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TUFRO Working Party 7.02.09 Phytophthora Diseases of Forest Trees

The second meeting of Working Group 7.02.09, “Phytophthora Diseases of Forest Trees,” unfler
the auspices of the International Union of Forestry Research Organizations, bought together 83 scientists
from 9 countries in Albany, Western Australia. These proceedings provide an overview of the extensive
range of active Phytophthora research and its management that is being conducted worldwide on forest
trees and natural ecosystems.

The meeting was sponsored by Murdoch University, Alcoa World Alumina, the Department of
Conservation and Land Management of Western Australia, CSIRO and the Australasian Plant Pathology
Society. We appreciate the support of all our sponsors. The management committee included Giles Hardy,
Jen McComb, Inez Tommerup, lan Colquhoun, Bryan Shearer, and Phil O’Brien. However, many students
and colleagues made significant contributions to the running and success of the meeting. Special thanks to
Daniel Huberli for designing the web page, the Blue Wren Logo and the Meeting handbook front-page.
Many thanks must also go to Nola D’Souza and Colin Crane for organizing the food on the 2-day field trip.
Also, thanks to Chris Dunne and Colin Crane for organizing the caps and mugs with the logo design
imprinted on them.

The meeting started with a two-day field trip to Albany. On the way we visited a number of jarrah
forest and Banksia woodland and heathland sites the have been severely impacted on by Phytophthora
cinnamomi. Many people contributed to the discussions at each of these field sites and the delegates had
excellent opportunity to get to know one another on an easy going and casual basis, which then set the
scene for the remainder of the meeting. This interaction was further facilitated by an overnight stop at the
very scenic Karri Valley Lakeside Resort in Pemberton, which is set in the wonderful tall karri (Eucalyptus
diversicolor) forest. The next day we continued to Albany, again stopping at a number of different P.
cinnamomi impacted sites. The last stop was at the “Treetop Walk” set in the Tingle Forest. The delegates
were able to walk in the canopy some 25m above the ground, followed by a stroll through the forest. This
two-day field trip before the start of the meeting allowed delegates to fully appreciate the huge impact P.
cinnamomi has on the diversity of flora in the south west of Western Australia and set the scene for the
more formal part of the meeting.

The meeting began with three regional (Europe and Africa, Americas, and Australasia) overviews
which presented a broad outline of how our knowledge of Phytophthora had progressed since the inaugural
meeting in Grants Pass, Oregon. It certainly became clear that significant progress and unexpected
developments had occurred. For example, our increased knowledge on the hybrid alder Phytophthoras and
their spread and evolution, and the considerable array of new Phytophthora taxa that are now being
characterized in Europe, including the P. ramorum story on rhododendrons in Europe and the link with
Sudden Oak Death in California. The latter has since proved to be a dramatic new disease of oaks and
many other woody hosts.

The next session examined pathogenicity of various Phytophthora species including P. cinnamomi
in jarrah, identification of pathogenicity genes in P. nicotianae and variation, distribution and pathogenicity
of the hybrid alder Phytophthoras. The second session looked at molecular and developmental studies to
include diagnostic methods and the effects of phosphite on meiosis and sexual reproduction in plants. The
second day concentrated on the impact of Phytophthora in Australia and covered a range of ecosystems
from throughout the country. This was followed by talks on the use of the fungicide phosphite in natural
ecosystems, and covered aerial applications through to uptake of phosphite, phytotoxicity and control.
These two morning sessions set the scene for the afternoon field trip which allowed delegates to study the
impact of P. cinnamomi on coastal heath ecosystems and the use of phosphite to reduce the impact and
spread of P. cinnamomi.

The third day began with more discussions on the impact of Phytophthora in Australia and New
Zealand and included foliar disease of eucalypts by Phytophthora spp. and the impact of Phytophthora on
fauna. The impact of Phytophthora diseases on vertebrate and invertebrate fauna is a new research aspect
that is now being studied in earnest and is really the first attempt to look seriously at ecosystem function
and health as threatened by a plant pathogen. The next session then looked closely at different management



techniques used on Phytophthora in natural ecosystems and brought together a number of different
perspectives with much lively discussion between the delegates. This discussion was continued into the
evening at the ‘Management Symposium’ and the value of the meeting was very much emphasized by
discussions and input from managers, scientists and ‘Phytophthora dieback’ interpreters. It was at this
session that the idea of more informal information groups should be established to ensure continued
dissemination between all parties involved in the Science and Management of Phytophthora. In Western
Australia, we now have a ‘Dieback Information Group’ or ‘DIG’, this group has now met four times, with
some 120 people attending the last DIG meeting. Certainly a successful outcome of the Albany meeting
and something that is going from strength to strength in Western Australia.

The last day started with discussions on the impact of Phytophthora in Europe, followed by a
series of talks on the biology of Phytophthora in a range of different environments and hosts. The final
session examined Phytophthora impact in America and covered susceptibility of different oaks to four
species of Phytophthora, the transmission and survival of P. ramorum, and P. palmivora in Ochroma
pyramidalis in Ecuador.

