos with near-surface seepage of water, with
gradations betwecn the two cxtlemcs. Partly in associa-
tion with differences in drainage, inoculum levels and
infection (following sections), impact (ch. 4) and hazard
(ch. 7) also occur as a mosaic within the forest.

The variation in near-surface latcral flow ofwater be-
twccn divcrsc profilcs in response to different climatic
events and managemcnt practices within thejarrah forest
is poorly understood. Ncar-surfacc flows of water need to
be quantified and soil sftuctures favouring transmission of
spores identified. This would provide better estimates of
the likely rate ofchange in disease expression on different
sites as management practices and climate change.

SURVIVAL

Once dispersed, zoospores must survivc to infcct host tis-
sue. Fungal propagules in inoculum foci must survivc to
produce new inoculum (Fig. 20). Tcmpcrature, moisture,
floristic composition of the undcrstorey, antagonistic
microflora and soil type affcct survival of propagules of
P. cinnamomi in thc jarah forcst.

Tcmpcratures less than freezing or > 35'C are unfa-
vourable to the survival of spores and mycelium of
P. cinnamami. Soil tcmpcraturc does not adversely affect
survival of P. cinnamc,mi in winters (Shearer and Shea
1987) as minimum soil temperatures experienced in the
jarrah forcstrarcly fall below 5'C(Fig. l4). The effect of
lethal temperatures in the forest is poorly understood, es-
pccially in open areas cleared for mining. Zentmyer
(1980)  found thaL myce l ium growing  on  a  nur ien t  me-
dium was kil led in 2-3 days at 36'C, 1-2 h at 39'Cand l0-
30 min at 45'C. How relevant these estimates are to the
forest situation is not known since tie response to lethal
temporatures can be modified by soil type and organic
matter content. The adverse effects of lethal temperatures
in summer is confounded by low soil moisture unfavour-
able for survival.

Moisture is critical for the survival ofP. c innamomi ir
soil of the jarrah forest (Fig. 23), but precise information

is lacking. For thejarrah forest there is only a conceptual
understanding of the relationships between moisture and
survival; that is, the fungus will survive when soils are
moist but not when they are &y.

A number of factors, including spore type, physical
characteristics of the soil, organic matter content and soil
microbiology, interact to affect the relationship between
moistuo and survival. Matric potentials between -2 kPa
and -10 kPa did not significantly affect survival of
chlamydospores and sporangia of P. cinnqmomi in in-
fectedjarrah root fragments in a lateritic soil. The fungus
could berecovered from 70-90 per cent ofthcscfragmens
after 56 days (Old et al. 1984b). Encysted zoospores
survived for less than a week in a saturated clay loam but
up to six wceks when soil moisture was controlled at
-1500 kPa (MacDonald and Duniway 1979). In the same
work, encysted zoospores survived 8-10 week in an agri-
cultural fieldwheremoisture was unconfrolled and ranged
ftom -700 kPa to - 10 000 kPa. Soil moisture availability
differs between soil type (Fig. 13) and the results of the
effect ofsoil moisture on survival for a clay loam cannot
be extrapolated to the sandy loam and sandy gravels ofthe
jarrah forest. Prediction of survival of P. cinnamomi
under arange ofconditions requires a much better under-
standing of the relationships between soil moisture and
survival.
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Figure 23
Pbtoptuho.a ci^nanomi suwived formore rhan a wcck;n moist sandy
loam (watcr addcd and scalcd) but not in thc dry ireatrnent (Shea €l dl.
1980).

Floristic composition of the understorey greatly af-
fects survival of P. ci.nnamomt in jarrah forest soils.
Infected tissue of susceptible proteaceous hosts such as
B. grandis and Dryandra sessiLis provides a buffered en-
vironment for the survival ofthepathogen during adverse
conditions. Phytophthora ctnnamomi survived at least
one summer in the collar of infected B. grand.is', the
fungus was recovered from 50 per cent of chips from the
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soil profile, just above a duricrust layer was greater and
the decline in winterwas less than that in surface soil (Fig.
253). This partly reflects the more buffered temperatue
(Fig. 14) and moisture environment at depth. Lag times
before suboptimal conditions are reached are longer at
depth compared with the widely fluctuating environment
at tie surface. The differences in conditions between the
surface and deeper soils is especially marked early in
winter Gig. 14).

MONTH

Figure 25
Sporangia production by Phttophlhora cin nnom; in an upland lype S

sire was great€r ar depth above a duricrust lay er tlran in the top 20 cm of

Inoculum Build-Up in the Soil

In Surface Soil

Viable inoculum occurs in infected, water-gaining low-
land areas throughout the year (Fig.26). This pattern of
recovery reflects extended periods of moist conditions
favourable for survival and maximum coincidence of
warm, moist conditions favourable for sporulation.

In the surface soil of free draining upland areas, prop-
agules surviving the dry summer in susceptiblc host tissue
acl as sources of inoculum production in autumn. Wet
conditions in winter favour survival ofthis inoculum until
spring \vhen a retum of conditions favourable for sporula-
tion may lead to an increase in inoculum density. Inocu-
lum levels decrease rapidly as the surface soil dries out in
late spring (Fig. 26).

This seasonal pattem of inoculum increase in surface
soil varies from year to year depending on the timing of
opening andclosingrains @ig.27) andchanges in canopy
cover. In years with late opening rain low inoculum lev-
els occur in autumn and winter because soil moisture
levels suitable for sporularion are reached when tempera-
tures are too cool for sporulation. An early finish to the
rainy season limits inoculum increase in spring as the soil
dries out before stimulatory capacity and temperatures arc
favourable for sporulation. Late spring or summer rains

rShearer, B.L. and Shea, S.R. (1983), Unpublished dala, File LE 415,
Dwellingup Research Cenrre.

Figure 26
Phytoplxhora cinnamomi was recovered throughoul rhe ycar from a

lowland B?e C site bur nor in summer from an upland type wS-S site in

fiejanahforest. Soil matric potential for rhe lowland site is indicated by
- - and - - - for the upland site. Continuous lines represent Predided
values from regression equations fi$ed b rhe data (Shearer and Shea

1987).

: E

Figure 27
Sc€sonal variation in reco"ery of Phytophthora cinnltnoni (trickba|.s)

from suface soil ofrandomly sampled plols in five infected upland areas

of dre janah fores!. Thin bars indicale daily rainfall for Dwellingup and

arrows indicate when samples were taken bnt P. cinnanami was not

rccovered. Havel sile types: I - S; 2- sT: 3 - sws;

6-sT:7-S.  (Shearer and Shea 1987).

allow inoculum to survive well into summer as occurred
in the summer ot 1981/82 (Fig.27). Reduced canopy
cover resulted in increased soil tomperatures when mois-
ture levels were favourable for survival and sporulation of
P. ctnnutnmi (Chistensen 1975; Shea 1975; Shea 1979a),
especially at depth in the soil (Fig. l4). A small increase
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accumulation of knowledgc has rcsulted in a shift in
emphasis to an understanding of the factors affccting the
intcraclions botween fungus and host ovcr timc, the sub-
ject of the ncxt scction.

HOST.PATHOGEN INTERACTIONS

Discase and symptom development dcpcnd on a range of
continually changing factors. Both diurnal and seasonal
fluctualions in the environment affect thc host and patio-
gcn scparatcly and also thet interaction. Establishment
of the pathogen in thc host can also affect the physiologi-
ca1 status of ig host which in turn can alter conditions for
the pathogen. Discasc dcvclopment and symptom expres-
sion in any hostmay depend on both the level ofattackand
the conditions which prcvail as the interaction proceeds.
Different levels of infection occurring at different depths
in the soil may ultimately result in diffcrent amounts of
damage to the host. Somc plants may completely recoyer
from infection whilc others may die.

To understaDd why and when disease devclops in
space and time, methods of assessing the performance of
both hosts arld P. cinnamomi undcr different conditions
have been sought. The ways in which plants may be kil led
by P. cinnamomi have been idcntificd. Thc interaction of

larrahwith P . cinna,nzmi has bccn cmphasized because of
thc impofl-ance ofjarrah to thc forcst ccosystem. Progres-
sion of the disease in B . grandis has also been studied in
detail as this host is highly susceptiblc and an important
food base for the fungus (Shca 1979b; Shearcr and Shea
1987) .

Infection

The intcracfon between pathogcn and host stiuts with
tr\fecion. P hytopht hora cinnamomi produccs various types
ofspore as wcll as vegetative hyphae (Fig.3), all ofwhich
may start ncw infcctions under certain conditions, Zoo-
spores are produccd in large numbers and probably initi-

ate most infcctions. They arc motile in watcr and they aue
attracted chcmolactically to the growing tips ofroots ofa
vcry wide range of plant species. Thcy cncyst and
gcrminatc to produce genn tubcs which penetrate roots.
Hyphae proliferatc within roots macerating all unligni-
fied and unsubcrizcd tissues and causc thc rools to rot. A
widc rangc of species is inlcctcd in the jurah forest.
Howcver, not all the spc.ics infected are kil lcd, as the
susceptibil i ty of species varies grcatly (chs 4 and 6).

Chlamydospores and hyphac may also cause new
plant infections although it is probable that thc dispersal
of zoosporesresult in rapidsprcadof disease,particularly
whcrc drainage favours ncar-surface lateral flows of watcr.
Pattcrns of disease sprcad may thus reflect which prop-
agules were involvcd. Chlamydosporcs, which are much

largcr than zoospores, formei in buffered environmcnts
such as jarrah roots (Tippettet dl. 1983) and water gaining
areas (Schilds personal communtcation). They car, be
spread in ffansported soil, gravcl or root matcrial. They
gcrminale when conditions are favourable and may pro-
duce sporangia or directly infcct roots.

Hyphal growth in roots is probably rcsponsible for the
advancement of dieback fronts upslope (Shca and Dillon
1980). Roots of different plants are often in contact and
conscquently the fungus may spread vcgcta[ively from
plant to plant. Jarrah roots are thought to bc prone to
infection whcn growing in close contact with roots of
B. grandis colonizcd by the fungus (Shearer eI cl. 1981).

The relationships betwecn inoculum levels and infec-
tion are poorly undcrstood. Whatpercentage of attempted
penctrations or infections fail? Forjarah it may be high,
but for highly susceptible species such as B. grandis the
fungus may have a much higher succcss rate. The impor-
tance of inoculum levels and disease development for
jarrah and other hosts needs to be determincd to enable
accurate assessmcnts of root susceptibility to infection
and the long tcrm cffccls on growth.

Root Surfaces Prone to Infection

How P . cinnamomi infects the root system ofjarrah is not
known. Extensive lesions have oftcn been observed in
both large lateral and vertical tap roots, but it is uncartain
how such lesions formed. Although P. cinnamomi c^n
grow in the inner bark of large jarrah roots, thcrc is no

evidencc that hyphae or germ tubcs can peneftate outer
bark (Tippett and Hill 1984). Thc resistance ofjarah bark
to penetration or exit by dre fungus is consistent with
forest observations. No evidence has been found in root
systems ofjaffah of multiplc infcctions or of a rapid in-
crease in the numbcr of points of infection. Singlc rooa
of jarrnh may bc cxtcnsivcly invaded with no sign of
infcctions in other large rools, cvcn those in close proxim-
ity. The fungus most likely enters through roots of
primary sructure or wounds and gradually progresses up
to laleral roots and collals.

