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Figure 1
"Dleback" deBtloyed Jorest.
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Figure 2
Typical dlstrlbution of jallah dleback in the nolthell1 jarrah fore6t. (Non_timbered areasoccur on lower topoeraphlcar sites aD.l hence merk drainaee rinii. iv,jiJ ct,iie assocls,tioa

between these 6ites and jallah dieback).

Research has shown that there are some exotic eucalypt and coniferous
species which are resistant to the fungus and capable of producing an
economic crop. These species, however, grow most successfully on the lower
topographical jarrah forest sites that cauy low quality jarrah. It is possible
that new economic methods of establishment, cuuen y being investigated,
will allow economic replacement of the diseased jarrah forest crop on freely
drained sites with resistant economic species. It would be more desirable to
retain the established jarrah crop on these sites.
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SECTION I

ENVIRONMENTAL FACTOR,S AFFECTING PATHOGENICI,IY
AND SURVIVAL OF P. CINNAMOMI

Eeptine (1964) has defined the environmental conditions Iequired belore
damage can be expected by p. cinnamalnr as foltows:

Is this often a
limiting factor.?

Hosts woody; great l.ange of families.
no
no
yes
yes
yes
yes
yes
yes

Characteristic

pH lange for. g1.o\rth and infection pH 4_g.

Survival pool in soi l  dry for long periods.
Long sulvival usuai ly requi les a l iving host.

Growth slo$' below 1b"C, optimum at 2?"C, ni l  above 34.C
Infection sl ight below 15"C or over 34.C ..
FIee soil moistur.e needed for long periods lor infection.
Damage rare on l ighi soi ls, common on we!, heavy :oi ls.

-Eiven a superficial analysis of the jarrah forelt envir.onmeni iD lelation
to the disease indicates that several of Hepting,s , , l lmit ing factors,,  ar.e uot
opelat ing. Thus, a more cri t ical evaluation of factors affect ine survival and
pa lhogen i c i Ly  o f  p .  . i nnamt  m l  i s  nece :sa t . v

1. FACTORS AFFECTING PATHOGENTCITY
Soil moisture, soil texture anal soil aeration.

SoiI moisture, soil texture and scil aeration ar'e intelrelated anal their
efect on the pathogenicity of p. cinnamami is complex. Numelous authors
have shown that high soil moisture levels are required for pathogenesis
(Roth and Kuhlman, 1966; Zak, 1961; Torgeson, 19b4; Hine ei at,  1964).
The association of dtseases caused by p. ctltnamomi with conditions of poor
t irainage and/or excessive Iainfal l  have been observed by Anderson (19b1),
Campbell  and Copeland (1954), Torge on (1954), Copeland and McA]pine(1955), and Newhook (19591. Stotzy et al (196?) shotved the necesslry tor
high noisture conditions for pathogenesis but, also demonstrated tha[ zoospore
sul 'vival was inhibited at high soi l  moirtule levels. Torgeson (19b4) lound
that soils of moderate texture tvere most favourable for pathogenicity but
Zak (1961) d€monstrated progressiv€ly greater pathogenicity as soit  textur.e
was made heavier ' .  Zak sugge:ted that soi l  aeration was not an rmporlaur
factor in detehining pathogenicity.

Roth and Kuhlman 0966) summarised cuuent knowledge on the effect
of soil moisture on pathogenicity. They postulated that there \rere two thres_
holds atrecting pathogenesis: soil saturation which qlovides the stimutus for
sporulation, and fleld capacity which enables spore migration anal possibll,
influences infection. Data on the effect of soil moistule and associated lactor_s
on pathogenesis, ho\r'ever, were inad€quate for' critical evaluation of flelcl
conditions. The moisture chalacteristic curves of tesi soils were not. tpecified
and there was no information on the periods Iequired for signiflcant disease
development at moisture levels above the critical minimum. In the abaence
of data on the moisture character.istics of test soils, a moisture conren!
OJ 20 per. c€nt may corlespond approximately to . .wi l t ing point,,  or. . .neld
capacity", d€p€nding on soil texture and structule. Even if the moisture
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months. For the period of the year when soil moisture conditions are
suitable for infection. there may be a total of six hundred hours during
which soil temperature is above the minimum for disease development. The
average period per day duling which the temperature is above the critical
level, however, may be only eight hours. It is unlikely that ihe processes
involved in the production of zoospores, their transfer to the infection
"court" and subsequent infection are favoured by disjunctions. Ilence, the
assumption that disease development is directly related to the cumulative
sum of the number ol hours above the critical minimum temperature pro-
bably results in an overestimate of the suitability of a particular environment
for infection.

Soil microorganisms

Zentmyer (1965) shorved thai bacteria, ]rolably Chromobclcterium
violaceunt, stimulate initiation of the production of sporangia. Marx and
Davey (196?) demonsirated that ectotrophic mycorrhizae act as deterents
to root infection by P. citunamomi. Zentmyer (1963) demonstlated control
of avocado root rot by incorporation of alfalfa meal into the soil and
attributed this to the large increase in saplophytic Jungi in the ireated
soi ls. In a later paper'  (zentmyer and Thomson, 196?) i t  was shown that
saponins could be part ial ly responsible for control.  Kuhlman (1964) showed
inhibition of fungal growth was less in forest soils than in cultivated soils,
but found that none of the tested soi ls had a lethal effect oa P. cinnamomi.
Roth and Kuhlman (1966) studied pathogenicity in eight differeni soils and
demonstrated that the fungus was more destructive in heaviel soils, bui
tound litUe evidence that a saprophytic soil microflora was actively influencing
damage by P. cinnamoni.

The influence of host susceptibility on the critical conalitions
requireal for pafhogenicity,

The host, pathogen and envilonmental factors of the disease complex
are not independent. Prediction of the degree of disease severity, in envi-
ronments which are optimum, sub-optimum or marginally suitable fo'_ the
fungus, cannot be made without considelation of the susceptibility of the
host.

The effect of dlfierent host susceptibililies on the environmental
conditions required for severe disease is illustrated by comparison between
avocado and citrus. "One Phatophthora infectioD on a. gr-owing avocado
rootlet destroys it, whereas in citrus massive infection is necessary for dam-
age" (Stolzy et al.  196?).

The ease with which the fungus is able to invade ihe root system, the
capacity of the host to regenerate roots and the host's ability to withstand
stresses br_ought about by fungal attacks ai_e ihe plincipal factors deter-mining
host susceptibility. The more susceptible ihe host is in any or aU of the
above respects, the lower are the environmental requirements fol fungal patho-
genicity and sedous disease development.

2. FACTORS AFFECTING SUR,VIVAL

Soil miaroorganisms

Conflicting data on the ability of P. cinnamo,nti to survive as a soil sapro-
phyte was presented by Kuhlman (1964) and Zentmyer and Mircetich (1965).