The meeting concluded with a business meeting and votes of thanks. The next meeting will be
held from the 12% — 17% September 2004 and will be hosted in Germany by Thomas Jung and Clive
Brasier. We all look forward to this meeting and we have no doubt that it will be a stimulating meeting, but
more importantly it will be a great opportunity to catch up with old friends and to make new ones.

Lastly, many thanks must be given to Jen McComb for ensuring that the Proceedings went to
press. All papers were refereed, but not the abstracts and poster papers. We sincerely thank our anonymous
referees.

Giles Hardy,
Convenor
Second IUFRO Meeting on ‘Phytophthora in Forests and Natural Ecosystems’.
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.Progress in understanding Phytophthora diseases of trees in Europe

Clive M. Brasier"® and Thomas Jung®
AForestry Commission Research Agency, Alice Holt Lodge, Farnham, Surrey GU10 4LH, UK
Bavarian State Institute of Forestry, Am Hochanger 11, 85354 Freising, Germany
CCorresponding author; email: clive.brasier@forestry.gsi.gov.uk

Abstract. Significant progress and unexpected developments since the 1999 meeting will be reviewed.
Topics covered will include the following. Understanding the role of Phytophthoras in European oak
declines; continuing spread and evolution of the new hybrid alder Phytophthoras; status of
Phytophthoras involved in chestnut mortality; the remarkable array of new Phytophthora taxa now
being characterised in Europe; emerging evidence of the role of nurseries in the evolution and spread of
Phytopthora diseases; and the connection between a new Phyfophthora on rhododendrons in Europe

and Sudden Oak Death Phytophthora in California.

Introduction

Much new information has
accumulated about the role of Phytophthora
pathogens in European forests and natural
ecosystems since the first [IUFRO meeting on
Phytophthora disease of trees in 1999 (see
Brasier 2000). This includes the identification
of yet more new Phytophthora taxa, progress
in constructing a Phytophthora molecular
phylogeny, advances in understanding the role
of Phytophthoras in oak declines, and new
information on the biology and pathology of
the hybrid alder Phytophthoras. Some
remarkable new developments have occurred,
including the identification of the Californian
‘Sudden Oak Death’ Phytophthora in Europe.
There is also increasing evidence that infested
nursery stock is involved in Phytophthora
evolution and spread. This paper outlines these
developments and considers some of their
implications.

Many new Phytophthora pathogens on trees

It was apparent several years ago that
the current investigations into European forests
and semi-natural ecosystems were leading to
the discovery of new Phytophthora species
(Brasier 2000; Hansen 2000). This process has
continued. Table 1 lists many of the new taxa
that have been identified. Some have recently
been formally described as species, others are
still awaiting formal description. A significant
proportion, including P. quercina, P.
europaea, P. psychrophila, P. pseudosyringae
and P. wuliginosa spp. nov., have come from
recent studies of European oak forests (Table
1). Several others, such as the alder
Phytophthoras, P.inundata and P.taxon
Pgchlamydo, come from studies of riparian
ecosystems or from trees on temporarily
flooded sites.

It remains unclear for many of these taxa
whether they are endemic to Europe or
introduced. For some, further work is required

before their nomenclatural status can be
clarified. The alder Phytopthoras, for example,
need highly detailed characterisation because
of the challenge of formally designating the
elements of a hybrid swarm. Other taxa show
close morphological similarities with already
described species. Thus, according to a RAPDs
analysis  P.pseudosyringae may actually
comprise four subtaxa. (T Jung, J Nechwatal &
DEL Cookeunpublished data). All four are
virtually morphologically indistinguishable
from P. syringae. However, on ITS sequences
they are not naturally related to P. syringae at
all, but to P. ilicis and P. psychrophila (Jung
et al. 2003). P. taxon Riversoil remains poorly
characterised because it grows <Imm per day
and has not been kept alive more than 6
months in culture (Brasier ef al. 2003a).

Werres et al. (2001a,b) have reported detailed
records of Phytophthoras on trees and shrubs
in Germany, mainly from nurseries. Some of
these extend previous European records (cf.
Brasier 2000). They also report what may be
the first isolation of the Al sexual
compatibility type of P. cinnamomi in Europe,
from Camellia. Numerous other isolates could
not be identified to a species on classical
morphological grounds.