The brLrk ofB. grandis may not afford as cffcctivc pro-

tection against P. cinnarutmi as that of jarrah. The
rapidity with which B. grandis iskillerJ and the high lcvcls

of inoculum found in the vicinity of dcad or dying trees
(Shearer and Shca 1987) supports this idea. The bark of
this banksia is much thinner than that of jarrah and old
layers do notpersistto form thick outer bark. In addition,
the proliferation ofrootlets associated with proteoid roots
(Lamont 1981) of B. grandis arc probably very suscep-
tible to infection.

iSchild, D.8,. Ph.D. desis (in prep), Murdoch Universiry, Wesrem
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Figure 29
Typical lcsions ofPr)rop hthora cinnanomi inj^nah. Healrhy rissue is white while infecred rissue is discoloured. (a) Section ofaninoculated stem showing

u "o**on pun"- of itrner ba.k (phloem) necrosis. (b) The outer bark has been removed to show a lesion iII a narurally infecled root.
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demonstrated how little resistance B. grandis offerc.
Temperature is the key factor determining how fast
P . cinnamomi wlll grow in B. grandis.

Such a statement does not hold true forjarrah. Lesions
that developed in jarrah roots in the forest were shorter
than would be predicted if temperaturc only were influ-
encing the rate offungal growth; this was pafticulady the
case in summer. Summer conditions may either favour
the ability of jarrah to defend or may affect the water
status of the fiees as discussed in the next section.

Moisture

Lesions rcsulling from jarrah stcm inoculations were of-
ten variable during summer even though temperatures
were close to optimal for fungal growth. A relationship
between percentage bark relative to water corltent and
fungal growth has becn dcmonstrated by Tippett and Hill
(1983). Consequently the importance ofhost water status
on the disease interaction was studied in more detail.
Rather than confining the studies to one site type, trees
wcrc inoculatcdin Havcl sitc-vcgctation typesP, T, Hand
Z (ch. 3) from Octobcr 1983 ro May 1984. The fungus did
not establish successfully in trees growing on the driest
eastern zone type H and Z sites during February and
March. Fungal establishment was successful in the wetter
western zone type P and T sites with extensive lesions
resulting. The tlees on the latter sites differed from those
on the H and Z types by maintaining high relative water
contents throughout summer (Tippett and Shea 1985). As
the moisture status of the fiees was determined by soil
watcr availability, site influcnccd thc susccptibility of
rccs. Tippctt and Shca (1985) concludcd that trccs
suffering water stress were less susceptible to invasion
than rces which wcre wcll walcrcd

Further studies by Trppett et aL. (1987) confirmed that
thc growti ratc ofP . cinnamomi in jarrah was in pan dc-
termined by the water status ofphloem tissue. Predawn
lcaf watcr potcntials wcrc uscd to comparc thc water
status o[ trecs on six upland sitcs in thc northem jarrah
forest and lesion length was correlated with these values
(Fig.31). In trees growing on a Havel type Z and pS site,
therelative water content ofthe phloem was below 85 per
centdudng mostofthe pcriod fic inl.craction was allowed
to run and only small lcsions dcvclopcd (Fig. 32). Whcn
stem pieces wcre dricd out for varying lcngths of timc and
inoculated in the laboratory, fungal growth was found to
be linearly related with tissue water potential (Fig. 33).

Nutrition

The susccptibility of jarrah to P. cinnamomt on srtes
ditfering in thet nutritional status has been compared
(Tippett et a/. 1989). Trees growing on an infertile Havel
type P site were more susceptible than those growing on
a relatively fe ile T site. Surfaca soil phosphorus levels

wP {MPr)

Figure 31
Lesions ot P hJtop hthoru ctuanoni were longet in stems ofjarrah trees
undcr least waier stress (leasrnegarive leaf waier poienrial, WP). Plots
were in two areas offorest and the IIavel site-vegetation lyp€s indicated.
Le3stwalcrstrcss occurred in site vcgctationrypcs P, S and T Clippctt rt
at. t987).

were 3-6 times higher at tho typc T sitc comparcd with thc
type P site. However, variability in the water status ofthe
rees masked differences in susceptibility bctwecn thc
sites.

Calcium nutrition may affect levels of tree resislancc
to P. cinnamomt. Disease expression is generally less on
calcarcous rcd-brown loams than those on lateritic pro-
files (Havel 1919a). Arentz (1974) and Boughton et a/.
(1978) reported enhanced resistance of lupin and jarrah
seedlings, respectivcly, in calcium amended media. Further
study under both conrrolled and forest conditions is rc-
quired to evaluatc thc importance ofcalcium to host plant
resistance.

Ir Westem Ausfialia, Dell and Wallace (1983a) havc
been the only researchers to consider the role ofmicronu-
trients on either infection or susceptibility of jarrah to
P. cinnamomi. Thcy concluded thatzinc applied to jarrah

seedlings did not influence the amount of root damagc
causedby P. cinnamc'rt /, butmay havc influcnced chcmo-
taxis of zoospores to the seedling roots.

Host Physiology and Tree Resistance

The physiological status of a host can affect how fast a
fungus grows within its tissue. The previous section has
described the effects of two ofthese factors, i.e. tempera-
ture and tissue water potential, on the growth rate of
P. cinnamomiinhost tissue. How janah responds to other
environmental factors in relation to its ability to resist
infection is poorly understood.
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atc thc costs or bonefits of different forest prescriptions.
Comparison of tho susceptibility of trees on differcnt
sites, on sites disturbed or undisturbcd, or on sites feated
silviculturally or not, depends on jdentifying mcasurable
parameters that are related to ffee susceptibility. wise
choice of parameters lor such comprrisons requires a
bcttcr understanding thar is presently available, of how
thc hostresponds to environmental change and thc condi-
tions that favour expression of resistance.

INTER-SPECIFIC VARIATION IN
RESISTANCE

Eucalypts vary greatly in their susceptibility to P. ctnna-
momi. Forest observations (Weste and Taylor 1971;
Podgcr 1972) and pot trials @odger and Batini 1971;
Marks eral. 1912:Wcsta et aL.1973) showed that eucalypt
species of the sub gcnus Monocalyptus were the most
susccptible to P. cir namomi. l{orcrcccntly the suscepti-
bil i ty of21 eucalypts growing on a replanted bauxite mine
pit was assessed using a wound inoculation method (Iippn

et al. 1985). Thc fungus failed to establish in lhe inner
bark of spccies of the sub genus Symphyomyrtus, which
includes wandoo,E. Iaeliae andkarrr. Thefunguscauscd
small lcsions to form in yiuri and bullich, both Monoca-
lypts, and in marri ofthcCorymbia. Theresults were con-
sistent with forest observations. Marri survives on in-
fcctcd sitcs, although the trees may suffer low lcvels of
infcction (Podger 1972). Bullich and yarri both colonize
upslopc into arcas where jarrah has been killcd.

Jarrah was by far the most susccptible ofthe Monoca-
lyptus spccics inoculated. Hygiene procedurcs and atten-
tion to drainagc (ch. 7) and return of uncontaminated
topsoil can be used to prevcnt infcction ofareas ofhealthy
forcst mined for bauxite and ensurc thatjarnh can be used
to rcplanl rchabilitated mined areas. Eu.cqLyptus muellera a
Howitt, a Monocalyptus species from Ncw South Wales
and Victoria, marri and yarri are more rcsistant to
P. cinnamomi than jarrah and may scrvc as appropriate to
rcplacejarrah as thedominant spccies in infected rehabili
tatcd mincd areas. The lo\d pcrccntage of mortality ofjar-
rah growing in freely drained infcctcd rchabilitnted mined
zfeas (Alcoa 1987) may indicate that a rolc still exists for
jarrah in these areas.

INTRA-SPECIFIC VARIATION IN THE
SUSCEPTIBILITY OF JARRAH

Evidencc both from experimentation and forest observa-
tions has suggested that there is gcnotypic variation in the
rcsistance ofjarrah to P. cinnamomi.Resistancc assessed
by mcasuring length of lcsions induced by inoculation of
trees in thc forest was normally distributcd (Fig. 346). A

6Shearer, B.L. (1983), Unpubtished data, File I-E 442, Dwellingup

Research Centrc.

project to select resistalt lines ofjarrah has shown corre-
lation between resistance assessed by inoculating seed-
lings in the glasshouse with resistance assessed in the
forest (StukelyT 1989, pcrsonal communication). Some
resistant lines have been propagated by tissue culture
methods (McComb and Bennett 1982).

'o l
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Figure 34
Variarion between janah lrees in rhe rate of lesion extcnsion of
Phrtophthora cinnanoni in coppice stcms inocDlated in the forest.
Seven trees were resistant wilh lesion extension rates of < 0.25 rnrn/day.
In comparison 15 trecs were very susceptible with lesion extension rates
> 2.25 rr.mlday .

INTRA-SPECIFIC VARIATION WITHIN
P HYTOP HTHORA C INNAMO M I

Selection for genetic resistant of jarrah to P. cinnamomi
would havc been little value if the pathogcn had been
found to be highly variable, pnrticularly with rospect to
pathogenicity of isolates from diffcrent locations or dif-
ferent hosts. Fortunately for tree breeders, P . cinnamomi
is a remarkably uniform species and most isolates from
Australia are of the A, compatibility type. Isolates from
a diverse range of sites and host species from around
Australia have been comparcd by Old et al. (1984a).
These workers used isozyme analysis to compzue genetic
variation with P. cinnamomi arld concluded that:

thc mosi significan! fearure ofthe data is that not only are single-locus
genetic divcrsity est;mates low, but lhe arlay ofmulrilocus genolypes

is very limitcd.

They found no evidence to suggcst host specificity of
groups of isolates.

?Stukely, M. Depanmenr of Conscrvation and Land Managemenl, Como
Research Cenlrc.
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Chapter 6

Assessment of Damage

This chapter describes the consequence of pathogen development, infection and invasion
dcscribed in the precedinS chapter. Although disease causedby P. cinnamomihas been called
jarrah dieback there is no dcnying that considerable damage is being done to rhe jarrah forest
understorey following infection. More information is available on the damage to the jarrah

oventorey than for the rurderstorey. Root loss in jarrah from infection needs to be rclated to
symptom expression and growfh to determine the amount ofrcot loss before the tree dies. The
mechanisms wherebyjarrah is killed following infection need to be determined. Assessrncnt
ofjarah mofiality provides estimates ofpast 6nd potential future loss through disease and is
essential for determining the influence of disturbance and climatic change on disease
exptesslon.

INTRODUCTION

There are three questions to be addressed in this chapter:
How much damage does P. ci nomomi inflict on under-
storey species and jarrah on different forest sites? How
does the rate of mortality ofhostplants vary with site, sea-
son and year? What is the prognosis ofdisease on differ-
entforestsites? Answers to lhese questions are dependent
on the assessment of damage to lrccs and understorey
species on a range of sites infected by the pathogen.
Disease development has to be monitored on a range of
sites through periods of differing conditions before any
prognosis or forecast of disease development in any area
car be attempted.