Kuhlman found that P. cinnanami was shortlived in soil, mycelial growth
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The major physical environmenial elements controlling tungal pathogenicity
are soil moisture and soil temperature. It has been assumed in the evaluation
of the environmental conditions of the forest thai ,.field capacity,, is the
lower soil moisture level for infection and tha,t 12'C, 1b"C and 1B.C are the
initial soil temperature levels below which mycelial growth, infeciion and
significant infection, respectively, does not take place.
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and have a range of pore sizes which remain filled with water, and hence
available fol zoospore tlansport, at relatively high soil potentials. The three
soi ls exhibit  favourable ( lateri t ic si l t) ,  intermediate oater, i t ic gravel) and un_
favoulable (sand) moistule retention fol p. cintua.nlami acli.frly -

Field obselvations ol the disease and evidence fiom the litelalure sug_
gested the valiation in soil t€mperatule and moisture regimes were the prin_
cipal factors affecting variation in disease distr.ibution, intensity and spread.
Consequently, an attempt \ias made to measure ihese regimes undel a vanety
of site and stand situations which were leptesentative oI the fotesr envuon_
ment-

The principal experimental area was located at Scalp Road in tne llwel_
lingup Forest Division. This area provided a r.ange ol site anct vegetation
types that are typical of the cutol,er jarrah forest. The area $,as disease-free
but was sullounded by diseased forest and thus could be inoculated without
endangering large areas of healthy folest. The soil moistute and soil tem_
pelarure reglmes of stand and site types not Iepresented in this study area
were sampled in other areas of the forest but it was not feasible to moculate
these sites.

1. SOIL MOISTURE AND SOIL TEMPER,ATURE REGIMES
UNDER MATUR,E UNEVEN-AGED CUTOVER FOREST IN

DIFFERENT TOPOGRAPHICAL SITUATIONS

The experimental ar'ea was located 8 km north_west ol Dweuingup, ap_
proximately 0.6 km east of the Darling Scar,p. Experimental plots were located
on the south-west side of a shallow valley formed by primary erosion of the
ancient latel i t ic peneplain (Fig.4). The site types in the experimental area
were representative of the major. types found in the ancient peneplain, except
that there were no depositional sancls.

The soils ranged fr.om the freely drained coarse gravels of Str.atum 4 to
the poorly dlained deposit ional si l ts of Stratum 1 (Fig. 4). Stratum 3 was
freely drained and had soils similar to Stlatum 4, except that the surface
noruons were formed of colluvial material and massive ironstone was less
prevalent. Stlatum 2 \ias a site intermediate between the freely drained soils
of lightel texture of upper. stlata and the poorly dained, heavy textured soils
of Stratum l_

Jauah was the principal component of the overstoley on the upper !opo_
graphical sites (Strata 3 and 4) with occasional malli. Bclnksir- grarrdis
Willd. occurr.ed both as a scattered undelstorey tree and in dense thickets.
XantlLorrhoea preissii Endl. ^nd Macrozanlia rie(llei (Gaud.) C. A. (.ialdn.
occul led prol i f ical ly. There were a number of shrubs but the shrub laye!. was
discontinuous. The forest on the upper topographical sites had been managecl
according to a group selection system and consisted of groups of difielent age
classes varying from poles to over-mature trees. Jauah saplings and advance
glowth (r 'egeneration) wele absent (Fig. b).

In Stratum 2, mar.ri occutred more flequently in the overstorey and B.
grondis lormed a scattered understorey. The shrub species were similar to
those on the upper strata. In Stratum 1, jarrah was absent and marn anai
blackbutt lEuco,lvptus pdtens Benth.) formed an irr'egular ovelstorey. B. gratuaLis
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Figure 5

Vegetation. Stratum 4, Scarp Road Stuoy Area_
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Stratum 4 duling the summer months suggest that fungal survival in soil oD
these sites could be lestricted. Soil moistule i4 Stlata 1 and 2 never ap_proached levels which could be considered lethal to p. cinnamarrr.

This preliminary data suggests that difierences in the susceptlilility of
different sites in the jalrah forest, appalent from field observation ol jar'rah
dieback. could be part ialry accounted for by dif ferent so moisture anar soi l
bemperatule regimes. The lack ol sampling intensity in both t ime ancl space
did not per.mit precise evatuation of the susceptibi l i ty oJ the dinerent si tes.

( i i ]  DETAILED MEASUREMENTS, FEBRUAR,Y 1968 TO APRIL 1969.
Prccedure

Rainlql l-Weekly r.ainfal l  was lecorded at three open posit ions in the exDeri_
men l  a l  a  r ea .

SoiI r taisture-Ten 40 m by 20 m plots wer.e located on the experimental area.
Three plots were located in Sttatum 1, two plots were located in each of
the interDediate sit€s (Strata 2 and 3) and three ptots wele located in Stratum
4. The plots 1ler 'e selected with iongitudinal axes ol iented along the contour-
Four soi l  samples wer.e taken for gravimetric determination of moisLul.e conaen!
f lom the 0 to 15 cm hor. izon in each plot at randomly located posit ions. The
15 to 30 cn horizon was not sampled, as the presenca of massive tr.onsrone
boulders on some sites plevented unbjased sampling. Sampling 11,as contrnued
at weekly intervals throughout the measurement period except on ptots Iocated
in Stratult  1, \ ihei-e sampling was discontinucd dur. ing the winter months when
f teF  \  a t c r '  occu t . r ec l  on  t hc  su f l ace .

Soil  moistur-e content r, 'as determined by oven dr.ying at. 105"C. While
the soi ls remained moist,  samples wele col lected with a reinforced King tube.
When the soi ls were dr 'y a sl lecial ly reinforced soi l  auger was usecl. . .Field
capacity" of the freely drained soi ls in Sites S and 4 was determined by
averaging the soi l  moisture values for the eight_week period in spdng, fronl
August 22 to October. 10. The ,'fleld capacity,, of the soils of the two towel
sites was obtained by deterrnining the soil moisture content aft-.r 48 hours
free dlainage f lom a saturated condit ion in the laboratory.

The moistur.e characteristic curves of soils fr'om Strata 4 anal 1 were
detelmined using the pressure membrane appalatus.
Soil temlrerature, ( cL ) Continuolts meclsurements_Continuous recording doubleplobe soi l  thermographs were located in Strata 1 and 4. At each site the
prol les were instal led at ?.b cm depth, either under canopy or. in an ol lening
in the forest. Standar.d glass soi l  thermometers wele inserted at each pt.obe
position to check thermograph accuracy. Check readings were taken weekly at
10 a.m., 12 noon,2 p.m., and 4 p.m., except during the winter months when
readings wer'e tak€n $,eekly at 10 a.m. and 2 p.m. During the spr. lng months
soil temperatules at 15 cm depth at. the probe positions were measured weekly
$ith dial-type metal thermometer s.

At the installation site on Str.atum 4, probes wele located under dilTelent
canopy covers-complete canopy and no canopy. I t  was impossible to locate
the tuo pr.obes on Stratum 1 under markedly dif ielent canopies anal so one
probe was located under pat.t ial  canopy and the othel in a palt ial  opening.