ITS-based phylogeny of Phytophthoras
Understanding the natural
relationships of Phytophthoras, including the
relationships of new Phytophthora taxa (Table
1) to known Phytophthoras, has been greatly
enhanced by the advent of molecular
phylogeny techniques. An example is the
recent ITS phylogeny of Cooke et al. (2000).
This study shows that most Phytophthora
species comprise a tight natural cluster of
about eight major clades. However, several
species fall well outside this cluster and may
represent new genera. The study also shows
that the traditional six morphological groups of
Waterhouse (1963) do not conform very
closely to the evolutionary lineages in the



Table 1. New Phytophthora taxa from trees, shrubs or associated natural ecosystems in

Europe
Taxon ITS ID by date Host/Ecology/Distribution
clade
no*
Alder Phytoghthoras C7a FC, UK, Alnus spp., swarm of species hybrids; Europe
(‘P. alni)® 1990s )
P. taxon chhlamydoB D Cé6 FC, UK, Prunus, Douglas fir, Alder, wet site, riparian,
1970s nursery; UK, France, North America, Germany.
P. taxon Riversoil® ° C6 FC, UK, Riverbank soils near alders; UK.
1990s
Cé6 FC, UK, Trees/shrubs (desculus, Salix, Olea), after
P. inundata sp. nov E 1970s flooding or in wet soils;UK, France, Spain Italy,
(P. sp O-group) South America.
P. quercina sp. nov C3 IFB, Munich,  Fine roots and soil of Quercus spp.; ubiquitous
1990s from UK and Sweden across Europe to Turkey.
P. uliginosa sp. nov® C7a IFB, Munich, Wet oak forest soils, rare, central Europe.
1990s
P. psychrophila sp. nov® C3 IFB, Munich, Oak soils, rare, central Europe, South France.
1990s
P. europaea sp. nov® C7a INRA, Nancy  Wet forest soils (Quercus, Carpinus, Fraxinus);
/IFB, Munich, localised, France, Germany, Austria, Sweden.
1990s
P. ramorum sp. nov" C8a BBA, Rhododendron and Viburnum; Germany,
Braunschweig, Netherlands, Poland; Sudden Oak Death
1990s Phytophthora, USA.
P. taxon Oaksoil® ° C6 INRA Nancy, Oak soils ; rare, France.
1990s
P. taxon Forestsoil®® C6 INRA Nancy, Forest soils (Quercus, Carpinus etc.) ; rare,
1990s France.
P. pseudosyringae sp. C3 IFB Munich, Oak soils, beech and alder bark; Europe, North
nov 1990s America (=4 different species of
Phytophthora?)
P. italica sp. nov’ ND LP.V. Myrtle, Italy
Palermo,
1990s

AMajor ITS Clade no. of

Cooke et al. (2000).

BTaxon not yet formally
described in the literature.

© Brasier, ms in preparation.
D Brasier et al (2003a).

E Brasier et al (2003b).
FJung et al. (1999).

SJung et al. (2002).
Hwerres et al. (2001¢).
!Jung et al. (2003).
JCacciola et al. (1996).

genus, and that the Peronosporas may actually
be Phytophthoras.

The ITS gene tree of Cooke ef al. (2000) was
based upon 50 relatively well characterised
taxa. Detailed studies of individual major
clades are now in progress. These suggest
much new information relevant to forest
Phytophthoras is still to come. Thus a study of
numerous additional isolates belonging to
Clade 6 has now been completed. It has
revealed seven previously undescribed taxa
(Fig. 1). Several of these new taxa are listed in
Table 1. Often they are represented by only
one or a few isolates. Six of them are
associated with forests or riparian ecosystems.

Much remains to be learnt about their origins,
ecology, pathology and quarantine  risk
(Brasier ef al. 2003a).

Mediterranean Europe: Evergreen oak
mortality and Phytophthora cinnamomi

In the early 1990s Phytophthora
cinnamomi was shown to be associated with a
widespread mortality of cork oak, Quercus
suber and holm oak, Q. ilex across Spain and
Portugal. This work was summarised
previously (Brasier 2000; Moreira, Ferraz &
Clegg 2000). A decline hypothesis has been
produced (Brasier, 1996). A NATO-supported
research project on this problem, conducted
mainly in Portugal, has recently ended
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Fig. 1.

Phylogram of Phytophthora taxa associated with major ITS Clade 6 of Cooke et.al.

(2000). Solid lines: Phytophthora taxa included in the Cooke et.al. study. Dashed lines: ‘new’
phenotypically distinct taxa, most still undescribed. (Adapted from Brasier et al. 2003a).

(Ferrazand Cravador 2000). The project
included a disease survey of 55 cork oak sites
in Portugal. These showed infestation levels to
be ¢. 12.5% of sites in the north of Portugal,
35.7-50% of sites in the centre and 74.1% of
sites in the south (8 sites in Tras-os-Montes, 20
sites in Ribatejo and Alentejo and 27 sites in
Algarve).

This distribution is believed to be
consistent with conditions favourable to the
pathogen and to disease development in these
areas.

Another part of the NATO project
concentrated on developing a PCR method for
identification of P. cinnamomi, based on the
cinnamomin elicitin gene.  Four different
cinnamomin genes were demonstrated (Coelho
et al. 2000; Moreira et al. 2000). These have
now been fully sequenced, and a phylogenetic
tree showing all known Phytophthora elicitin
genes has been produced (see Ferraz and
Cravador 2000). In addition a recombinant,
high yield B-cinnamomin gene has been
developed to study the role of the
cinnamomins in pathogenesis. Analysis of
polypeptide profiles in infected and non-
infected cork oak plants has also been carried
out. This has revealed certain proteins that are
expressed only in P. cinnamomi-infected roots.
Likewise, specific cDNA fragments have been

identified only in leaves of root-infected
plants. Tt is hoped to isolate and characterise
the proteins involved.