Different methods ofassessrnent have been tried. The
damage caused by P. cinnamomi can be assessed by
excavating roots and looking for lesions, a destuctive and
laborious process. Alternatively, non-destructive meth-
ods ofassessmentcan be developed from the relationships
bctwcen above ground symptoms and the amount of
damage to root systems tested in different sites and
scasons.

Damage caused by P. cinnamomi infection in the
jarrah forest is usually equated to death ofthe overstorey.
This approach neglects the effects ofsublethal infections
that do not cause death. Reductions in root development,
decreased growth of the overstorey and health of the
understorey are often ignored although such consequences
of infection may be important.

DAMAGE TO THE UNDERSTOREY

A large proportion of the understorey vegetation of the
jarrah forest is susceptible tD P. cinnamomi (ch. 4).
Despite this, surprisingly little information is available on
the effect of irfection on the composition of the jarah
forest understorey, other than the initial work of Podger
(1968) (Table 3). For the jarah forest, there is no
extensive documentation of changes in understorey
composition, following P. cinnamomi rnfection, compa-

rable to that undertaken in Victorian forests by Weste and
Taylor (1971) and Weste et al. (1973).

Host lists for the jarrah forest have been compiled by
Titze and Palzer (1969) from their own isolation records,
pathogenicity tests, and tie literature and by Gardner and
Rokich (1987) from isolation records. The lists cannotbe
used to obtain estimates ofhost susccptibility because the
isolation records do not separate hosts that survived from
those that died following infection.

Podger (1968) assessed mo ality to be greatest in plant
species belonging to the Proteaccac, Papilionaceae and
Dilleniaceae (Table 3). Keighery (1988) estimates that 29
of the 171 species of the Epacridaceae known to occur in
south-westem Australia are at isk from P . cinnamomi.

Havel si[e-vegetation types can give some idea of the
potential reduction in the composition ofthe understorey
yegetation following P. cinnamomi rrfection. Types C,
M, Q and U are composed largely ofresistant understorey
yegetation species. A high proportion of susceptible
understorey species ofthe families Proteaceae and Epac-
ridaceae occur in the Havel site types B, D, E, F, J, P, O,
R, S, T, W and Z (Havel 19758, unpublished). These site
types cover most of the lateritc-mantled uplands of the
northem jarrah forest (Havel 1975b). Moreinformation is
available on the damage to the jar:rah ovorstorey than for
the understorey.

DAMAGE TO JARRAH

Root Infection

Fine roots

Damage to fine roots can cause symptoms which re-
semble nutritional deficiencies or loss of vigour. The
relative amount of fine root damagc compared with damage
to large roots varies with host and sitc. Somerford el cl.
8Havel, J.J. (1975), Site-veseration types and imp cr of Phytophthoru
cinmrzonri. Unpublished manuscript, Departrnenr of Conseiyalion and
Land Management, Library, Woodvale.
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Table 5

Recoyery of PhJtophthoru cinunwni frun large roots of live janah

excavated in infected areas.

Tree Total

(N..)

Roots infected (No.)

Figure 35
D;srr;bDtion offinc roots ofjarrah with dep$.

eight were cxcavatcd in uninfected sites. Phytophthora
cinnamomi wasrecovered from the largc rools of 16 of the
26 apparently healthy tlees on infected sites. Forall Eees,
66 per cent of the largc roots were latenls while 34 per
cent wcrc vcrtical taproots. Of the large roots from which
P. cinnamomi wasrccovcrcd (Tab1e 5), 79 per cent were
laterals and 21 per centverticals. This is in confast to the
results from excavated trees on high impact sites where
most of the recoverics wcrc from vc ical tap roots (Shea
et al. 1982).

Although a high proportion of lrccs on infected sites
had infectcd roots, the proportion ofroots infected per treo
was much lower (Table 5). A high percentage ofinfectcd
roots were girdled by P. cinnamomi (45 1 10 per cent)
with considcrablc variation between site type and history.
For example, six out of seven infected roots were girdled
in a Havel type tS which had becn irrigated as part of
population dynamics studies (Shearerand Shea 1987). In
comparison, only onc out of eight infected roots were
girdled by fie fungus in a similar sitc type that had not
bccn irrigatcd. Thc length ofP. clmanomi lesions varied
from 1.3 to 368 cm, with 85 per cent of lesions being less
than 12 cm. Approximately 75 pcr ccnt ofthe lesions were
not containcd by rcactive tissue,

Thc occurrcncc of aclive P. cinnamom,i lesions in the
roots ofa majority ofapparently healthy trees on infected
sites is of concem. Howcvcr, thc amount ofroot infection
was relatively low compared with that obscrved by Shea
et al. (1982) fot rccently dcad trecs in high impact areas.
Low levels of root infection may have minimal affcct on
tree health unless lesions girdle the trunkcollar (Fig.39) or
a significant numbcr of vertical tap roots. How root loss
relates to trcc hcalth is partly answered by work described
in the next section. In sites where ftee mortality islow, the
long term effects of root infection on trce hcalth and
srowth sti l l  need to be determined.

Tolal Girdled Lesion
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Effect of Root Loss on Jarrah

Crombie et al. (1987) studied the effects ofroot loss on the
water status ofjarrah. Not only did this work contribute
to an understanding of symptom development in jarrah
affected by P. cinnamomi,bvt also resulted in the devel-
opment ofmethods for the non-dcstructive assessment of
the effects on uees of severe root damagc (Crombie and
Tippett 1990). These methods, despite limitations, facili-
tate the monitoring of disease development and provide
an indication of how long it takes ,lo. cinnamomi to klll
[ees. Trees can suffer root loss for a number of years
before final symptoms are expressed and death occurs.
The severity of damagc sustaincd by jarrah in areas in-
fected by P. cinnamomi depends on many factors previ-
ously outlined in Chapter 5 and include genot'?e, abun-
dancc of inoculum in the soil, site characteristics and
climate.

Jarrah has a great ability to compensatc for root loss,
espccially when moist soil conditions prevail. Effccs of
root loss on tree water siatus were determined by progres-
sively pruning roots from jarrah saplings (Crombie €/ d/.
1987). Undcr moist soil conditions, night-time leafwater
potentials were not reduced significantly until 80-90 per
cent ofroots were lost 6ig. 36). Thc first indication that
the trces were conseruing water was a reduction in water
loss tlrrough stomatal closure. Root loss is understanda-
bly more critical when soils are dry (Fig. 36) and the
development of water stress is more dependent on which

Venical Lateral

1 1



9V

'(g€ ErC) ssol rele,r pue uonerrdsue.!3o asuedxe eql lE
peumlunu Suraq are,^t sprluelod relu^A Jpcl raqteq^\

euruuelep ol] ,{epprru t? sesuqJnpuo: Jaletuols .

' 
lslenuelod le]€.^\ Wal

,{epprur eruanuul u€o sJotoBJ Jaqlo q8noql€'sloor
aW Jo ,{llJEdm uoud,rosq? aqt Jo uontunJ e sr slqJ 8ul
-:rdsuer] eyq,tr snlqs Jole,^ I€r.ulou ulglulptu ol se^39l

Jo ,(lrIqB aqt ssessE oll spquelod rets,{\ Jeel ,{eppl}I .

't(8t
'3rg) elgord pos eql ur doep uro.rJ ret?^\ qrosqe ol saerl

Jo .(llllqu eqt ssas$ ot] sFrtuetod Jete,{\ Jsel uaspeJd .

:ep?u slueucrns€our 8ur,tlolyo; eql pu€ possass?
s?,\\ su.rortJo uollrpuoc eqJ'(8t 8IC) (18-986i pue 98
-986I) sJaununs o^\l Je^o selrs palooJutuoupuepett{ulJo
o8upr e uo saJJl 002 JJ^o Jo snlqs Jele,,r\ Jcr puP 'lueurdo

le^op lxoldurds pcrpnls (9661) ueddtl pus olquorD

JUoU nseeul JO UOSSaS
eql ul polp ,(ueu pu? sioor dsl lecnrc.{ jo eBnuecred
q8rq ? tsol ,(lqeunsa:d p?q soo-rt er{J 'setls palteJulun

uo see-Il,{qlpeqJo osoqt ueqt a,rpeieu srour ,(puecgtuEls
st?ltuetod Jrl?^\ JBal peq sctts tcedur q?Iq uo qe.uEf l?ql
punoJ (2861) 'p D Eetls 'uorIJJS snor^ard eqt ur poqrlJs
-ep Surun:d loo: ,(q pa3npur esoqt ol relltuls suolduds
sscrdxo feu naouDuu|J d qll1'\ pctooJul seole ur seerJ

HVUUYf NI JNAWdO'If,AS(I
IAIOIdIAIAS CNIUOIINOI I

'(066I neddll pu" arqurorJ) see]1
pe.Eds trlapr^{ Jo ql^i\or8 rno^eJ ,(lpuuou plno^l 1?tI suotllpuor 'sers

trqrt?cq uo lBql JI"q Ilal"urrodd" s",1\ salrs trsq3rp uo ,(llsu?p pugrs
q8no$ ua^o parn..o soer pelcejxr l3€qarp Jo a.uBuuojiad rood aql
'so.ll {qrleeqprp u€rlr (reqopo-,{tnl) ?uuds pusrolu!^{ la^\ Sulua^l3lw
eW Suunp ssat ^\er8 pu" (q.rsl,rl-r6qura^oN) rl"a,{ qloq Jo sreununt
aqt Suunp ajoru {uaqs taar rpeqalp Jo suals salls pEdurl q3lq rnoJ
rs^o pa3?€^e scen q?xBf,{q1l€aq pue )p"qepJo rlur8 uels ul saSu?qJ

49 a.rnitg

qtr,r uosueduroc ur setrs {Jeqerp snoeuaSoreleq tnq tced
-tur alerpaturetur uo qu:e!;o selu qt,ror8 JaleeJB dpqSlts
ro r€lrurrs pouodcr '(886I 

) ,(pI pu? uosr^Bq ,{q,{pnts prrql
eqJ '(tt 3lC) qelref ,{qll€eq .{tlueredde qrr.t' peruduroo
.{lpnuasqns peonpeJ ere,/r\ solrs IJBqerp lcedut q8tq ot
elerpauualur uo Sur,rr,uns sae4 qe.uef;o setyr gt,nori luql
u^\oqs e^pq (066I lleddrJ pue erquorJ :ZL6I reSpod)
salpnts o^lJ qelJPf Jo qu^or8 3ql to tutotuouulJ 'd

Jo slJeJJe eql lo sorpnls eer{l uscq e^€q eleql

'Cg6I.tD ta
arqurorJ) lqBno+ raluulns Suunp u^roD ?$ or rar"a 3u',(tddns uI qe!"|

lo uels.{s looi daap er{l Jo uorlrunJ lBl]ru. a{r seErsuourap sl.Ios lslorr
uo saarr p31Es! ,{liet rurs {rr^l parEduroo SuIu d loor or stlos &p uo saarr

Jo seruqrnpuor Islsurols pus qeuualod ra@^\ Jo,tI^rllsuas ra1esr8 aI[
'(,{lo^rpedsar suonrpuoo Iros a l Droru pu" C ).Op a r) 986I ,{.rBruqoJ
ul pouad ,{?p-Z " guunp 