(b) W eeklA measurement ol sltr|d.ce soil temperature_Soil temperatures
at 7.5 cm depth were measured on six of the moisture content, plots, weekly
at 10 a.m., 12 noon,2 p.m.. and 4 p.m. with diat_type metat thermometers.
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The periods during the year when soi l  moisture was not l imit ing and soi l
temperatules were above 18"C on the four strata were markedly different
(I'ig. 11a). The higher soil moisture levels of Stratum t had a cooling efiect
but there were still long periods during which soil moisture was not limitlng
and soil teml elature was above 18'C. Under canopy on Stratum 4 ther€
were no periods when soil moisture was not Iimiting and temperalures were
above 18'C. However, soi l  temperatures in an opening on Stratum 4 were
above 18'C for brief peliods in autumn and considerable periods rn spnng
when soil moisture levels were not limiting. Sholt, heavy showers in eariy
autumn and late spring depressed soi l  tempefatures below 18'C for longer
periods under canopy than in an opening. There $,ere no heavy falls of Iain
during the summer months and hence there $,as no opportunity to examine
the effect of heavy summer sholvers on the number of houls soil temperalules
{ 'ere above 1B'C in each of ihe sites.

Houls per week above 15.C and 1B.C at 15cm depth Soil  temperatur-es
at 15cm under an opening in the canopy commenced to r ise above 1b.C and
18'C in the second week of September and the second l l ,eek of Ocrooer. res_
pectively (Fis. 12).

Under canopy, holvever, although the soil temperature gradient with depth
$as les:-, soil temperatures r.emained continuously below 1B.C throughout the
period of measuLement a4d nere only above 1b.C for bt. ief periods.

lb) weekla mettsurements dt 7.5 crrl dPpth--_Ihe weekly soil temperalure
measurement at 10 a.m. and 2 p.m. on the tena.perature plots in Strata 1, 2, 3
and 4 provided the same trends as lor the continuous recolcl. Sampling intensity
was not ad€quate to show the significance of diferences during the critical
periods of the yeal and none of the plots sampled had sufficient carropy coyel:
to demonstrate the effect of canopy on soil temperatures.

5 0 L  M O ] s T U R E  N O T  L f f I I I N G

t 5 a

t 3  c;
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o

) E R I O D  O F  M E A S U R E ^ I E N T

Figure 12
l iumber of  holus !q \ \  eek scr l  temrrcratures at  t5ch depth wcre above 15!( j  and 1B"Crrr locr  caDopr aDd [ '  Jn opFtr jng at  rc Scarp Roa. i  Stualy Area dur i ] rg 1969,
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even under conditions of fuu canopy cover, ther_e would be long periods when
soil moisture and soil tenpera'uure conditions would be expected to be suitable
for infection by P. cinnomonri. The susceptibility of Stratum 2 varies markedly,
due to rapid changes in the soil moisture regime ol'er short distances tvithin
the str'atum. In the lower' section of Stratum 2 (see preliminary soil moisture
measurements), the ]evel of susceptibilty $ould be similar to that ol Stratum
1, but in the upper sections, susceptibility vould be similar to that of Strata
3 and 4. In Strata 3 and 4 the maintenance of soil moisture levets suitable
for' infection was dependent on the input of moisture from rainfatl. Susceptl-
bility in these strata was influenced by the deglee of canopy cover. In all
pericds when soil moisture was not limiting, except in late autumn lvhen hea\,:f
and consistent rainfall occurred, soil temperatules were below the cdtical level
for ' infect ion for longer periods in sites with canopy cover. than in sites without
canopy cover. A Ielat ivcly greatel volume of roots is susceptible to infect ion
on sites without canopy covel because the difielence in soil temperature levels
between the two cover types was st i t l  appat 'ent at depths of 22_5 ancl 80.0 cm.
Stlata 3 and 4 \\,ere relatively mor.e susceptible in spr.ing than autumn because
autumn rains had a depressive efiect on soil temperature.

Soil moisture values on Stfata 3 and 4 in summer apploached levels which
could be critical for' survlval of the fungus. SolI moisture values in Strata 1
arrd 2, howevet, did not approach levels which could be considered lethal to
P. cinndmoni.

2. SOIL MOISTUR,E TR,ENDS UNDER HIGH QUALITY POLE STANDS
Studies 1 ( i)  and 1 ( i i )  at the Scarp Road exper. imental si te indicated that

moisture in soils located in upper topographical sites falls below ..field capa_
city" before the soi l  tempelature under caDopy I ises signif lcan y above the
cdtical level for. infection. Soil moisture measurements, however, wele tes-
t l icted to the 0 to 15.0 cm hodzon. The susceptibi l ty ol forest growing on
upper topogtaphical sites is important, because these sites car'r'y the highest
quality forest. Therefore, a further study $,'as conducted to provide information
on soi l  moisture trends under even-aged high quali ty jarrah stands glowing
on upper topographical si tes.

The Study Area

The experinent $as located ?.S km Dorth-east of D$,el l ingup. Tne u,ansec!
$'as select€d on the north-east side of a f lat-topped hi l l ,  which dlolrped to a
saddle on the north-east ancl a small  stream on the souih_east sicie. A
profile of the nolth-east slope of the hill showing plot location and soil
characterist ics is pt.esented as Figure 14. The stand is i l tustrated in Figure 15.
Procedure

Four 40m by 20m plot: tvere located along a t lansect from ridge top
to the saddle (Fig. 14) and or. ientated so that their toneitudinal axes wele
palallel 1\ith the contour. Soil moisturc content was samltlecl at six randomly
iocated positions fron the 0 to 15 cm holizon on each plot ovel the ledod
Aueust 20, 1968 to December' 1?, 1968. Sampting of the 1b to 30 cm horizon
\^,as car'r ' ied out from September 1?, 1968 to December. 1?, 1968. The moisture
content at both sampling depths on a.ll ptotj was also sampled on February
2, 1969 to obtain an estimate of soi l  moisture levels dudng the period of
maximum moistur-e stress. Samples were taken $eekly except, where indlcated.
Soil moistule content was detelnined gravimetlically.
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Jarrah pole :iTj: 
'J,"0" 

^*, ,.

Field capacity tevels for each plot and horizon. are plotted with ihecorresponding moisture content data in Figure 16. Field "upuciw t"vet" inplots 1, 2 and 3 rere approximately the same, lut tne vafue' in"plot 4 wassjenif lcan[Iy higher.
Soil moisture levels were consisten y below field ca.llacity in the 0 io lS cmhorizons in aI1 plots, as early as the first week in October fiic. iii. aru.o,r.l1
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soil moisture data for the 15 to B0 cm clepth were less variable than at the
sulface, the tlends were similar. Moisture levels l.emained at apploximately
fieId capacity in plots 2 and 4 until the end of Octobel but by the first week
in November they had fatlen significanUy belo$ field capacity. In plots 1 and
;1, soil moisture remained at apploximately neld capacity until the first week
iD November. The rapid fall in soil moisture after the nrst week in November
in plot 3 suggerts that sarnpting bias $as Iesponsible for the higher soil
moisture levels recorded in that week. The maintenance of soi l  motsiure at
approximately fleld capacity levels in p1ot. 1, however, cannot be attributed
to sampiing error and probably reflects slight impedance and/ol seepage or
water from upper topoglaphical situations on this site.

F,ainfall in the tveek ending November 19 cau:-ed soil moisture to be
]lighel in plots 1, 2 and 3 but the levels were still significan y below field
capacity at the t ine of measurement. Soi l  moisture levels on February 2,
1969 were, in both horizons and in all plots, approximately the same as those
recorded on December' 1?, indicating that the soils had reached maximum
deplet ion by this date.