In Spain, a major expansion of foci of
cork oak mortality, or ‘sudden death’ occurred
in the south of the country after the
exceptionally heavy winter rains of 1996/97
(E. Sanchez-Hernandez, pers. comm..). An
EU-supported nation wide research
programme on aspects of cork oak mortality,
INTERREG 1I, was undertaken in 1998/99. In
this programme, studies on isolation success of
P. cinnamomi from soil around cork oak at
‘sudden death’ sites in south west Spain varied
from 0-63%, mainly according to soil moisture
levels (Sanchez-Hernandez et al. 2000). P.
cinnamomi was consistently isolated, all the
isolates exhibiting a high optimum temperature
for growth of ¢. 30°C. Pathogenicity tests were
carried out by incorporating P. cinnamomi
inoculum into pots with Q. suber and Q. ilex
seedlings.  With six months conventional
watering both Q. suber and Q. ilex suffered
extensive fine root and lateral root loss
compared with controls. With one month’s
continual saturation, Q. suber suffered greater
root loss than did Q. ilex. Correspondingly
severe foliar symptoms were observed,
including defoliation of some P. cinnamomi
infected plants.



An unidentified Phytophthora has
been consistently isolated (along with P.
cinnamomi) from cork oak ‘sudden death’ sites
in Huelva, south west Spain. This
Phytophthora, like P. cinnamomi, is highly
pathogenic to roots of inoculated cork oak
seedlings. It likewise has a high optimum
temperature for growth (c. 30°C), produces
chlamydospores, and has non-papillate
sporangia. lts identity is under investigation
(Sanchez-Hernandez et al. 2000).

In Italy P. cinnamomi, P. cambivora,
P. quercina and eight other Phytophthora
species were recovered from soil samples at 19
out of 30 oak forest areas, covering both the
north and south of the country. The
Phytophthora isolation frequency (35.2%) was
correlated with soil pH. A significant
association was found between declining oak
trees and presence of P. guercina in northern
Italy (Vettraino et al. 2001).

Central Europe: Deciduous oak decline
(various Phytophthoras)

Studies in the mid- to late-1990s
showed that a number of Phytophthoras were
associated with the widespread and periodic
decline of deciduous oaks, especially Quercus
robur and Q. petraea, across much of Central
Europe since the end of the 19th Century
(summarised in Jung et al. 2000a, b; Brasier
2000). In Bavaria P. quercina sp.nov., P.
cambivora, P. citricola  (plus  other
Phytophthora species) were widespread on
sites with sandy-loam to clay soils of mean pH
(CaCl,) = 3.5. Significant correlations were
obtained between crown transparency, fine
root condition and the presence of
Phytophthora spp., especially P. quercina. In
soils of pH = 3.9, no Phytophthoras were
found and the correlations were mainly non-
significant. Based on these observations, an
EU funded project ‘PATHOAK’ involving 5
European countries was undertaken during
1998-2001 (Delatour 2001; see also Delatour
et al. these Proceedings). The project had four
main subtasks: to investigate water use
efficiency of  oaks, distribution  of
Phytophthoras in declining oak stands,
pathogenicity of Phytophthoras to oaks, and
the interaction of root pathogens with
environmental parameters.

This EU project has produced a
substantial range of information, much of
which is summarised by Delatour et al. (these
Proceedings). To illustrate some of the
pathological findings, research data from the
UK team will be discussed. A field survey

was conducted in the UK (similar to that in the
other contributing countries), involving 11 oak
decline sites over 2 years. This showed that at
least four species of Phytophthora: P.
cambivora, P. quercina, P. citricola, and P.
gonapodyides were present on 7 of the sites,
but no Phytophthoras could be detected on the
remaining sites, usually with more sandy/acid
soils. These findings were similar to those of
other EU partners (c.f. also Jung ef al. 2000a,
b). It was notable that at some sites, P.
cambivora was isolated in the first year but not
in the second; whereas P. quercina was
isolated only in the second year. This suggests
that there are considerable seasonal differences
in the qualitative structure of Phytophthora
populations in the soil; and therefore
presumably also in the roots. To obtain a
comprehensive  picture, sampling would
probably need to be carried out over a number
of years.

Potted 1.8 m tall Q. robur were
inoculated with representatives of these
Phytophthoras by incorporating mycelium into
the soil. The pots were then flood irrigated at
20° C. All the Phytophthoras caused
significant mean fine root loss compared with
non-inoculated controls (Fig. 2). The
approximate order of aggressiveness was: P.
cinnamomi (very aggressive control isolate) >
P. cambivora > P. quercina and P.
gonapodyides > P. citricola > P. europaea sp.
nov. The percentage loss of fine roots was c.
62% for P. cinnamomi, 36-44% for P.
cambivora, 38-57% for P. gonapodyides, 25-
47% for P. quercina, 18-41% for P. citricola
and 10% for P. europaea. There were also
significant  differences in pathogenicity
between isolates of some of these species
(C.M. Brasier and J. Rose, unpublished). The
results are again similar to those obtained by
other research groups in the Pathoak project
(Delatour 2001; Jung et al. these Proceedings;
Delatour ef al. these Proceedings) and to
earlier results (Jung 1998; Jung et al. 1999).