IleJ ur"r Jo u,Itu 001 raw pue aroJaq pams?our
s8urd"s pauud loor gt uro4 po^urp da^\ s6^rnr aql q€rDf paurud

loor Jo sl?luelod rate^\ u^l"p puE erua3npuor lq?urots Jo eulto(l

99 a.rn8tg

po^ol!6r 6too, tuearad

'r{t^do.r8 e3nper requnJ pu? sol€Jpdq
-oqr33 ureJp osF fetu stooJ po8?ur?pJo uorle:eue8e: pue
ssers Jep.t\ JoJ el?suaduroc ol slueluoc IIet Jo lueurlsnfpe
cgousg '(ssecord uaaup ro8mt e) uosuedxe 1a: pue rap,p
-fqoqnrJo flddns eqt ur suonJnpor,{q pol3ulsor ore solel
qtmori ,(lqeunse:6 ezrseqtu, soloqd ol soo.q Jo dt11rq?
aql sl.ulsoJ ,tzp etll Suunp eJnsolJ Ist?uols poSuoloJd
pu? ?aJ€J€Jl Jo uortJnpJu'EJJBJPJI uras?JJJpluaJJed

09 P rtrlr^\ peqslEur s€^\ stooJ IeuonJunJ ur uonanpeJ luoc
red gL ?'suonrpuoc lu]uoruucdxa :apun 'aletdn rar,t'

JO eleJ aql ul uolrnpeJeJo llnsel ? se eeJ" Js:[ ur uorltnp
-er epnlJur ssol tooJ ol see.q Jo sesuodseJ urJol JeSuo'I

'tsnlJlrnp eql qleeueq euoz prtled eql 3o s,{313 lsrou eqt
dzl qorqar s1oo,r porue^ dsep uo selleJ q?lrpf'suoupuo3
,ftp rcpuo lna ro pe8eur€p ucoq e^eq uetsds eql ur slool

t

{

3

a96Lz96t 9A6 |
v | | 1,,! v l,! I I o N

a

a

I

'uo4ecr3rrelc serrnber ql,rorE qa:ef uo uorlJeJur Jo slc^ol
'tuJr{Jrp 

Jo srJeJJe aqJ 'seare 
lJ?qarp ur alur ql,to:3

r:le::8 pa,r.rasqo eqt ureldxe flued plnom sJlIs IJeqaIp
rraql ur eter 3ur1co1s eo.B pornpar ar{J 'salls pstJeJulun



Rcduced transpiration would prevent developmcnt of
measunble water stlcss in the leavesl.

. Dcndrometerbantls Ito monitor trunk gro\tth and also
shrinkage caused by water stress, and growth
(Fig. 37)1.

o Rainfall.

Figure 38
l'ercenrage of sites on which rclcvan! water relarions parameters
(prcda$n leaf water porenrial dawngmidday lcaf water porenrial -

midday?., and sromaul conductance - g") wcrc sienificantly lowcr in
groups oi healthy rhan nearby dieback infected trccs during successive
summcrs (1985-86 and 1986 87). A greater nDmbcr of significant

differences inlhesecond summerisbelievcdlorcfl ectthedrierconditions
ofthe secondyear which accentuated delicicncics in rhe condition of roor

syslems oftrccs in ihe infecled aroa conpared wilh healrhy lrecs (adapted

from Crombic and fippett 1990).

Stomatal conductances at midday were reduced in a
number of the trecs on the infected sitcs during 1985-86.
However, it was not unti l the summcr of 1986-87 hat a
large numbcr ofthe ftees on diseased sites suffcred water

sfcss at dawn in addition to having rcduced stomatal

conductanccs at midday (Fig. 38). Most ot the trees on
infectcd sitcs were ablc to recover overnighl. from day

lime water strcss during the first summer, but somc had
lost this capacity to rchydrate their tissucs at night by the
second summer. Trunk shrinkage, which reflectcd failure

of stems to fully rchydrate, occuncd in rees ir both the

contlol and infccted sites as summer progresscd but was
morc pronounced in the latter (Fig. 37). Trees in healthy
arcas grew faster than those in infectcd areas.

Dcath ofjarrah was morc prevalent in the spring and
summer of the second ycar of measurement than at any
olher time. Root systems were excavatcd and P. cinna-
momi recovued from both roots and collars of dying and
dead fiees. Many of the trees that died in sumrner 1986-
87 had lesions in thcir roots or at the base of the funks
(Fig. 39). Eight of the ffees sampled had largc basal
lesions extending for a metlc up the frunk in one instance.
Some of the lcsions girdled the trunks and the trees died.
In several cases some cambium remained alive and al-
though the crowns wero still active, the trees were se-
vercly water stressed. It is of interest that Shearer and
Fairmane (personal observations) in 1982 recovcred
P. cinftamomi from 5 m above ground level in the fiunk of
a hve trec.

Thc foliage ofthe rees suffcring water stress, includ-
ing some which eventually died, was sparse and some had
not produccd their expected early summer leaf flush.

Thc load of seed capsulcs from the previous year was
often moderately heavy, but this did notexplain the cxtcnt
to which leaves had bcen shed without rcplacement. The
trecs died before scvcre short-term leaf abscission and
hence the crowns had a 'scorched' appearance of dead
brown leaves when thc rrees finally succumbcd.

Crombie and Tippett (1990) proposcd that the devel-
opment of severe watcr stress and tree dcaths in the

summer of 1986-87 compared with ihe first summer of
19t15-86 was due to the climatic conditions over the two
years. The summer of 1985-86 was relativcly cool and
mild with some rain, this was followed by a long moist

spring in 1986 and then a dry summer in 1986-87. These

conditions favoured fungal activity in the spring and early
summer and thcn set a high transpirational demand with
limitcd soil moisturc in late summer.

Conclusions from these studies can be sumnarized as
follows:

. Stomatal conductance was a more sensilive indicator
ofroot damagc to jarrah than was leafwater potential.

. Lethal water sfress only devcloped after jarrah had
either lost a high percentagc of roots or had bccn
girdled at the collar.

o Jarrah is quite commonly killed by collar invasion
(also Shearer el al. 1981).

. Extensivc stem invasion can occur once the fungus
has reached the collar. The fungus may grow down-
ward into previously uninfected roots.

o It can take a number ofycars forP. cinnamomi tskill
jarrah.

'Shearer, B.L. and Fairman, R. G., Dwellingup Research Ccnlre.
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tification of variation in ratcs ofjarrah death in different
areas and years. The Departmcnt of Conservation and
Land Management has conducted an extensivc large scale
colour aerial photography program since the mid 1970s.
Dieback mapping of operational arcas has of necessity
had highcr priority than monitoring and no area has an
extensive sequence of photographs over time. Quantifi-
cation of death ofjarrah would provide estimates of past
and possiblc future loss of jarrah through disease. This
would be essential for determining the influence of cli-
matic change on disease expression, as has bern done in
Victoria by Tregonning and Fagg (1984).

Jarrah mortality has been asscsscd using:

1. Small scale black and whitc acrial photography.
Changes in the boundarics of infected areas with high
jarrah mortality have been obnined frotn these photo-
graphs (Van De Sandc 1986).

2. Shadowlcss large scale coloured aerial photography
for arcas photographed more than once. This photrog-
raphy was used to quantify changes in the number of
jarrah deaths with timc.

Identification of individual jarrah deaths on small
scalc black and white photography is difficult because of
thc scale (up to 1 : 50 000), lack of colour, poor quality
from agc and use, and large gaps in time bctwccn photo-
graphs. However, the photographs are the only available
condnuous and long term record of dcaths going back to
1961. Dcspite limitaiions, they can bc uscd to obtair ar
cstimatc increase in the areas ofjaffah dcaths (Fig.40) and
thc pcdods when most deaths ofjarrah occurred (Table 6).

Based on recollcctions of forcst personnel, it is thought
that a pcak in jarrah deaths occurrcd in thc carly 1960s fol-
lowcd by fcw or no deaths until thosc observed dudrg
1982- 1984. Monitoring ofthc black urd white acrial pho-
tographs has not only quantified thc dcaths lhat occufied
in the 1960s, but also shown that a prcviously unknown
peak in jarrah deaths occured in thc carly 1970s (Table

6). Research relating this information to rainfall and tem-
peraturcrccords to determine the cffcct ofclimatic change
on discasc cxpression in the jaffah lorcst is continuing.

Figure 40 illustatcs changes with tirne in thc area of
j:Lnah deaths in Keats forest block. In 1976 dead jarah

were confined mainly to the lower slopes ofa shallow val-
lcy. By 1981 the arca of dead jarrah occupicd mid slopes
and by 1986 there had been a dramatic extension into
uppcr slopes.

Maps of recent jarrah deaths have been drawn from
large scale shadowlcss colour aerial photogmphs of Bal-

Table 6

Summary of assessment of deafi ofjanah in Piytophthoru cir'ranomi
infecicd areas assessed from black and white aerial photographs.

Year of photography

1958 1961 1969 1973 1976 1980 1981 1983 1985 1986

DD6344"
DC6562
DC65
DC6526
DD6334
DC6311
DE6519
D86411
DE6441
DF6529
DE6294
DF65t2
DD6498
D86495
DF653l
Dts6488
DF6475
DD6494
DG6?48
DH6591
DJ6655
DC6'772
DF6715

i +

+

;
+: +

+

+

" Dcpt. Cons. & Land Management map rcfcrcnce.
'  No pholography.
" - No diseasc appared.
d + Plor shows reduction injarrah canopy cover.
' : No deteclable change injanah canopy cover.

moral, Lang (Fig. 4 i ) and Wilson-Whittal:er forest blocks.
The largc scale shadowless format is the most suitable for
accurate identification of individual dead trees (Brad-
shaw and Chandler 1978). Typically, the greatestnumber
of dead jarrah occur in high impact areas and the dead
kees tcnd to be in  c lumps fF ig.4 l ) .

Only the blocks listed in Table 7 havc had two aerial
photography runs; no block has been flown more than
twice, Death of jarrah recorded at the two assessmcnt
times clearly illustrates the increase in deaths following
the 1982-1984period (Table 7). Removal ofdead trees by
practices such as salvage logging results in an undcresd-
mation of the number of dcad jarrah in Balmoral and
Wilson-Whittaker blocks. This is not a factor in the
research area of Lang block, where entry is restricted.
Two assessments arc obviously inadequate to eyaluate
changes in time. Lang (relatively undisturbed) and Bal-
moral (disturbed) provj.de an oppo unity for coarsc com-
pzrison and regular aerial photography of these blocks
must be a high priority.
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Forcst
Block

Table 7

Number of recently dead jarrah rrees recorded in ihree forest blocks
assessed frorn aerial photography on rwo occasions.

to root systems on a number of sites. There is evidence
from the work on jarrah that P. cinnamomi can remain
'dormant' injarrah and certain conditions such as summer
Iain may activate fungal propagules which have persisted
in tissues (fippett e t al . 1985). Spectacular rapid death of
trees on high impact sites may also be brought on by cli-
matic conditions which synchronize symptom expression
rather than high levels offungal activity in the soil (ch. 5).
Monitoring deaths ofjarrah over the last two decades has
shown tlat the relatively few deaths observed in some
years did not mean that the fungus was not infecting and
invading roots, although the amount of damage is not
known.