Discussion

The results of this study confirm the conclusions on the soil moistur.e
regime of upper topographical sites in the jarlah for.est summarised in Study
I (ii) and indicate that valiation in soil moisture over a range of slope posi_
tions in a uniform pole stand of high quality is minimal. The maintenance
of soil moisture levels equivalent io field capacity on these sites is dependent
on ihe consistent input of moisture from rainfall. The soil moistule tlends
in the 15 to 30 cm depth are particularly signiflcant, since they indicate that
these holizons fall below field capacity at the same time as, or soon alter.
ihe surlace hol izon!.

The soil temperature measurements of Study 1 (ii) are considered ap_
plicable to this study, since the rainfall and soil moisture irends in both ex_
perimental areas wele pr.actically identical. In the absence of intor'mation
on the soi l  moisture trends in the lb to 30cm hor. izon in Study 1 ( i i ) ,  i t  was
impossible to calculate the number of hours during which conditions were
suitable for infection at a depth of 15 cm. The results of the present stucty,
however, when integrated with the temperatui.e data at t5cm of Srudy 1 (ii),
indicate that it is unlikely that signiflcant infection occurs at this depth in
upper topographical sites. The decr.ease in soil temperatule with depth is
not compensated fol by an excessive prolongation of favourable soil moisture
1eve1s.

Comparison of the soil moisture levels at the end of December with those
at the beginning of Febluary shows that minimum soil moisture levels in the
surface horizons are reached eariy in summer in freely drained jarrah foresf
soils. In the absence of precise data on the efect of moisture on survival of
P. cinnolnLolrti in soils of different textures, it is impossible to determine ifthe minimum soil moisture levels reached in this exper.iment .were trelow thecritical level for survival.

3. THE INFLUENCE OF ASPECT
Roth and I(uhlman (1966) demonstrated in Douglas_fir lorests rn Oregon

that aspect had an importani etrect on the "oif -oi"tu"u "rrJ i"-O".utu""
regimes of difierent sites. They fouhd that sites wltf., "outf.rel" aspects trad
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MOISTURE NOT L IMI I ING IN
THE o- l5cm HORIZON
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PERIOD Of MEASIJREMENT

Figure 1?
Weekly soil temperature trcnds on northeln enat southenr aspect6.

river valleys, slope a,ngles in the Jarrah forest area rarely exceed 10. and are
usually le6s than 6'. Thus it would be expected that differences in soil
temperatures due to aspests in the jarah forest wolrld be somewhat less than
is indicated by Jacobs,

This study demonstrates that soil temperatures are higher on northern
aspects and it is Ukely that soil temperatures on these sites would rlse above
the cdtical level. for infection earlier ln spring than on southern sites.

Itre characteristic pattem of spread of p. cinnartuottui, infections, tha,t is
upslope from moist sites, makes tJ:re effect of aspect more important, On
northern slopes, because the fungus destroy6 tJle vegetation as it progresses,
the sun's lays penetrate ahead of existing infection, uninteryupted by canopy,
aDd would produce higher than normal temperatures in the infecdon zone.
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Litter tayer tn forest unburnt ior approxihately 40 yeam.

layer was discontinuous. Me,croaanzia ried,lei a.Ird pteridiurt esculentunl t,I.orsL..)
cccurred abundanfly ar\d Clernatis pubescens t]tsluec), nfnbiriia montana(Steud) and Le1!.capasan rerticiltatus (R.er.) occurred ;"";";;;uii;.
Procedure

The experiment had a randomised block design with flve blocks and tworrealments. Ten 24m by 12m paired plots were establ ished in the experi_

Figure 18
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the area because of the high moisture content of the litter layer. ,I.he litter
was remoyed by raking and all shrubs were cut of at ground level withsecateurs. Each plot was subdivided so that each block consisteA of twoa  d jacen l  l 2m squa re  p lo l s .
Rqinfu l-Weekly rainfall was recorded with gauges located at a fixeci position
on one of the subplots of one block ancl with two gauges which were randomty

:":1t_:-g :":n 
rl€ek on remainine subplots. Rainfati * *"u"u."J L a clearins

u .+  Km t rom tnF  expc l im rn ta . l  a rea  l r om Oc tobe r  23 .  l 968  onwarc i s .
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lnermometers at points immediately adjacent to the standard soil thermometers.SoiI temperatures at 22.5 cm depth were recorded with "t""iri"ut "".l.turr""blocks at two .andomly rocated nxed posltions in "u"r. "r,toro1. 
-i.'o 

t""r.r"n""were dug immediately adjacent to the five blocks. Tne iltter wus removecifrom around one of the trenches. Thick polystyrene st eetlng was useo tocover the trenches between readings. Temperatur", "t- :O"O-irn alepth wer'elecorded by inserting metal thermometers horizontally into the sides of thetrenches. AII temperature measurements were carried out weekly at 1 p.m.
Results

L_it!:r 
- 

The aver.age litter weight measured was 16 tonnes per hectare.SoiI Moisture-The avelase weekly soil ,""i.tu"" ;;i;;; rrr*'oori ,."ur_"l,r"are plotted, in relation to the determined n"fa "uoulttv, 
-irl "i,"nu"" 

,r. "omoNture in both treatments was below fi:ld capacity lr"i"n" ui the end ofseptember and beginning of october and consistenfly after october 2J. Litterremovai caused soil moisture to fluctuate rr1o." in l""por.r"- io-"""urrrru,r. Uo.the first weeks of measurement the moistur.e values in plots with litter removedwere higher that ihose with l i t ter present (Fig.21). During drier perrocts soi lmoistule levels were slighfly higher in plots with titter intl,ci. Oinerences inthe moisture trends of the two rreatme;t" "u" b" ;;;lu;;;; tv 1n" rr,.,n""irrgefiect of the litter and shrub layers on soil moisture. Rainfall interceptron isgr€ater and evaporation less from surface horizons in ttae pfo* with litterpresent. Aithough soil moisture levels were consisten y leto'w neiO capacity

1iL,,i.::n"*"x'.;litr'Jil:l'*1l"TH1n#._::l*il1*J:ff ?*:fi ;;until November 6. Soil moisture teached wilting point-ly miO iecember inboth treatments.
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afea was determined by comparing soi l  moisture and temperature resimes of
adjacent Piruis rad,iatq D. Don and jar.rah stands.

Measurement of the soil moisture and temllelature r.egimes of a p. re,d.iat(L
stand plovid.d some data on the poiential susceptibility of plantations of this
species. Newhook (1959) showed t:nat p. cinnamolni was responsible for wide-
splead P. rdd.iota dealhs in lhelterbelts in New Zealand. The fungus also
occuls in plantations but appar.ently does noi cause widespread moltality.
Newhook suggested that the difierence in evapotranspilation rates of
full and reduced crowns in :helter.belts and plantations. r.espectively,
cculd be one of the factors responsible for the rapidity oI disease development
Ln the shelterbeit si tuation. Hart igan (1964) has reported dieback and mortal i ty
in P. radiatq plantations in New South Wales associated wi.f,h p. cinnaiLomi.
Although mortality was low, tlte afiected trees were salvaged as the orowmng,
which occurs after fungal attack, ,,opens the way for. blue stain and teads to
degrade timber.,, Both the New Zealand and New South Wales attacks were
associated with unusually high r.ainfall in autumn and spdng, respectively.