In order to remove a theoretical bias in
favour of those Phytophthoras better adapted
to 20° C, experiment was repeated at 14°C and
26°C. However, large differences were
observed in the behaviour of the plant and soil
systems at these two temperatures (Table 2).
For example, there were substantial differences
in top growth, dry weight increment,
mycorrhizal activity and nitrogen utilisation. It
was decided that the two experiments were not
operating on the same ecological basis. Indeed,
the observed differences suggest considerable
caution is needed when comparing studies that
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Fig. 2. Results of a pathogenicity test with Phytophthora isolates from UK oak sites.
Phytophthoras were mixed with the soil of potted Quercus robur plants. Data shown are final
mean dry weights of fine roots. Note the differences in pathogenicity between isolates within as
well as between species e.g. P. citricola and P. gonapodyides. (C.M. Brasier and J. Rose,

unpublished).

Table2. Differences in plant and soil parameters of potted oak seedlings after

twelve weeks incubation at 14° and 26° C*

14° 26°
Root/shoot parameters
Mean height gain (mm) 22.0 £ 14.01 191.00 £ 92.95
Mean diameter gain (mm) 1.0+ 029 0.71£ 0.24
Final mean top dry weight (g) 15.9 +1.31 14.0x 3.27
Final mean fine root dry wt (g) 1.96 + 0.37 123+ 0.29
Final mean lateral + tap root dry wt (g) 959+ 1.19 330+ 047
Foliar parameters
Leaf yellowing +++ -
Other leaf appearance dull 15% marginal
browning
Leaf loss - +
New leaf flushing ) ++
Aphids on leaves + -
Oak powdery mildew on leaves - +
Potting mixture parameters
Trichoderma growth on surface +++ ++
Fruiting of Laccaria laccata® at surface ++ -
Mycorrhiza visible on roots (7 trees) 4/7 0
Fungal gnats active in potting mixture ++ ++
Floodwater pH, second flooding® 6.3 5.0
Floodwater pH, third flooding™ 5.6 4.5
Nitrogen concentration mg/l  at third
flooding” (2 pots only) : pot 1 5.57 63.28
pot 2 10.14 68.11

ATwo year-old oak seedlings (already flushed), average 1.5 m height, were transferred
into a vermiculite/peat mixture in 23cm dia pots for 3 months, beginning in June 1999.
20 seedlings/were maintained at each temperature, grown under lights in separate
growth chambers at average 75% relative humidity. Pots were flooded 24 h on first day
then again for 24h at one month and two months. Regular watering was carried out to
maintain normal soil water capacity. *Mycorrhizal fungus (basidiomycota).
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Fig. 3. Examples of wound inoculation tests on fresh cut logs of Quercus robur (above) and
Fagus sylvatica (below). The mean lesion area of the most aggressive Phytophthora is shown in

cm”. All other isolates are shown as a percentage of this figure.

20°C. (CM Brasier and SA Kirk unpubl.).

investigate interactions of root pathogens with
trees, whether in pots or in the field

Host specificities of the oak Phytophthoras
were investigated by wound inoculating fresh-
cut logs of six different tree hosts (c. 25 x 110
cm logs; method of Brasier and Kirk 2001).
Representative data are shown on Fig. 3. The
results showed, for example, that (i) P.
quercina did not attack the suberised bark of
any host species tested. (ii) P. cambivora was
an aggressive pathogen of Q. robur bark and

was also active on Fagus sylvatica, Castanea
sativa, Pseudotsuga menziesii and

Incubation was for 5 weeks at

Chamaecyparis lawsoniana, i.e. it exhibited, as
expected, broad host range (cf. Brasier and
Kirk 2001). (iii) P. gonapodyides was a
moderate bark pathogen of most species
including Q. robur, Fagus and Castanea. (iv)
P.  pseudosyringae (Table 1) was more
aggressive to bark of Q. robur than to Fagus,
whereas P. inundata (Table 1) did not attack
Q. robur bark but was a moderate bark
pathogen on Fagus (CM Brasier and J Rose
unpublished). species including Q. robur,
Fagus and Castanea. (iv) P. pseudosyringae
(Table 1) was more aggressive to bark of Q.
robur than to Fagus, whereas P. inundata



(Table 1) did not attack Q. robur bark but was
a moderate bark pathogen on Fagus (C.M.
Brasier and J. Rose, unpublished).