There is a particular need for assessment of the effects
of P. cinnamomi on intermediate impact sites where
jarrah may survive for long periods. The questions to be
addressed include: What type of regeneration occurs on
sites long infected by P. cinnamomi - is it from seed or old
rootstocks? Is jarrah's growth affected on some sites but
not others? If so, why? Are the effects of infection
transitory or cumulative? How is leaf area affected and
how does reduction in leaf area caused by disease relate to
performance ofjarrah on different tyLJs of sites?

Under the most adverse conditions, how quickly can
jarah be killed by P. cinnamomi? We suspect it would
take at least a year, but more monitoring of the interac-
tions over time is essential. In addition, gradual decline,
where Eees may take 10-20 years to succumb, may be
subde and must not be isnored.

Ye3r
Photo-
graphei

Recent dead jarrah
(No./lm ha of forest infed€d
with P httophthora ciwantomi)

Wilsonnvhittaker

Balnoral

L*g

1981
1985

t976
1985

1983
1984

9

5

PROGNOSIS

The assessment of damage and the monitoring of disease
development over time will help predict future progress of
disease and provide a sound basis for management deci-
sions. Information on the effects of infection on under-
storey plant species in the shrub layer is lacking, particu-
larly the effects on rare flora that may be endangered by
infection. There is a need to develop databases on the
susceptibility of plant species within the shrub layer to
infection.

The excavation of infecled root systems has recently
provided valuable information about amounts of damage
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Chapter 7

Disease Management

Integrated managemcnt offcrs the hope of cxploiting the wcakness of P. cimamomi Ni

enhancing rcsistancc to disease. Hazard systems to recognize vulnerable sites and assessment
of risk of sprcad are descibed. Phytophthora cinn4momi c$..J|,ot be eradicated frcm infcctcd
areas but thc sk of sprcad can be reduced by hygienic procedures. Understorey modihcation,

stimulation of antaSonistic microflora, manipulation of dminage, fungicides, selection and

en}lanccmcnt of resistance minimizes sprcad ard reduces the rate of discasc dcvclopment.

INTRODUCTION

Disease managcmcnt aims to prevent and restrict spread
and irtersification o[ thc pathogen to prote.t conscrva-
tion andcconomic values. Effective disease management
balalces the extemcs bctwccn pessimism and over-opti-
mism. 'Gloom and doom' lead to self-fulf i l l ing prophe-

sies; the failure to employ control measures and thc
actions undertaken becausc of a pcssimistic outlook will
lead to spread and intcnsification of disease. Over-
optimism leads to a false sensc of sccurity and an under-
estimation of the consequences of discasc.

The managerhas thcopportunity to manipulate the cn-
vironmcnt to disfavour pathogen dcvclopmcnt and mini-
mize host infection. A well conceived diseasc manage-
mentprogmm integratcs thc use ofall suitable methods in
a compatiblc manner. Such an integration must be based
on knowledge of the pathogcn and the cultural, sitc and
climatic conditions under which the interaction betwecn
host and pathogen occurs. By utilizing this knowledge
basc, a 'package' of managcmcnt options can be devel-
opcd to exploit the weakncss of thc pathogen (ch. 5)
without predisposing thc host to disease.

The eflicacy of disease managcmcnl. is judged by the
cxtent the management cithcr prevents, delays or rcduces
the nte of disease dcvclopment (Fig. 42). Prcvention
tactics, such as hygicnic procedures, do not alter the rate

of disease dcvclopment once establishcd, as the environ-
mcnt affecting the discase is not changed by thc manage-
mcntprocedures. In contrast, procedures such as manipu-
lation of the undcrstorey and chemothcrapy can alter the
cnvironment to disfavour thc palhogen, fius delaying and
reducing the rutc of disease developmcnt (Fig. 42).

Disease management can be divided into four
main zreas as fbllows:

o Rating hazard (recognition of vulnerable sites);
o Assessing risk;
r Hygcnic procedures;
o Manipulation of conditions to disfavour the

fslho8cn and !o enhanc e host rcsistance.

DELAY H YClE\IC PROCbDURES

( b )

TIME

REDUC! RA'I€ DEVELOPMENT

Z

E
J

o
z
Oo
!!
t-

NO TREATMENT

TTEATIIDNT I

'IREATMIN-I2

TIME

Figure 42
Influence of managencn! on disease developmenr.
(a) Hygicn ic procedures delay tie likely introduction ofdisease Gt), bul
do nor affcct the rare ofdisease developmcnt should introduction occur.
(b) Treatnenl I reduces rhc raic of disease developmenl Trcahent 2
delays the onset ofdisease G0 and rcduccs thc rate of developmenr.

HAZARD RATING SYSTEM

Introduction

The concepts of hazard and risk are used extensively to
classily sites according to firc danger. They have bccn
little used toclassify arcas of the jarrah forestaccording to
the consequcnccs of P. cinnamomi rnfcction. In a disease
context, hazard as defincd by Waters (1986):

' -ar -
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Data from the high and intermediatelow rainfall
zones were analysed separately because of differences in
landform, climate and disease expression between thc two
areas. Vegetation was found to be a better predictor of
hazard than were other site attribules measured. Plant
species that changed monotonically from low to high
hazard were identified. Statistical ordination techniques
were used to derive scorss for the plant species so that
indicators of similar hazard were close together and those
for dissimilar hazard were far apart in a two dimensional
'hazard space'. The presence ofindicalor speciescan now
be used to assign a haz ard rating to uninfected sites.

Hazard Rating in the Southern Jarrah
Forest

Initially, hazard was rclated to soil tempcrature and mois-
ture conditions favourable for infcction (Christensen 1975).
Water gaining and clear felled areas werc identified as
likely high hazard (Christcnsen i975). Schuster (1978)

observed a rclationship betwecn incidence and impact of
P. cinnamomi with soil type in southem jarrah forest
similar to that dcscribed for no hcm jarrah forest. The
incidence of infection was least in red earth soil and
highest in shallow duplex and gravelly sand latcritic soil.
Disease symptroms were expresscd in the understorey on
all soil types, but the impact on the ovcrstorey was
greatest in shallow duplex and lateritic soils and least in
red earllrs. The effect of soil type on disease hazard was
related !o the combinod influcnce, in addition to soil
characteristics, of drainage, canopy density, and topo-
graphic position described in previous chapters.

Grant and Blankendaal (1988) have used Stelein site-
vegetation types and landform to dcvelop a hazard rating
system in tie southernjanah forest. A system usingplant
species indicators, similar to that described for the north-
em forest, has yet to be developcd for the southern forest.
High haz ard was associated with southem types P and S
and landform units Dwellingup, Trent, Ellis, Mungardup
and Caldyanup. Thcse are upland typcs or landform units
associated with latcritic or duplex soils. Low hazard was
associated with types T, S and K and the Crowea and
Bcvan dissected valley landform units wilh fertile loamy
soils. Both high and low haz-ard were associated witl the
following landform units: Hester on ridge crests wi*r
gravelly-sald over duricrust; thc units Collis, Mattaband
and Keystone with yellow duplex soils; and the Stream
unit in minor valleys with swampy floors.

Site Characteristics in Relation to Hazard

North€rn Jarrah Forest

The hazard rating system developed for the northem jar-

rah lorest can help identify the major faclors that can in-

fluence disease development and expression, either di-
rectly or indirectly. Pammeters that change significandy
with hazard rating can be projected onto the two dimen-
sional hazard space and associations identified. System
developmentis a continuingprocess and will be improved
by the incorporation of new information obiained in ihis
way. Some trends are apparent already and these are
described below.

More variables were significantly related to hazard
rating in the high rainfall zone than the intermediate-low
rainfall zone. Geomorphology, geology, and soil proper-
ties were significantly related to haz ard in the high rainfall
zone. Landform and soil propenies were the most impor-
tant variables relat€d to hazard in the intermediate-low
rainfall zone.

Havel site-vegetation types for which more than one
site was assessed show a rclationship to hazard generally
consistent with that observed by Havel (1975b). The high
quality typeQ was associated with low hazard whereas in-
fertile or poorly drained sites such as P,W and E were as-
soc iated with high hazard. Brord site-vcgeation types
such as S were associated with intermediate and high
hazard. Sites with gravelly subsoils were associated with
high hazard. This would reflect better dispersal ofinocu-
lum at deptl in high than in low hazard sites.

Levels of fine root infection (ch. 6) are relaled to haz-
ard, No P. cinnamomi was recovercd from fine roots of
janah in three infected intermediate-low hazard sites' but
the fungus was recovercd from fine roots in 70per cent of
infected high hazard sites.

Southern Jarrah Forest

Soil texture is strongly related to hazard in thc southem
jarrah forest (Grant and Blankendaal 1988). Nearly three-
quarters of high impact sites had sandy soils whereas soil
textures in 68 per centoflow impact sites were either loam
or clay. Therelationship ofsandy soils and high hazard is
a reflection, not only of the effects of coarse textures
favouring dispersal, but also the interactions with low fer-
tility and biomass accumulation described in preYious
chapters.

Mapping Hazard

Hazard has been mapped for healthy areas in the northem
(Fig. 43) and the southem Gig. 44) jarrah forest' Consid-
erably more mapping needs to be done to estimate accu-
rately the propo(ion of the uninfected landscape occu-
piedby low, intermediate orhigh hazard sites. Figures 43
and 44 illustrate differences between areas in partitioning
the landscape into hazard ratings. The Myara area has a
much greater proportion of the landscape as high hazard
than Jones catchment.
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Mapping Disease Distribution

In the mid 1960s disease disribution was mapped from
black and white aerial photographs (Batini 1973). Dis-
eased areas were. recognized by a reduction in forest
density caused by death of susceptible species and bounda-
ries were determined. The accuracy of the maps varied
from area to area depending on the original forest density
and the scale and quality ofthe aerial photogaphs.

By the late 1970s the accuracy of detecting ard map-
ping disease distribution was gready increased by the de-
velopment of 70 mm shadowless colour acrial photogra-
phy (Bradshaw and Chandler 1978). Muir (1984) has
given a detailed description of the mcthods of phoiogra-
phy and mapping. Disease boundaries could be accu-
rately plotted onto 1:25 000 maps following identification
ofdead indicator species from the film, field checking and
sampling and recovery of P. cinnamomi in the laboratory
from sampled soil and plant material. A number of sus-
ceptible indicator species were used and the pattems of
death could aid in the interprctation of the presence or
absence of the pathogen (Brandis 1983). Recently, map-
ping has been facilitated by the usc of 230 mm colour
shadowless acrial photographs.

Three types of map are produced: disease free area,
present impact, and a hygiene map. Maps ofdiscase free
area and impact (Fig. 41) are generally not used direcdy
by opcrations staff, but document the disfibution and
impact of P. cinnamomi at the time of photography. The
hygiene map, drawn from the disease free map, shows
disease free and unintcrprctable forest, likely infected
access roads and an interprefation oflikely risk ofdisease
spread, and is used to plan operations. Disease hazard
maps will be prepared whcn thc rcsearch is sufficiently
advanced.