Batini and Podcer (1968) have shown tinal p. rad,iata. and pinus pznaster
Ait. deaths in shelterbelts on the Swan Coastal plain are caused by p. cin_
namatui. To this date, ther.e have been no reporis ol p. rad,iatI, deaths attdb_
utable to the pathogen in Western Australian plantations.

The ability of two to five-year-old p. rl.diatd d\d p. pinaster io sulvrve on
old jauah dieback sites suggests that, at least on the freely drained jarrah
forest soils, P. cinnamomi infections are not severe enough to cause significant
mortality in these species. Following Nelvhook's hypothesis. mortality is even
less likely to occur in matule plantaiions because of the decr-eased
evapotranspiration rates of individual forest trees. However, although
moltalities have not occurred, and are not likely to occur in mature planta_
tjons, i t  is posi ible that the fungus could cause severe economic loss bv
depressing tree growth and timber degrade.

The Stualy Area

The experimental area was located 21 km east of Dwellingup where a
tdal plot of P. rad,iata $'as situated immediately adjacent to poor quality
janah forest. Both pine and jarrah stands were situated on ; sand flat,
sl ightly concave in pronle, which sloped gently (1.b") to the north. The soi ls
were of colluvial origin.

The jarrah stands $ere of ir.regular distribution with trees of pile (top
height 22.6m), pole (top height 12.2m) and sapl ing (top height 1.8m) size
(Fig.24). The understor.ey component was made up predominan y of jarrah
saplings. B{r7rlasio grri,nd.is arLd persoonia IotLgiJoIicL Fl.Br. occurred infrequently.
There lvas no taII shlub layel and the rmall shrub layel was disconllnuous.
Litter was spalse and, al|hou]h DrAanclrd niDed. R.Br formed a dense carper ln
some places, thele were consialerable ar.eas of bale soil.

The pine stand was seven years o1d with a basal area of b0.5 square
nnetres per hectare and a top height of 9.8 metres (Fig. 2b). Complete
canopy closure had occurred and the trees had been pruned to 2.5 m stem height.
The litter layer \ras sparse and there were areas of bare roil

Procealure

One plot (40m x 20m) was establ ished on each of the pine and jauah
sttes.
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pitLlrs r.tdidtti, stand_ StLrdv 5.

30iI Temperature-((D weekla Meas,remellts-soil temperature at ?.5 cm and15.0cm depths was measured weekty over the period ;;;;;'; 
-;" 

December13, 1968 at 2.30 u.m. \rith calibratecl dial_type metal tfr-"r*o_1t"", ", u" r.r."Iandomly located positions in each plot. fl1" t"-p""ui*""ui- a., "_ ur.rO300cm was determined bv inse't ing diar-type metar the'raometers nori-zontally inlo the sldes of a sma.ll pit dug in the "a"tr".f "o"f_r-if.t. ,r,ne pits
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(c) Cozttittuous Measuremcnt_Soil temperatures at ?.scm depth wererecorded continuously wiih soil thermoeraphs over the perioJ octotrer g tooctober 16 and October 16 to october 23, 1968 in the jariah and iine stands,respectively. Soil temperatures at ?.5cm and 15.0cm depth we're recorded
continuously over the pedod November 6, 1968 to .lanuary t, 19?1 in the pineplot with a doubre probe soil thermograph. continuous measurement of soirtemperatures over the whole period could not be obtained because ot malfurrc_
tioning instrumenis.
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Figure 28
Numbc -  o I  hou rs  so r t . cmpFra .u r4  a  ? . i .m  and  15 .0 .m  deD ln  undc r  ad la r4  p  f o4 taLosn.l  E. ho'o.aato siorcis were abovF rs"c and r8 c dL.:,  e "pi i"e ;r i i  i i i l f  "u_-.- rrr,u.

Although mosi p. ra(Tiat.L plantations in W€stern Australia are located on
the fertile krasnozemic soils of the river valleys, depositional sands of the
iauah forest may eventually be used for p. fttd,iatd, or p. tr)inctster establish,
ment. The assumtltion that, the results of this experiment are equally ap_
plicable to Nbe P. rad.ic|tct plantations growing on klasnozemic soil would appear'
to be valid. The river valley soils, aithough of heavier texture than sand,
are freely dlained and usually occur on steep slopes. Jauah dieback has not
caused serious damage on these sites and it is llossible that they are inherenfly
unfavourable to p- cinnalrlami. The data derived from this experiment are
only applicable to unthinned stands on which canopy closure has occulreal.
It is possible that heavy thinning could result in the ci-eation ol lavourable
temperaiule conditions in spring when soil moisture is not limirrng. tt is
reasonable to conclude that p. citund.mami is unlikely to cause damage in
unthinned or moderately thinnecl p. rI.d.icrtd, plar.taLians in Westeh Australia
growing on freely drained soils in which canopy closure has occulred.

The micr,o-envir,onment of unthinned p. pinaster stands duling the spr.ing
mcrths would be even less suitable fol p. cinnanlomi infection because the
litter layer .ilndelf P. pinaster stands is much heavier. (2S tonnes per hectare
as opposed to 12.5 tonnes per hectale for ten_year_old p. pinc&ter and p-
r/tdi@rq, respectively.)
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more lavourable moisture conditions in the spring of 1968 w€re partialty com_
pensated for by the lower soil temperatures in that year. Thus, although
October rainfall in 1968 was exceeded in three other years during the period
1934-19?1, i t  is unl ikely that there vere signincanlr ly longer periods when
soil moisture and soil temperatur€s were favoulable for the fungus m these
years. Nov€mber r.ainfau in both 196? and 1968 was below average anct tor
this month rainfall is generally stable. When beavy lainfali does occur ln
November, it is usually in short, heavy downpours. Soil tempelature data for'
November 1968 showed that when heavy r.ainfall did occur., soit temperalufes
ivere depressed, particulally in sites with canopy cover.

R,ainfall during the summeI of 1968_69 was beiow aver.age ancl hence
the efiect of heavy summer r.ainfall on soil temperatures could;ot, be deter-
mined. It is unlikely, however', that summer rainfall would significantiy
depless soil temperatutes below the cdtical level for infecticn, even on s1!es
with canopy. The average lainfall received over. December, January 516i
February in the nolthern jar,rah forest is very low (S4mm) and evaporarton
rates during thesg months is very high. Departutes from the average
have been low except in the year. 19bb, when Febnrar-,/ rainfall was the
higheatt evel recor.ded (Fig. B0). The low rainfal l .  high evapor.aLron l .aies
and small d€partures fr.om the avelage between yeals suggest firat summer
rainfall is not important in cl.eating lavourable mojsture conditions lo1. ,he
fungus.

Summary
(1) The soil moisture and soil temperature experinents cautect out in

196?, 1968 and 1969 were locat€d rn areas representing above average, avel,age
and below average rainfal l  zones in the nor.thern jarrah forest. Thus, fesults
obtained apply to the genelal forest area.

(2) In year's $'hen above avelage rainfall occurred at Dwellingup, the
excess rainfall usually felt during the winter months when soil tempelalules
rvere be16$, the critical level for' infection. Thus, although the periods when
soil moisture aDd soil tempelature were suitable lor infection are likely to
be incleased on moisture-gaining sites in those years because ol increased
mass drainage. the susceptibit i ty of freety drained siNes is not l ikely to be
affected.