It is clear, therefore, that Phytophthoras
associated with central European oak declines
vary considerably in both their host and tissue-
type specificities. The different Phytophthoras
may be active during different seasons. At
times they might compete with and at other
times complement each other. Such
possibilities need further investigation, as also
does the issue of quantitative changes in their
soil populations over time. P. quercina and P.
cambivora, for example appear to have very
different ecological strategies. It is postulated
that P. quercina is a more ruderal species,
tending to simultaneously attack large numbers
of oak fine roots but then quickly replaced in
these roots by other, often saprotrophic
organisms. P. cambivora may be more stress
tolerant; colonising fine roots of a wide range
of hosts; but also progressing to, or directly
invading, bark of larger suberised roots where
it survives for a much longer period. P.
cambivora might also concentrate its zoospore
inoculum to a greater extent during its attack.
This difference in ecology may also be
reflected in breeding strategy. P. quercina is
an inbreeding, homothallic species. P.
cambivora is mainly outcrossing heterothallic.
Large numbers of oospores of P. quercina may
therefore return to the soil via the fine root
detritus. These oospores may germinate readily
when the next opportunity for infection of fine
roots arises. Indeed, the latter is indicated by
increased isolation frequencies of the pathogen
when soil is air dried and pre-moistened before
flooding (Jung et al. 1996). In P. cambivora,
oospore formation may be much rarer, their
main role being to generate the genetic
variation needed to survive in a more
heterogeneous environment, another to provide
a long term resting stage.

Studies on oak decline Phytophthoras
have recently been extended to Turkey, which
has a highly diverse oak flora (Balci these
Proceedings), and to Sweden and Serbia (T.
Jung, L. Lundberg & K. Sonesson, and T. Jung
and M. Glavendekic, unpublished data). A
similar range of oak-associated Phytophthoras
has been found in these countries together with
yet more possible new taxa.

Role of Phytophthoras on chestnut

P. cinnamomi and P. cambivora have
been associated with serious mortality and
decline of chestnut (Castanea sativa) in
southern Europe since the early part of the

20th Century. However, historical records
suggest the appearance of the disease in Spain
may date back to the early 1700s, perhaps
reflecting the first importation of these
pathogens into Europe.  Since 1990, an
increased intensity of disease has been
observed, especially in Italy. Under the
auspices of an EU funded project ‘CASCADE’
(1999-2006), sampling for Phytophthoras in
soil is being carried out in chestnut stands in
southern Europe. In Italy, these samples have
revealed widespread presence of P. cambivora
around the root zone, often accompanied by P.
citricola and P. cactorum. P. gonapodyides is
also commonly isolated from associated
streams (Vettraino et a/. 2001). Pathogenicity
tests (l-year-old chestnut seedlings in pots
infested with Phytophthora inoculum) showed
that all four species are pathogenic, in an
approximate order of severity P. cambivora >
P. citricola > P. gonapodyides and P.
cactorum. It is interesting to note, once again,
that P. gonapodyides can cause significant
damage (cf. Figs. 2 and 3 and Jung and
Blaschke 1996; Jung er al. 1996). Although
probably only a moderate pathogen, P.
gonapodyides is a common forest inhabitant
(Brasier, Hamm & Hansen 1993; Hansen and

_Delatour 1999). Its role in tree health may have
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been considerably underestimated and needs
further investigation. P. cinnamomi was not
isolated in the Italian survey, yet it is
commonly isolated from diseased chestnut in
southern France (C. Robin, personal
communication). This difference may reflect
the role of the nursery trade in spread of the,
pathogen (see below).

Genetic status, pathogenicity and
distribution of the  hybrid alder
Phytophthoras

New ‘alder Phytophthoras’ now

spreading across Europe cause a serious collar
rot of riparian Alnus (reviewed in Brasier
2000; Streito and Gibbs 2000; Gibbs et al.
2003.). These Phytophthoras are a swarm of
‘still evolving’ hybrids between P. cambivora
and a P. fragariae-like Phytophthora. The
main hybrid types have been termed the
standard hybrid and the Dutch, German, UK
and Swedish variants. They have different
colony patterns, temperature -growth patterns
chromosome numbers, gametangial morph-
ology, levels of zygotic abortion and ITS and
AFLP-types (Brasier et al. 1999; Brasier
2003). Since they are both behaviourally and
genomically different many of the variants
resemble separate cryptic species.
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Fig. 4. Present known locations of alder Phytophthora hybrid types at sites across Europe. A
highly simplified representation based on 280 samples, including 120 from Bavaria (large circle).
Note the widespread distribution of the standard hybrid type and of the Swedish variant. Note also
the ‘hot-spot’ of different hybrid types in southern Germany. (from Brasier 2003).

Distribution of different hybrid types

Since 1993 over 280 samples of the
pathogen have been classified. Most fall into
the above previously identified hybrid types. A
few isolates have been identified as new major
variants (previously unknown, unique hybrid
types). The present known distribution of the
different hybrid types is summarised in Fig. 4.
The standard hybrid is fairly widely
distributed. The Swedish variant is now known
from Sweden, Germany, Hungary and Italy.
This may represent the spread of this genotype
by the international nursery trade. In Bavaria,
southern Germany, from where over 120
isolates have been examined, several
previously unknown variants have recently
been found alongside the standard type and the
German and Swedish hybrid types (C.M.
Brasier, S.A. Kirk and T. Jung, unpublished).
Bavaria may therefore represent either a hot
spot of evolutionary activity; or an area into
which many different alder Phytophthora
genotypes have been introduced on infested
plants. Previously unknown hybrid types are
also present at one site in western Britain
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(Hadley Brook, Worcestershire) and in
Lithuania.