COMBINING HAZARD AND RISK

Once the hazard and disease distribution have been mapped
the risk ofinfection and spread can be combined with haz-
ard to determine fic consequences of an operation. Fig-
ure 45 illustrates one way ofreprcscnting various combi-
nations ofrisk and hazard. The cumulativc experience of
managers andresearchers will need tobe combinedin the
development of a set ofrules that will incorporate hazard
and risk in a logical way. These rules need to be continu-
ally refined with experience oncc hazard a"ssessment has
been put into pmctise and as knowledge of the factors
affccting disease expression increases.

There is a better idea ofthe consequenccs of introduc-
tion of P, cinnamomi for extreme cases such as low and
high hazard than for intermediatc cascs. The conse-
quences of disease compounds rapidly for high hazard
sites once there is more than a very low risk of introduc-

tion of the patlogen. For low hazard sites the conse-
quences ofdisease are much less and they compound at a
slower rate than for high hazard. It is more difficult to
predict the consequences for intermediate than for lo.t or
hish hazard sites.

Figure 45
Cojnbining Phttophthora cinmmomi hazard with risk. The surface

shows rhe relationships berween combinations ofhazard and dsk to lhe
possible damage should P. cinnotumibe innodnced into an area.

ln thepresent systems, hazard is related to jarrah mor-
tality and does not take into consideration deleterious ef-
fects of infection on crown vigour and growth rate ofjar-
rah and decrease in conscwation values (chs 6and 8). Im-
provements in the estimation of fte risk of infection can
pardy correct these prescnt deficiencies in the hazard sys-
tems. However, a better estimation of risk than is pres-
ently possible requires more information on how the
fungus survives and is dispersed within soil profiles.

HYGIENIC PROCEDURES

Quaranrine and hygiene are aimed a[ preventing new in-
fections by excluding the pathogen from an area. This
will be effective if:

o The pathogen is not endemic. Evidence compiled by
Podger (1972) indicatesthat P. cinnamomi was intlo-
duced into Westem Ausfalia and its spread is related
to human activity.

o The distribution of the pathogen is known.

o Access can be thoroughly controlled in restricted
areas.

o Operatibns that have high risk of spreading the
disease arc controlled.
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. Washing down

Vehicle cleaning points are used to minimize disper-
sal of the pathogen by removing soil clinging to
vehicles or machinery.

. Separation of operations

In a logging operation, snigging is separated from
hauling to prevent sprcad of infection from roads to
landings and thus into the coupe. Coupes are confined
to internally draining micro-catchments lo prevent
spread throughout thc opcrational area.

o Confining activities to periods of least risk

Log stockpiling during dry periods reduces the need
for activity in the forest during wctpcriods when con-
ditions are favourable for sprcad and survival.

. Access conftol

Strategic road closure and supervision of acccss dur-
ing wet periods reduces activity whcn conditions are
favourable for spread and survival of the fungus.

3. Training.

The success ofhygiene methods is very dependent on the
'human element'and thus on propcr iraining ofpersonnel.
Failures are less likely to occur if operators are aware of
the biology ofthe fungus and the reasons for the methods
uscd. This in turn engenders an increased public aware-
ness of the factors affecting disease development and the
likely consequences of further spread.

Application to Mining and Nurseries

The integration of thc hygiene procedures described above
for forest operations is also bcing applied to other activi-
ties such as mining, nurscry care, recreation and the man-
agcment ofnational parks. The hygenic proccdures used
in mine planning and operations have been adapted ftom
forest opcrations, but take account of the dilferent opera-
tional procedures specific to mining.

Hygiene is very important in nurscrics because they
provide the seedlings for replanting degraded areas ofthe
jarrah forest. As conditions within nurseries are favour-
able for pathogen development, nursery hygiene is a
nccessary prerequisite for the production of P hytophthora-
free plans. Introduction of the pathogen is prevented by
controlling entry of vehicles, plants, materials andpeople.
Incoming materials such as water, soil and equipment are
serilized before entry. Spread within nurscries can be
minimized by early detection through monitoring plant
health and soil testing, the usc of raiscd, free-draining

benches andby frequentwashing ofpathways and utensils
with disinfectants. Comparison of available disinfectans
has shown that quaternary ammonium compounds 'xere
more effectivc against P . cinnamomi than the previously
used chemicals (Noske and Shearer 1985).

DISFAVOURING THE PATHOGEN

Hygenic procedures delay possible introduction of a pa-
thogen and therefore must be integmted with methods
aimed at reducing the rate of disease development. Whereas
hygenic procedures havebeen usedextensively, methods
to manipulate the environment to disfavour development
of P. cinnamomi are still being developed and tested and
have not yet been widely applied. Manipulation of
understorey composition, stimulation of an antagonistic
microflora, modification of drainage, the use of chemi-
cals and resistant species and manipulation ofconditions
to enhance host resistancc are the main ways pathogen
development can be reduced.

Manipulation of Understorey Composition

Changing the composition of the understorcy influences
disease development by removing susceptible tissue and
by creating an unfavourable physical, chemical and bio-
logical environment. Details have been presenied in
Chapter 5.

Banksia grandis is a major component of the under-
slorey in the high rainfall zone of tie jarrah forest.
Increased densities of B. grandis have been atbibuted to
opening up of fie forest by logging together with repcated
cool fires (Underwood and Christensen 1981). Reduction
and maintenance of the B. grandis to alow density, pos-
sibly represents the understorey composition in forest of
the past.

Reduction of ,8. grazdls inhibits pathogen develop-
ment by reducing potential sources of inoculum and
suscepdble tissuc w ithin which P. rirnamozi can survive
dry summers. Changes in composition ofthe understorey
can significantly changc thc soil environment and thus
have a greater effect on disease development than simple
removal ofsusccptiblc tissuc (ch. 5). Manipulation ofthe
understorey to protectproduction valucs cannot be under-
taken in all areas, especially vulnerable communities with
high conservation values.

Banksia grandis reduction can be accomplished
manuallyby stump poisoning orby fire. Manual reduction
of-B. grazdis is usedin the FIRS forest Improvement and
Rehabilitatior Scheme) treatment of forested areas adja-
cent to areas being mined for bauxite. Burning can result
in the substitution of the B. grandis dominated under-
storey by one dominated by Acacia species.
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and Leirch (1984) found that a forest road markedly
influenced both stormflow and peak flow in a small
catchment. The obvious intensification of dieback ob-
served downslope of roads has been attributed !o en-
hanced overland flow; the influenceofroading on ponding
and near-surface seepage ofwater has yet to be quantified.
Factors such as position of the road in the landscape and
drainage have been described in the section on hygiene.

Attention to &ainage is a very important factor in the
management offorested areas adjacentto bauxite mining.
Near- surface seepage of water can result in intensification
of disease in forested areas downslope of haul roads and
bauxite mined pits. The use of well consftucted sumps
and the positioning of these sumps low in the landscape
are being used to minimise any adverse impact of near-
surface seepage. Decreasing the time period when water
ponds in sumps above the forest by changes to mining
schedules should also reduce the opportunity for near-sur-
face seepage.

Dcpth of bauxite is directly related to the saturated
hydraulic conductivity of the pallid zonc (Croton and
Tiemey 1985) and can be used to predict potential near-
surface secpage of water from a pit. Pits derived from
areas with shallow bauxite layers favour ncar-surface
scepage of water more than pits in areas with deep bauxite
layers. Recent advances in rehabilitation design enable
this information to be usedto design appropriate drainage
conffol procedures to restrict seepage into adjacan!forest.
Discharge systems are available to drain pits directly into
natural water courses while improved landscape design
ensurcs that water does notpond above impeding horizons
in adjacent forest. A grcater undcrstanding of the influ-
ence of mining on hydrological processes in forest adja-
cent to pits will aid in the modification of the hazard rat-
ing system to take into account tie effects ofdisturbance.

Deep percolation of water may be favouredby disrupt-
ing impeding layers that faciliiate dispersal of P. cinna-
rutmi in laterul near-surface flows of water in some
forested areas. An induratcd durictust in a high impact
area was blasted in an attempt to create an envrronment
*rat was unfavourable for P. cinnamomi dcvelopmcnt
(Bartle, in Throssell 1984). Better drainage as a result of
duricrust shattering rcsulted in unsaturated conditions in

tie overburden of upslope positions, but an extension of a
wedge ofsaturated soil in lower slope positions (Throssell

1984). Survival ofjarrah planted onto tie shattered and
adjacent non-shattered control is being monitored. Ma-
nipulation of drainage using methods similar to this may
be appropriate for areas affected by mining, but because
ofthe amount ofdisturbance involved and the cost, rvould
not be an appropriate managemcnt option for forested
areas.

Chemical Control

Chemicals have been used mainly in the nursery environ-
ment to control development of P. cinnamomL Fungi-
cides fall into tfuee classes: disinfectants, fumigants, and
systemics. Disinfectanfs such as sodium hypochlorite,
phenol based compounds, quatemary ammonium com-
pounds, and copper sulphate can be used to eradicae in-
oculum from surfaces. They are extensively used to
sterilize walkways and utensils in nurseries. Sodium
h)?ochlorite is very useful for sterilizing water as, once
mixed, the compound is not stable and quickly dissipates.
It is used extensively to sterilize waterused for irrigation,
in firefighting units, and washing down ofvehicles. Most
of the disinfectants are toxic to plants and cannot be used
to control PhyLophthorc infecuon on vegebtion.

Similarly, fumigants such as methyl bromide and for-
maldehyde, while eradicating P. cinnqmomi, also kill
yegetation. They are best used in extreme situations
where total stuilization of an area is needed. Fumigants
are very toxic to humans and difficult to use. Further-
more, they are nonseleclive and kill all organisms within
the sterilized soil, including antagonistic microflora. Thus,
sho'rld a Phytophtharc species re-establish in fumigated
soil, its development is often rapid due to little competi-
tion from antagonistic organisms. Use of fumigants in
eradicating P. cinnamomi from soil needs further testing
under field conditions. HiU and Tippett (1989) are evalu-
ating fumigants in an attempt to conEol spot infections.

Recen y a number of systemic fungicides have been
found which can inhibit but not eradicate Phytophthora
species in soil and plant tissue (Cohen and Coffey 1986).
Systemic fungicides have the advantage ofbeing translo-
cated within a plant following absorption. Of the four
main classes of systemic fungicides, metalaxyl (N-[2,6-

dimethylphenyll-N-lmethoxyacetyl]-alanine methyl es-
ter) has been used in nurseries and recently neutralized
phosphorous acid ({POr) has been evaluated in the
forest. Metalaxyl has a number ofdisadYantages, namely
cost, toxicity to nativeplans and relatively poor mobility
within theplant. In comparison neutralized phosphorous
acid is cheap, has low toxicity !o plants and animals and
is very mobile within the plant. Reccnt trials where
neutralized ph osphorous acid vr'as inject eA into B . grandis
to contol P. cinnamazi infection gave very cncouraging
results (Fig.47'0). While growth of P- cinnamomilesions
was inhibited \n B. grandis injected with neutralized
phosphorous acid the fungus could still be isolated from
the fronts oflesions after 6 weeks. Research to determine
the effect of neutralized phosphorous acid on survival of
P. cinnamomi in \nfected tissue and to evaluate the use of
the chemical to control localized infections, especially in
areas of high conservation values, is continuing.
roShearer, B.L. and Fairman, R.G. (1989), Unpublished dat!, File 7?/

86, Dwellingup Research Centre.
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a management tool to enhance the resistzlJ,cetD P. cinnq-
nomi. Littleleaf disease of short leaf and loblolly pines
causedby P. cinnamomi could be alleviatcd by the appli-
cation of nitrogen fertilizer (Campbcll and Copeland
1954). However, Hingston (1984) could find no conclu-
sive effect of NPK fenilizer on the response ofjarrah to
P. cinnamomi and,Ma*s et cl. (1973) found the applica-
tion of NPK fertilizer resulted in an increased amount of
root damage to susceptible spccies in an infected area in
East Gippsland.