(3) The compalative stabi l i ty of autumn and spriog rainfal i  at Dweit ingup,
the deplession of soil temperatules by heavy rainfall. aud the above avelage
rainfall in the yeat- of measurement make it unlikely that the conctusion
dra$,n from these measulements \\,ould be malkediy modined by year toyeal variation in autumn and spling rainfall.

(4) The low rainfal l  Ieceived during the sumlner months, the l imited
variation in rainfall froln year to year and the high evapotation rates during
these months make it unlikely that variation in sunlrler rainfall woutd alter
results and conclusions made lrom the study.

7. CONCLUSIONS
Soil moisture and soil temperatur.e are the major envil.onmental factors

afiect ing P. cintuamomi activi ty. Direct measurements of these two tactors
over a representative range of site types in the forcsi provides an index of
relative susc€ptibility. These studies have shown that the soil envrronmenis
of lower topographicar jar'ah forest sites are very suitarlle for fungal activity
and survival but uppel topographical sites have a lelatively unsirtable soil
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SECTION III
DIR,ECT DETER,MINATIONS OF PATHOGENICITY AND SUR,VIVAL
Measurement of the environmental factors which influence p. c\nnatlomi

activity and suryival provides an index of susceptibility of different sites. The
etrect of differing site conditions can only be positively conirmed, however.
by direct studies. Unfortunately, the fungus and the disease situation make
these studies dimcult to implement and long time periods are required before
results are meaningful.

The results of four preliminar.y studies aimed at determining the influence
of environmental iactors on the iuneus are summadsed in this seclron.

1. TIIE EFFECT OF SITE, SEASON AND INOCULUM POTENTIAL
ON THE ASILITY OF P. CINNAMOMI TO ESTABLISH INFEC,IIONS
A major large-scale field inoculation trial was established at the Scarp

Road study area (see Section 2) in August 196?, Three metre by three metle
plots with one mature B. grdnd,is located in each were established on Strata 1
and 2 and Strata 3 and 4.

Thlee inoculum levels t0, 2 infected tupin (Lupinus orLgustiJolizs L.) roots
and 6 infected lupin rootsl and two dispersal rates t3 spots per plot and 9
spots per plot) were useal to provicle a range oJ inoculum intensiiy. Inocutation
of both site types was carried out in each season of the year. The experiment
was designed as a 3 x 2 x 4 factorial.

Assessments were carried out at 6_monthly intervals following inoculation_
In Februar.y 1969, 28 of the highest inoculum Ievel plots from each site that
had been inoculated in October 196? were sampled for the presence ot the
fungus using the lupin baiting technique (Chee and Newhook, 1966). A single
inoculation point \ras withdrawn from each plot and each sample was baited
twice. Positive recoveties were obtained from only 4 of the samples. In
October 1969, two inoculat ion points in each of b0 plots were sampled and
baited twice. No posit ive recoveries were obtained.

Dudng autumn 19?0, dieback symptoms appeared in the experimental area.
The experiment was assessed in July 19?1 and mortalities were recordecl in
inoculated plots, control plots and areas adjacent to the plots. There was
evidence that there had been invasions of the disease from outsicie, even
though at the time of establishment of the experiment the diseas:d area was
30-50 metres dos'nhill from the expedmental area.

Although the or'iginal objectives of thls expedment were not achieved
because of contamination, it has been reported here in summary lorm to
illustrate the difficulties of obtaining, from field tliats, informatron on the
factols affecting disease sevedty. The pdncipal difficulty in trials of this type
is to obtain an index of fungal activity. A sedes of experiments was caui€d
out in an attempt to quantify the amount of fungus in the soil, using a vanety
of techniques, but these were unsatisfactory_ Even simple detection techniques
aimed only at determining the presence or absence of the fungus iailed,
although large numbers of sampleslvere taken. Thus, assessment of fungal
activity is dependent on the recognition of disease symptoms in the host
species. In August 19?1, no symptoms could be detected in the jauah over_
slorey, and understorey deaths did not occur until two and a half years alter
inoclration. In this period of time it is practically impossible to prevent
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Resull,s

The percentage recoveries from each site in eacll month and the per_
centage recovery irom the test samples, sampled prior to inocutation, are
Fresented in Table B.

TABLtr 3
Perccnl,agc recorcr-r of P. .inn&nxni I: ,11\ infi:clert soii samplcs o-xtrose(L h the fiet{l tor norrthlv

iJtfttum 1.1 Nov.
LO

l ,  Dec .

6l 'cb.  a0 I r 'eL.

6 Mar. 20 Mar.

Exposnre pe od

:3 Nov.  12 De..  9 Jan.  23 Jan.
ro to to to

26 Dec. 9 Jan. 6 r,.eb. 20 leb.

1 , '  0 i -_ l l0 0

40 2f)

Tot{l

".:13"'
Lrpper Slopc :i

e0 t 8
L.,wcr Slope 2 fi) 0 .10 1tl)

1 r )  t 00  80

20 ,to rio 100 100

r'Jl) 90 ,18

.; ;; 60

rot -t 
-

\:rllciv Botto]n I , 0

(]ontrol 90

In Stratum 4, apart from one sample in orle of the sampling periods(January 23 to February 20), ar sampres gave negative ,.u"ou"ii"" ou"'' trr"pedod November 14 to March 6. Simitarly, in Stratum e r_ro "umpte. earepositive recovelies over the periods December So to March el 
"ll,ne 

funeuswas recovered consistenuy ftom Strata 2 and 1 thloughout the summermonths except for one period (November 12 to Januat./ tl wherr tne funguswas not recovered from Stratum 2.
There is an obvious correlation between the soil moisture tlends in eachstlatum and the recovery rate (see Study 1 (i) and f tiil L siratun z is aLransitional zone betw€en the ireety drained and moisture_gaini; srtes analthere is considerable variation in the soil moisture levels in thrs stratum.This accounts for the discrepancies in the ."futio""nip- fr"ir"""n the soilmolsture values and the observed high recoyeries from this ptot. iwenty-nvemillimetres of rain felt durins the final sampting p""i"J Cr"i.-";"v 20 io March20) and this was apparan y sumclen! to cause soil moisture levels on Strata3 and 4 to be raised above the lethal tevel.

Discussion
The lesults of this experiment indicate thal sulvival of p. cintuamomi lnsoil on freely dlained jarrah forest site3 during the aummer months isrestrrcted by low soil moisture levels. Soil moisture levels on the IowertcFographical sites do not reach lethal le.i,els dudng tt e summer.
Soil temperature ii not a limiting tactor. sJt t"-o"rluio."", urano*nleaching comparatively high levets (e.g. 30'C) are "ut:""t  io- wlo" oi. ,"rrutfluctuation_ Hine et al (1964) have shown that continuousiy ii*f, "or, t"rno"ru_ture levels are required before the fungus is inactivated.
The fungus is able to sxrvive the summer months on freely dlainedjarrah forest sites that have estabtished infections, "irr"" ir]f"*iiir. o., .,_,"n
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Watering*(a) . Lou treatment: During the first six weeks following inocula_tron, l50ml of water were added to the pot saucers *fr""rviiiirrg symplornswere observed in the pra.nts. After six weeks the rrigh moisture treatmentwas adopted.
(b) High treattuent: The pots were maintained between fie1d capacityand saturation by watering {rom above and belovr in alternalrve z4_hourperiods.