Pathogenicity and host range of different
hybrid types

Twelve wound inoculation
experiments, involving over 60 isolates, have
been conducted on fresh-cut logs of Alnus and
other trees species. These have shown that the
standard hybrid is highly aggressive to Alnus
bark. The Dutch variant is also highly
aggressive; whereas the UK, German and
Swedish variants tend to be less aggressive or
only weakly aggressive. The behaviour of the
variants is supported by observation of
restricted lateral development of lesions caused
by the Swedish and German variants in the
field (Jung et al. The Proceedings). P.
cambivora and a wide range of other
Phytophthora species, including species from
riparian ecosystems, were non-pathogenic or
only weakly pathogenic to alder bark (Table 2)
(Brasier and Kirk 2001).
The standard alder Phytophthora was non-
pathogenic to bark of six other tree species;



whereas P. cambivora, P. cinnamomi and P.
citricola were (as expected) moderately to
strongly pathogenic. This indicates the
standard alder Phytophthora has a high
specificity to alder. In addition, behaviour of
standard isolates indicated that critical
thresholds of host resistance were operating in
some tests, resulting in lesion suppression. In
nature, this might result in recovery of affected
trees. There was also evidence of strong
seasonal influences on lesion development.
Lesions on logs cut in July-October were
generally much larger than those cut in
November-March. No lesions occurred on logs
cut in April (Brasier and Kirk 2001). This may
reflect either the water content of the logs or
ability of the host to mobilise carbohydrates
for resistance.

Genetic stability and oospore viability in the
hybrids

Standard hybrid isolates often change
markedly in colony characteristics during
storage. One standard isolate (P818) yielded a
morphologically distinct sector having a
unique ITS-type. Based on this observation,
Delcan and Brasier (2001) have investigated
the stability of asexual and sexual derivatives
of the hybrids. One objective was to assess
whether the natural variants could be obtained
directly from the standard hybrid via genetic
segregation. Thousands of zoospores and
hyphal tip colonies of standard isolates were
produced. These proved remarkably stable in
phenotype. In contrast those of the UK and
German variants were highly unstable. The UK
variant in particular could not be ‘stabilised’
into a single morphological entity. When
thousands of oospores of the different alder
Phytophthoras were tested for germination,
none could be germinated, although
germination did occur in P. cactorum and P.
cambivora controls. The lower chromosome
number variants, such as the Swedish and
German variants, did show higher levels of
oospore vitality (by tetrazolium method) as
opposed to germinability. Failure of the
oospores to germinate was considered
consistent with the frequent meiotic failure
observed in the gametangia (see Brasier et al.
1999).

Although no evidence was obtained
that variants are derived from the standard
hybrid via genetic segregation, this could not
be ruled out. The results also indicated that
oospores were unlikely to play a significant
role in dissemination. It was proposed that
local dissemination may be mainly via
zoospore spread; and long distance dispersal

via spread of infested bark detritus or via
infested planting stock (Delcan and Brasier
2001).

Further molecular characterisation of hybrid
ypes

Recent isozyme studies have shown
that the standard hybrids exhibit complex
banding patterns  characteristic of an
allotetraploid. These studies also indicate that
changes from heterozygosity to homozygosity
are occurring in standard isolates, consistent
with continuing evolution of their hybrid
genome. The Dutch and German and UK
variants shared a unique and characteristic
isozyme pattern. The Swedish variant
exhibited another unique pattern. The isozyme
data also supported the view that P. cambivora
is one of the parents of the hybrid, whereas P.
fragariae sensu stricto is unlikely to be a direct
parent (W. Man In’t Veldt and C.M. Brasier,
unpublished).

Occurrence of alder Phytophthora inoculum in
soil and river water

In a study of soil around diseased
alders along several rivers in southern Britain,
with standard alder Phytophthora present,
apple and alder leaf baits were used. Standard
alder Phytophthora was readily recovered from
necrotic bark lesions on trees along the
riverbanks. Yet it was isolated only once from
soil around the affected trees, whereas
P. gonapodyides was frequently recovered
from the same soil samples and
P. megasperma, P.citricola and ‘P. taxon
Riversoil’ were recovered occasionally (J.
Delcan and C.M. Brasier unpublished; data in
Brasier, 2002). Similarly in Bavaria, standard
alder Phytophthora was readily isolated from
bark of five common alders growing in a
severely diseased plantation, whereas baiting
of the rhizosphere soil only yielded P. citricola
and P. cactorum (Jung et al these
Proceedings).