Predisposition

The effccs of different silvicultural reatments on jarrah's

resistance is not known. Changes that will affect trees on
different types of sites can not be predicted. More
information is necded to understand how changes in stand
structure and disturbance alfect disease expression.

Predisposition is 'an internal degree of susceptibility
resulting from extemal causes'(Yarwood 1959). Salinity
slres s predi sposes omamental plants to P hJtop hthora root
rot (Duniway 1983). Whether salinity may also predis-
pose jarrah to attack by pathogens and hasten decline
needs to be detcrmined.

Seedlings are commonly predisposed to infection by
pythiaceous fungi if drainage is poor (Duniway 1983) and
the same may be true for mature rees, Jarrah seedlings
are scnsitive to waterlogging (Brown 1977; Davison and
Tay 1987). Under waterlogged conditions the ability of
jarah to resistP. ci nnamomt may be impaired and water-
logging may predispose janah to infection. In contrast,
water stress in jarrah can inhibit growth of P. cinnamomi
(Tippett et al. 1987). Forest areas must bc managed to

minimize pedisposition from mois0re accumulation within
an area by encouraging thick overstorey or understorey
canolries and by attention to drainage from roads and
bauxite pits aheady described.

OPTIONS FOR THE FUTURE

This chapter has described the use of conrol strategies to
resfict the spread o f P . cinnamomi or delay and reduce the
rate of disease development should the fungus infect an
area. Significant progress has been made in implement-
ing a number of hygiene procedures to prevent or delay
the spread of P. cinnamomi. Phynphthora cinnamomi
hazard can now be mapped for thejanah forcst, but futue
use will require knowledge of the effect of disturbance
on disease hazard. Estimarion of risk of infection by
P . cinnamomi ca(rbe improved from a greater understand-
ing of the factors affecting survival, sporulation and
dispersal of the pathogen.

In the futule, emphasis mustbe given to implementing
control methods to reduce thc rate ofdisease development
and their integration with hygiene methods. Develop-
ment of methods to conFol 'spot infections' must be a
high priority and somc progress has been made in this
legard. Further ecological research is needcd bofore fire
can be used to reduce the density ofsusceptible hosts and
encourage resistant plant species. Selections of resistant
jarrah need to be increased and used to rehabilitate de-
graded areas of the jarrah forest. Ways of enhancing the
resistance ofjarrah to P. cinnamomi must be sought and
practices predisposing jarrah to disease recognized. The
nexi chapter discusses the most importanl questions re-
search must address in order to answcr these needs.
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resistrnce mechanisms in jarrai roots werc described
(Tippett et al. 1983, 1985; Tippctt and Hill 1984) and t}Ie
importance of host watcr status on t}le host pathogen
inreraction identified ('lippctt et ql. 1987). This work led
to studies on tlle relationships between the ecophysiology
ofjarah and infection (Crombic et a/. 1987, 1988).

As already illustated in previous chapters, most of the
priority ztleas of rescarch include factors that can be ma-
nipulated to conftol P. cinnamomi. Sufficient informa-
tion is now available to recognizc fivc areas for ongoing
research (Tablc 8). Many areas will overlap as they
include factors that have multiple effccts.

ONGOING RESEARCH

Changes in Microclimate

Microclimate, thc climate near and bclow the ground,
greatly affects the rate of pathogen developmcnt and the
fate of individual tees aftcr infection (chs 5 and 6). The
water status and temperaturc ofsoil and host tissuc greatly

influence thc l ifc cycle of P. cinnqmomi from survival,
sporulation and infcction through to invasion (Fig.20).

Thc amount of winter rainfall influcnces dispersal by

subsurface flow of water (Kinal 1986). Warm wetsum-
mers favour not only fungal growth but also the survival
of affected trccs.

The period of below avcragc rainfall expcricnced
since 1975 (Fig.7) has directly influcnced the relation-
ships between moisture status of soil and host tissuc and
survival, growth and sporulation ofP. c innamomi (ch.5).

Extended periods ofbelow averagcrainfall slow down the
ratc of disease devclopment and pcrsonal observations
over thc last decadc arc an unreliablc basis on which to
predict the l ikcly rate at which disease changcs under
diflercnt situations. Thc difficuldcs associated wiLh at-

tempts to determinc past ntes of discase extension have

already bccn describcd in Chapter 6. Qucstions pertain-

ing to future discasc developmcnt can only be answered

confidently by quantifying thc rclatbnships bctween cli-
matic events, sitc and vcgctation water stratus, water

movemcnt within a site, pathogen dcvclopment and host

susceptibility. Long lerm prcdictions can thcn be based
on scnsitivity analysis to detsrminc how changcs in rain-

fall distribution betwecn ycars and scasons affect the in-
tensification of disease.

Disease Management

Considcrable progress has be.en madc ovcr the lastdccade
in the developmcnt of integratcd managemcnt procedures

to minimisc thc spread and the rate ofdcvelopment of

P. cinnamami inlhejanah forest. Hygicne prescriplions

will nced to incorporate methods that re{iucc the rate of

discase developmcnt such as chcmical control and modi-

fication of understorey composition. Hazard and risk

Table 8

Research priority areas and questions.

Changes ln Microclimate
Improve prediction of the effect of changcs in microclimate

on disease:

1. I)ctcmine the relationships between climatic events

and the processes affecting disease development and

exprcssion;

2. Evaluate the climatic record in relation to disease

expression;

Diseas€ Manag€m€nt
To apply disease hazard and risk systems, specifically:

1. Incorporate the effects of distubance on hazard;

2. Determine thc relationships betwcen the ecophysiology

ofjarrah forest vegeiation and hazard;

3. Improve prcdictions of isk of introduction from

quantification of modes of dispcNal widrin the soil
profile.

4. Usc simple mathcmatics ro describe discase development

as an aid to prcdict the risk of infection and how quickly

hazard will be exprcsscd.

To assess, develop and apply methods of contrcl to minimise
new infcctions and reducc the rate of diseasc development:

1. Test efficacy of chemical conlrol;

2. Understorey modification;

4. Rehabilitation strategics;

5. Seleclion ofjarrah resistant to P. ciwurnomi.

Risk of Infection
To understand thc infection process, mainly:

]. The ability of a soil to stimulate sporulation;

2. The ability of P. c innamomi to sponrlate on roots of

different hosts;

3. Survival of P. cirl imomi rn solls of the jarrah forest;

4. Dispersal of inoculum at deplh in neir surface seepagc of

wale4

5. Relationships between inoculum levels and disease;

6. How roots ofjarrah beconc infected;

7. Relationships betwccn the physiological status of thc

host, infection and pathogen developmcnt.

Damage from Infection
To asscss disease scvcrity ard conservation and economic

losscs:

I.  Asses\ rhe ratc of symptom c: ' .plc.. ion:

2. Quantify understorcy susceptibiiiry to infcction;

3. Dctermine Srowth and regeneration ofjarrah surviving in

infected sites;

4. Dctcrmine the effc cs of P . cinnarrami infection on

conseryation valucs.

Regional Differences
Apply methods and knowledge obtained for thc high rainfall

zone of the nonhem ja[ah forest to othcl rcgions:

1. Develop discasc risk scenarios to incorporatc differences

between lhe intcrmcdiate and low rainfall zonos and the

high rainfall zone;

2. Tcst whethcr informalion can be extrapolated between

forest rcgions;

3. Compare the major processes affecting disease

development in shrublands, woodlands and forcsts.
@
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The efficacy ofvarious trealttents to reduce inoculum
levels rcquires assessment as a managcment tool. Control

of 'spot infcctions' has becn identified by managers as tho

area ofhigh rcsearch priority (Byrne 1984). Chapter 7 out-

linedprojects whcre methods to controlP. cinnqmomt ue

being evaluated. Furthcr evaluation of chemicals and

other methods must be a high research priodty to ensure
thrt managers are providerl with as mJny options as
possible to reduce thc spread and developmcnt of

P.cinnamomi.

In the latc 1970s and carly 1980s, rcplacement of the

susceptible B. grardi.t understorey by Acrzcia species o[-

fercd hope as a means of reducing disease devclopment.
Application of the conccpt to the ficld has since suffered
from a shorlage ofcost cffective techniques. Removal of

a susceptible,B. grardis understorey can reduce inoculum
foci and rcmoves a mcchanism whercby the fungus can

survive dry summcrs (Shea 1979b; Shearer and Shea
1987). Further research is needed into cost effcctive
mcthods of reducing the density of -8. 8,".r,?diJ without

causing unacccptable damagc to jarrah and conseNation
valucs. The role of understorey species othcr than
B. grandis as hosts i|Ird the ccological effccts of changcs

in understorey composition nccds to be detcrmined.

Rchabililation prcscriptions for inlccted iueas arc being
modified to incorporate thc local effects of landscape on

drainage, rathcr than a blankct. prescription for whole

areas. Informadon on factors affecting hazard mustbe ln-

corporatcd into ways of countelacting the detrimental
effects of infection on stand stlucturc and productivity.

Risk of Infection

The risk of infcction broadly includcs the biology of

P. cinnamomi it Lhc soil and its intcractiol with the host
plant and soil biota (Fig. 20). Considcrable attention has

bcen given to understanding the infection process (ch. 5),

but many questions remain unanswered (Tablc 8, ch 5)'

Although a ditficult area expcrimenlally, itis vital thatthc
relationshipsbetwecn environmcn|,al factors, sporulation,

survival and infection are dctermined to improve the pre-

cision of risk rating systcms for managers.

Damage from Infection

Considerablc progress has bccn made in the understand-
ing ofwhy jarrah is vulnerablc to P. cir namomi on certain

sites and how P. cin namomt act:ually kills fiees (chs 5 and

6 ). An accurats description of thc interactions and the

damage and symptoms causcd by the fungus is fundamen-

|.al information. The asscssment of damage and thc

monitoring of disease dcvclopment ovcr time will also
providc a sound basis for managcmcnt decisions.

It must be realized that an understanding of the phe-

nology, growth and physiology of jarrah forcst plant

specics is essential to sustain a healthy forest despite the
pressurcs and many types of disturbances to the ecosys-

tem. Thc response of thc jarrah forest ccosystem to

diffcrcnt forms of disturbance or silvicultural tcatments
needs m bcpredicted on different sites with or without tho

fungus prescnt. It is far too soon to say we know enough
about the intcmctions betwccn P. cinnamomi and host
plants.