Procealure

Ten seedlings of Bo,nksia grand,is wete planted in each pot (22.5 cmdiameter) in May 196?. The pots were inoculated in November 1SOZ Uy eitnermixing the sand mycelium in the sudace 2.bcm of "oit- orj t v-ir_r"""rirrg tfr"lupin. roots randomly to a depth of 2.5cm. pots were_ mainrarneal in ashadehouse and assessed for modalities t$dce weekly. soli t"rrio""ur,r"". ,"r"recorded during the experiment.
The experiment \ras termjnated on March 28, 1968. Whole plant dryleight, shoot dry weight and seedling height were _"u.r.r."d. 

-iiu" 
soil cores(1.2cm diameter) wele taken from each pot and sampled for the presenceoI P. cinnamomi by the method of Chee and N"*f]oof. f fgoOti.

Results

Dr! WeiSht-Difrerences in height and dr,y weight were not signincant.Measurement was complicated by lne presence of dead plants irl some pots.
MortalitA-Thrce weeks aftel inoculation, significan y more deatns occurrealin the pots with high moisture tevels, inocutaled ,ttf, t* l"pii"i""rs. Therewas no significant difference betw€en soil types.

. _ - 
Six weeks after tleatment signiflcan y more deaths occurred in pots wiihhigh moisture levels inoculated with ten lupin """t" tnun-_ tn" l_rigt_r moisturetreatment inoculated with two lupin roots. ffri" tr""i_""i 

-i" 
tur_n haatsignificantly more deaths than the remaining treatments. DifferencesDetween soil types again were not significant.

Twelve weeks after inoculation the interaction between inoculum level,soil Jype and moisture regime was signiflcant. tfr"." *"." "ig;i"anily mor.edeaths in the hish moisture level. pors, i"o"urutJ-rl,iirr 
- 
i";r'"i;;;, .oo.", ,oall 

.Jour 
soils and in the high water level lateritic soit, inoculatect with twolupin roots, than in an oth€r. treaiments (Table 5).

Sai.l 
.Temperdture-Soil temperatures in pots during the trial were consrsier ywithin the range favourable for zcospore production (15. .uo 32.C)

Recaaer! oJ P. cinndlnomi_At threcovered r'om any "r th. ;;;h'ofi"iTi:"Jj"lT,$i,ll";T"-T#:i#:
Positive recoveries wele obtained Jrom 

^sO 
per "J ", in"'l""ri inoculatedpots in the wet tleatment and from five of the Ary tr""t^i"i pots eventhough these tatter contained no mortalities. At the time the experimentwas sampled, it vas believed that unlesioned r"pi" -oil--i",,# the baitingprocess wele uninfected and did not_ war.rant plating on agar. f]his assu-ptionhas since been prov€d incouect and ir un r"pi" ,oit"'iriii."rr.oiu*o, """ou_elies could have been higher.

I)iscussion

"..^^::." 
ttl"* oJ the sand mycelium inocutum could have been due toexcesslve maceration and ol dilution 

.of trre mvcetiri,n,'litf, subsequentattack of viable macerations by other miclo_orgu,l iaI lra. 
-___' "-"" ,

66
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Measurement of environmeltal factors in relation to known limits for
fungal pathogenicity and survival provides some index of site susceptibity. An
acculate assessment of disease susceptibility, however, can only be made by
observations of fungal activity under specific environmental situations in the
field. Direct inoculations ol specific sites, followed by observations of disease
symptoms, would appear to be the best method of assessing site susceptibility.
There are, however, considerable ptactical diffculties in establishing, main_
taining and assessing these types of experiments. M3asurement of ,,natural,,
rate of spread provides an alternative method of assessing the influence of
difierent environmental factors on fungal activity.

A series of plots was establ ished in 196? and 1968 to measure the rate
of spread of the disease upslope from existing infections.

Procealure

Plots in which the position and condition of understorey and overslorey
species in respect to a 66-110 metre baseline located at the boundary between"healthy" and dying forest, were establish€d on 18 difierent locations in ihe
forest in 196? and 1968. Changes in the health status of the undersioley anat
ovelstorey species in advance of the baseline were recorded annually. No
airempt was made to observe changes in the shrub layer because of the
dimculty of discriminating between deaths caused by natural seasonal mortali_
ties and those resulting from fungal activity.

Soil, slope, aspect and position in the landform were recorded for each
plot. one of two plots located adjacent to one another was treated to reduce
the density oI Banksi(r grcLndis to determine if this would reduce disease spreact.
AII of the plots were iocated in positions above the moisture-gaining sites.

The annual increase in area of Jorest infected at each plot was measured
by assuming that a line joining the most r-ecent understorey deaths to the
neafest d€ath of the previous year defined the area of newly infected soil_
The average increase in area, of hfected soil iinfected area divided by length
of plot) and the maximum linear extension for each plot wele recorded each
yeat.

Results

The annual spread of the disgase, based on understorey symproms, over
five yeals and 18 plots is shown in Table 6.

The annual extensions of the disease over a five year period in two plots
that have contrasting rates of spread, are shown in Figures 81 and 32. The
average annual disease spread over a1I plots is shown in Figure 38. The wall
of dead B. grarrdfu, which occurs aJter extension of the disease, is shown in
_t' tsure ;t4

Plot 15 (Table 6) was the only plot in which a significant change in ihe
condition of the jarrah overstorey that could be attributed to p. cinn.otuorni
was detected. Three jarrah over-storey trees died and three exhibited severe
crown detelioration in ihe five year period.

Discussion

There is little objective data available on the rate of spread of disease from
existing infections. Air photo interpretation techniques were useai to obtain
an average percentage increase in the area of infected forests of four per cent
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YEAN OF i,IEASUREMENT

Mean annuat unear spreatl .t u,"or"oitfl"""L'"t"" for ls plots over fte pedo.r 1e6?_68

The ayerage spread of the disease onto the upper topographical sites,however, is not insigrriflcant to management if the larye perimeter ot diseased
areas is considered. Relatively la,rge extensions of the disease at isolated points
along the plots indicates that under optimum conditions tne exienston ot tnedisease can be rapid. This type of extension is likely to cause more rapialdisease spread because on sites which slope in two directions it provides theopportunity for passive dovinhill spread.

In one of the plots (Fig. 32), the average spread wa6 extenslye and muchgreater than in any oi the 1? other plots. Itrere rras no appareni sit€ orvegetation characteristic which could explain the rapid extension of the disea.sein this plot. Curren y, attempts are being made to determlne if the chemicalor microbiological characteristics of the soil on this site are difierent fromlhose oI the other sites,
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the probability of contamination is high. The results of neld saprophytic su.r-
vival trials and measurement of the rate of disease spread on to upland slte$
supports the conclusion, formed on the basis of direct mea,surements of the
soil moisture ar]d temperature regimes of these sites, that they are relatively
unfavourable for pathogenicity and saprophytic survival, 'fhere is, however.
some eyidence that factars other than soil moisture and 6oil temDera,ture
afiect the spread of the disease on some upland sites. preliminarT triats in-
dicate soil type does not affect fungal pathogenicity. except by its efiect on
soil moisture regime.
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(10) The overall dDerdge tate of unaided spread upslope from existing

infections is low. On some sites, however, average and maximum

extension Iates are high. Linear extensions of the disease of 20 to
30 metles per year, 4, poizrs along the perimeter of diseased areas,

are common. 'Ihis type of spread suggests that the principal

mode of unaided spread is bv way of verv susceptible host root

svstems.

Measurements of soil moisture and temperature regimes of a range of
sites within the forest have demonstrated ihat there are two major zones that

have markedly different susceptibilities to the dlsease. Lower topographical
sites have long periods during which P. cinnd.momi infection can take place,

but on upper topographical sites the environment for both infection and

sulvival is only malginally suitable. The broad-scale pattern of distribution
of the disease. that is its predominance on lower topographical sites (Fic 2),

is explained by this study. The fungus, however, can survive and cause
mortalities on upper topographical sites to a degree which i.s difficult to explain

by their calculated susceptibility. Hence it is necessary to consider ihe effect
of othel factors of the environment to explain the occuuence and activity

of the disease on upland, freely drained sltes.

1. THE IMPOR,TANCE OF OTHER, ENVIR,ONMENTAL FACTORS

The Effeat of Host Susceptibility

The degree of host susceptibility appears to be a major factor influencing
the speed and intensification of the disease on sites {hich have environments
that are only marginally suitable for P. crnnqnxomi activity. The large numbels

of highly susceptible species in the understorey and shrub layer of the forest
provide a dense mat of susceptible roots $hich act as channels for fungal
spleaal. The presence of a dense mat ol susceptible roots possibly reduces ihe
periods during which the Jungus $ould have to survive and sporulate in the

soil- The obseNed pattern ol spread of the disease and the direct measure-
ments of the soil environment external to the host l'oois, which indicated

that it was only nargiDally suitable for fungal activity and survrval, support
the hypothesis that the existence of a highly susceptible species in the under-
storey and shrub layer of thg folest is a maior factor permitting the disease

to spread and cause mortality on upland jarrah Jorest sites.

Although a numbel of the shlub and understoley species of the folest

ar'e highly susceptlbte and hal'e i-ooi systems which can be completely
invaded by the fungus, there is circumstantial evidence that the commercial

species, jarlah, does not have the same degree of susceptibilitv The ability ol
jar lah t lees to survive fol long periods after the lnderstorey and shlub
Iayer species have died indicates that mortalitv results flom repeated infec-
tion of the flne loots. rathel than invasion of the total root system

Artificial Spread
Priot to the discovery of the causal agent responsible for jauah die-

back, the fungus *,as spread artificially during normal folest operations
For example, road makrng material $'as frequently obtained from jarrah

dieback areas. These plactices, particularly when they cause infections on
upper topoglaphical sites, resulted in large extensions of the disease. Massive

artificial spread of the disease has undoubtedlv been a major factor contd-
buting to its spread and intensification on upland sites

?6
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magnitude of the disease situation and its potential for more serious develop-
ment make it necessary to make intedm recommendations to management
that, in part, result from logical extrapolation of the preliminary investiga-
tions lather than from direct expelimental evidence.

Recognitrion of Variation in Site Susceptibility

This study has demonstrated that ihere are t$/o markedly difierent
susceptibility zones in the forest. Lower topographical sites have conditions
that are suita.ble for flrngal pathoeenicity and survival for long periods du ng
the year. Upland sites are only marginally suitable for the fungus. Man-
agement aDd research approaches to disease control will difier according to
the susceptible zone.

Thele is no possibility that environmental modification of lower topo-
graphical sites will significantly affect their susceptibility. Thus the only
method of restoring ihese sites to productivity is by planting resj.stant species-
Fortunately, these sites do not support high quality jarrah stands and ihey
are \rel1 suiied for the growth of exotic species.

The relatively unfavourable conditions Jor Jungal activity on upland sites,
the existence of high value stands and the diffculties of replacing ja$ah with
an alternative. productive crop justify research and management approaches
primarily aimed at protecting the existing crop from the disease rather than
replacing it.

Plevention of Disease Spreaal by Artificial Ino(rulation

The data fr'om rate of spread studies of unaided disease spread indicate
Lhat, if "man-carried" disease extension can be eliminated, the progression of
the disease into healthy stands $'il1 be greatly leduced. Information on the
jarr.ah forest environment. and the envir-onmental factors influencing the fun-
gus, form a basis for '  simple hygiene ploposals. which should have a large im-
pact on the spread and intensiflcation of the disease. In brief, restriction of
movement of vehicles between infected and healthy forest, washing of vehi-
cles to rernove infected soil and the lestriction of logging activities in hieh
value folest ar_eas to the surnmel months $'ill greatly reduce the plobability

that new infections rn' i l l  be introduced.

Manipulation of the Forest Canopy to Reduce Site Susceptibility

Measurements of the soil moi'ture and temperature regimes of upland
jarrah sites, under condltions of maximum canopy and litter ccver, indicate
that unde-!- these conditions fungal pathogenicity should be reduced to insig-
nificant levels. The ploduction of a r.miform even-aged forest, as opposed
to a "selection type" uneven-aged forest, would improve canopy cover and
hence reduce soil temperature during the critical spring months. The fungus
can cause death of jal lah glowing in even-aged stands, so i t  is evident that,
even though disease severity wiII be reduced, the conversion io riniform stands
$ri l l  not el iminate the disease. The pool shading characterist ics of jarrah

clowns make it unlikely that the deglee of canopy cover necessaly to eliminate
pericds of coincidence of molsture and temperature conditions, suitable for
iuneal inf€ction, will be achieved by silviculturai treatment of the jarrah

overstorey. Heavy litter will reduce disease sevediy by reducing soil tem-
peratures in spdng but it is unlikely that conditions {'hich conpletelu prevent

fungal activity will be achieved and the maintenance of large unbulnt areas
in the forest is implactical. The degree of canopy cover estimated necessary

?8
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Reduction of Density of Highly Susceptible Host Slt€cies
The structule and composition of the jarrah forest prior to exploitation

was ver-y diflerent to that of the existing forest. Reports from early lorest
surveyors and examination of remnant virgin stands confirm that the under-
storey was sparse and the forest was "park like,'. This contrasts markedly
with the current, structule of a large area of the forest (Fig.36), which has
a dense understorey component comprising principally B. grandis. The cause
of the change in stlucture of the forest is unknown. Reduction in competition
from ihe overstorey, disturbance and ihe absence of high intensity flres,
however, are probably three major factors which have favoured the develop-
ment of the B. grandis under--torey. The lapid symptom development in this
understorey species foilowing introduction of the fungus confirms that it is
highly susceptible to the fungus. Its r.emoval would reduce disease sprea.d.

In the short term, poisoning $ith herbicides in small areas could remove
the undersiorey. The cost of this treatment over a large area, and the
possibility that re-treatment, of poisoned areas would be necessaty, ma.ke this
method impractical on a Ialge scale. There is evidence that hich intensity
fires cause marked changes in the compo ition and structure of the under-
storey and shrub layer. Further research is necessary to determine the
prescription of burning intensity and frequency which would bring about the
desired changes without damaging the jarrah overstorey.

Eealthy foresi shovlDg typlcal irregular stald structure, which rcsults Jrom ..group
setection manaeemeDt.
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