Parameters which integratc the effects of environ-
mental variables on ftees should prove to be most useful
for comparing differenccs between trces on diffcrent

sites. Growthrateintegratcsthe growingconditionsexpc-
ricnced by trccs. Other paramclcrs crn in tcgrate environ-
mcntal effects over differcnt time spans. Daily and

scasonal fluctualions in cnvironmental or physiological

variables can either cause undesirablc variation in read-

ings or are indicative of diffcrent levels of stress.

There is an obligation to monitor changes in thejarrah
forest ecosystem caused by P. ctnnamomi. An accuratc

record of diseasc developmcnt can help prcdict future
progress ofthe diseasc. It ciul also give a better inventory

than is available at prescnt of the morLality ofjanah and

the understorey in infcctcd areas. Thc comparativc ecol-

ogy of infected and heallhy arcrs rlso needs assessing.

There is a particular nccd forassessment ofthe elfocts

of P. cinnamomi on intermediate impact sites where
jarrah survivcs. The qucstions !o be addrcssed include:

What type ofrcgeneration occurs on sites long infected by

P. cinnqmomi - is it from seed or old rootstocks? Is the
growth ofjarrah affectcd by infection on some sites but
not others? Are the cffects of infcction transitory or

cumulative? How is leaf arca affected and how does
reduction in leaf arca caused by disease relatc 1-o pedorm-

ance ofjarrah on differcnt types of sitcs?

The undersbrey of the jarrah forcst suffers greatest

damage from infection by P. cinnamomi (chs 4 and 6).

Despite this, the susceptibility of understorey plant spe-

cies other than-8. grandis has been largely ignored. There

is an urgent nccd for information on the susceptibility of

understorcy plant spccies to P. cinnamomi infection.

Plant species Lhat P. cinnamomt infection tireatens with

extinction must bc identified.

Regional differences

Most of the information rclating ervtonmcnt to diseasc
development has come from investigations in the high

rainfall zone. Potential spread and intensification of

dieback in the intermcdiate-low rainfall zone needs to be

evaluated. Dccreasing rainfall (Fig 6), occurrence of

B. grandts, laterite formation (Fig l0), and disturbance
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Glossary

Definition of tcrms as they have been used in the text.
Terms already dcfined in the tcxt are not includcd.

antagonism: A general name for associations of soil
microorganisms disfavouring rcproduction and survival
of P. cinnqmomi.

asexual: Vegetative reproduction without gametes or scx

organs.

bauxite: Latcdte high in aluminium and low in iron

and silicate, mined for its aluminium content.

cementation: Thc process of prccipitation of a binding
material, commonly iron oxidc, around grahs or minenls

in rocks.

chemotaxis: Attmction of zoosporcs to roots duo to
chemical stimuli.

chlamydospore: A thick walled sporc approximately
40 pm (0.04 mm) in diamcter produced vcgotatively
by the rounding up of a ccll or cells.

conducive: Innate property ofsoil to stimulatc formation

rrf sporangir by I hytophhora cinnamomi.

control: The prcvcntion of or rcduction in the sprcad of

a pathogen or dcvelopment o[ disease, resulting in
protection of plant health.

Corymbia: A subgcnus oftheEucalyptus containing the
woody-fruitcd bloodwoods. The subgenus compnses
about 35 sprcics of mainly small trees and includes

marri. The subgenus is noted for thc prevalence ofrcd

kino (gum) vcins and pockcts in the wood and hence

the name bloodwood.

Darling Scarp: The dissccted western margin of the

GrcatPlateau, being cletrly defincd between Latitude

31"30'and 33'30', but diff icult to recognise fu her
norlh or south.

dendr i l i c :  A  Uee- l i ke  p r l l cm o f  d ra inagc .

dieback: Progressivc deterioration of llee crowns from

the top down due to dcath of leading twigs and

branches. In Western Ausfalia often associated with
inlcctionby Phytophthora cinnamomi,but can also be

caused by ofter pathogcns trat infecl roots (e.g.

Armillqri!1 luteobubalinz) urd causc cankers on branches
(e.g. B ot ryo s p haer ia r i b i s).

'lF

Dilleniaceae: The family occurs mainly in Ausffalia and
tropical America. Mainly tloes ard shrubs, sometimes
woody vines or herbs. Leaves simple, altemate, with
or without stipules. Flowers either bisexual or unisexual,
sepals 5; petals usually 5 but sometimes fewcr; sfrmens
numerous arrangcd spirally, somctimes coalescent
ba-sally; carpcls seveftrl; ovules l-several. Fruit a follicle

or berry-likc. (e.g.) Hibbertia.

disease: A harmful alteration of the normal physiologi-

cal and biochemical development of a plant.

disinfectant: A substrnce for tie destruction of patlngcnic

micro-organisms.

dispersal: Thc movement of propagules of a patiogen

from the place where they wcre formed or where they
may survivc to the place whcre they may infcct.

dolerite: A medium-grained basic intrusive igneous rock

occurring in dykcs.

duricrust: Describes thc lateritic crust of varying hardncss
found at or near the surface which provides a measure

ofprotection to the underlying material and limits the

downward percolation of rainwater.

dyke: A vcflical or highly inclined sheet of rock formed
when molten rock matcrial from the interior of the
earth has forced ils way towards the surface through a

cleft or by melting a passage for itself and has cooled
and solidified.

ecosystem: A functional system which includes the

organisms ofa natural community together with their

envllonment.

ectomycorrhiza: Thc beneficial association between the

roots ofplants andfungi whercthefungal hyphae form

a closely-wovcn envelopc covering thc root apex and
penelrating to a limited extent bctween the cortical

cells. Usually formed by basidiomycetc fungi.

encysted: Azoosporc trat ha-s lostmotility bywith&awal
or shedding of the flagella and has rounded off.

endemic: The occuncnce ofa plant or pathogen confined

to a particular area.

Epacridaceae: A large family centcred in Australia.

Shrubs or small trees with small, simple heath like

alternate leaves. Flowcrs commonly bisexual, rarely

unisexual with a fleshy cushion oftissue growing from

tie receptacle below the ovary which the stamens and
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convenience water potential is usually expressed as a
pressure, equivalent to that rcquircd to move watcr
from pure water at the surfacc of the earth to the point

ofmcasurement. Becauscplants usually takc up water
ifit is available, plant water potential is ncarly always
negativc. Droughted plants have lower (i.e. more
ncgative) water potcntials than well watercd plants.

lesion: A well-marked but l imitcd diseased-area ofpart
of a host @ig. 29).

l ignified: Tissue in which complcx aromatic compounds
have been dcposited in cell walls of sclerenchyma,
xylem vessels and tracheids making thcm strong and
rigid.

mating typ€: Relers to selfsterile types which re4uire the
intcraction of two compatible types for sexual
reproducfion. ht P. cinnamomi the mating types are
designated as Ar and A2.

matric potential: The encrgy needed to movc water in

soilrelative to ahypothetical reservoirofpure and free
water at atJnospheric pressurc, atthe same tempcrature
as soil watcr and at a givcn and constant elcvation
measured in kilo pascals (kPa). A negatlve pressurc
potential results from the capillary and adsorptive
forccs due to the soil matrix. As the watcr content ofa
soil decrcases, the remaining water is hcld by
progressivcly suonger forces and the amount of work
necessary to move water in thc soil must increase.

microflora: The bacteria, actinom ycetes, fungi and algae
that occur in the soil.

monadnock: A rcsidual hil l  of exposcd grarite which
stands above the general lcvel of a landscapc because
its rock has been more resisant to wcathering tian the
rock of the surrounding counlry.

Monocalyptus: A subgenus of Eucalyptus with buds
having a single cap which covers the stamcns and 2

contiguous vertical rows of ovules on the placenta. It
is thc second largest subgcnus consisting of about 100

species which include many imporLrrt timber spccies
such as jarrah.

mycelium: A mass of fungal hyphae forming thc body of
thc fungus.

Myrtaceae: The family includes about 2500 specics
distributed widcly through the tropics, butparticularly
abundant in Australia. Shrubs or trees. Leavcs simple,
usually opposite, cntirc, leathery, markcdly aromatic
producing csscntial oils. Flowcrs bisexuiLl, radially
symmclrical with scpals, petals and stamcns growing

from the floral cup fuscd to the ovary; scpals usually

4-5 (in Eucalyptus small or wanting); petals usually 4-

5 (in E uc alyptus forming acap which falls away as the
flower bud opens); stamens numerous, carpels 3 or
more, often 4, the ovary 1 chambcred, ovules 2-many
per carpel. Fruit a beny or a capsule, often dehiscent
apically about the attachment ofthe floral cup or tube.
(e.g.) Darwinia, Hypocalymma, ltptospermum,

Eucalyptus.

niche: Used to describe the constellation of ecological
factors which specify how a specics males its liying in
thc world.

oomycete: Consists of fungi which reproduce asexually
by means ofbiflagellate zoospores borne in sporangia
of vaious types.

oospore: A thick-walled spore approximately 40 pm
(0.04 mm) in diameter and formcd in a fertilized

oogonium.

overstorey: Tree spccies that form thc upper canopy.

overland flow: Originates from rain which fails to
infihate the mincral soil surface.

Papilionaceae: The farnily is distinguished by fte butterfly-
like appearance of flowers. Herbs or shrubs or tlees
with simple or compound leaves. Sepals 5, more or
lessjoined in atubc, petals 5 overlapping and free with
the upper exterior one forming thc standard, the two
lateral (wings) more or less pzfallel with each other,

the lower two aro joined by thcir lower margins into a
kcel; sbmens inscrtcd within thc petals, often 10,
mostly all pefect; arthcrs mostly open lengthways.
Fruits usually a legume or indehiscent, sometimes
jointed and brcaking up into seed segments; sccds

witiout or with a very scanty endosperm. (c .9.) Bossbea,
Hovea.

pathogen: Any organism or factor causing disease.

pathogenicity: Theprocess ofbeing able to cause discase.

peneplanation: Thc action by which a land surface is

changcd almosl to a plain by erosion.

percolation: Movcment of watcr through the soil.

phenotype: Exprcssion of lhe gcncs in an organism in
responsc to the interaction with the cnvironment.

phloem: The principle food-conducting tissuc of the
vascular plant situated just bclow the outer bark.

phytophthora: Qthyton, a planti' phthora, destruction)
Many species in this genus are dcstructive parasites of

.d-
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water status: A general term descdbing the levels of
water supply in the plant relative to what is presumed
to be optimal. [-ow water status equates to a general
condition of &ought and presumed stress caused by
lack of water in tissues.

Xanthorrhoeaceae:'grass fiee' likeperennials; rootstock
a thick .roody persistant underground stem base or
rhizome; stem, when present, sometimes tall and
woody, simpleor little branched; leaves mostly linear.
Flowers bisexual or dioecious, usually srnall, rarely
large and solitary, in a spike, a cluster of associated

spikes or in a dense cluster or head. Perianth mostly
dry and glumaceous, rarely coloured, of6 segments in
two whorls. Stamens 6, three outer more or less free;
anthers 2locular; ovary superior, 3Jocular. Fruit
deciduous along the middle of the back of each chamber'
or rady a se€d€d nut. Seeds with rather hard endospern
and straight embryo. (e.9.) Xanthoffhoea.

zfi)spore: A motile spore approximately 10pm (0.01
mm) in diameter produc€d asexually within a sporangium
and released in free water.
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