In a study of river water in northern
France (standard alder Phytophthora present),
rafts of live alder twigs were used as baits. The
alder Phytophthora was rarely isolated from
the lesions developing on the twig ends;
whereas P. gonapodyides (or a Phytophthora
similar to P. gonapodyides) was isolated
frequently. Only during one sample period
along one river was a higher incidence of alder
Phytophthora  recorded  (J.C. Streito,
unpublished; data in Brasier 2003). In another
study in the UK, roots of five Im alder
saplings were immersed in an infested river
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(with many diseased alders upstream) over two
consecutive 6 month tests. Only one of the
These investigations indicate that alder
Phytophthora inoculum is difficult to detect —
by these baiting methods — in soil and river
water. This suggests that inoculum is often at
very low levels in these substrates. It may be
concentrated in river water only when rare
spikes of intensive zoospore release occur
from infected root or collar tissue. The greatest
amounts of inoculum may tend to be
concentrated in infested bark detritus, which
may become entangled with alder roots and
stems during flooding

Surveys of the disease and disease
management
National disease surveys have

continued in EU member states, co-ordinated
through an EU ‘concerted action’ project. An
overall map of the survey sites in Europe
showing the presence/absence of disease
symptoms has been produced by J.C. Streito

(Fig. 5).

A detailed Phytophthora isolation
survey in Bavaria (see Jung et al. these
Proceedings) indicates that 50% of riparian
stands of 4. glutinosa and A. incana along
Bavarian rivers are infested; together with
about 50% of non-flooded stands or
plantations. ~ On some rivers, >50% of

individual trees are now diseased. The source
of inoculum can usually be traced back to
infested stock, either planted upstream of a
site or planted in a non-riparian sites that
drains into a river. An investigative survey has
therefore been carried out in Bavarian
nurseries (see below).

Wound inoculation tests showed no
useful resistance in seedlings of different
European A. glutinosa provenances (Gibbs
2003). However, in Bavaria mature alders with
healthy crowns and healed bark necroses have
been observed in riparian stands which
otherwise have a high incidence and a long
history of the disease (T. Jung, unpublished).
This suggested possible resistance among
individuals. A selective resistance-screening
programme has been started, based on cuttings
from such survivors (Jung er al. these
Proceedings). The feasibility of selecting for
resistance of trees to introduced Phytophthora
root pathogens is demonstrated by recent work
on Eucalyptus marginata (Stukely et al. these
Proceedings) and Chamaecyparis lawsoniana
(Bower et al. 2000; Sniezko and Hansen
2000). Experiments are also in progress in the
UK, France, Belgium and Germany on the
response of disease levels to coppice
management (Gibbs 2003; Jung et al. these
Proceedings)

Fig. 5. Distribution of alder disease survey sites in
Phytophthoras present. Shaded circles, no disease recorded. Compiled by JC Streito (Nancy, France).
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Europe. Black circles, disease due to alder



Spread via infested nursery stock

There is growing evidence that infested
nursery stock plays a major role in the
international and national spread of the alder
Phytophthoras. In Bavaria, three out of the four
commercial forest nurseries investigated have
recently been shown to be infested. Moreover at
one nursery the standard alder Phytophthora and
four other Phytophthora species were isolated
from soil around a single potted alder.
Interestingly, alder Phytophthora was not
detected in four nurseries belonging to the state
forestry service (Jung et al. these Proceedings).
Records of the disease at alder shelterbelt sites in
the UK and in young plantations in Belgium,
Netherlands, Germany and Italy - well away
from riparian ecosystems — also indicate spread
of the pathogen on infested planting stock. So
too does the frequent occurrence of diseased
riparian alder stands downstream, but not
upstream, of affected plantations (Jung et al,
these Proceedings). The nursery issue is
discussed further below.

Status of Californian ‘Sudden Oak Death
Phytophthora’ P. ramorum in Europe

In the summer of 2000, a previously
unknown Phytophthora was identified as the
cause of a new aggressive disease of oaks and
other trees and shrubs, the ‘sudden oak death’
(SOD), spreading in the San Francisco Bay area
of California. Details are given elsewhere in this
volume (Garbelotto et al; Hansen; Frankel
papers in these Proceedings). The new
Phytophthora was closely related to P. lateralis
on ITS sequence, but was distinctive in having
abundant large brown chlamydospores and
caducous sporangia. Because it attacked oaks
and oak relatives, it was of considerable concern
to European researchers as well to those in North
America. Moreover, later in 2000 it was
suggested that a Phytophthora with very similar
morphological properties to the Californian SOD
Phytophthora had been recorded in Germany in
1995. This Phytophthora caused a shoot blight of
rhododendron and a stem canker of Viburnum,. It
had subsequently also been recorded in the
Netherlands. By early 2001 it was confirmed
that the German/Dutch Phytophthora was almost
certainly the same as that causing SOD in
California. The rhododendron Phytophthora has
now been formally named as P. ramorum sp.
nov. by the German and Dutch groups (Werres et
al., 2001¢).

This development raised the question
whether P. ramorum posed a serious threat to
European oaks, to other European Fagaceae such
as chestnuts, or to other Ericaceae in addition to
thododendron. The extensive trade in
rhododendrons and other potential hosts across
Europe added some urgency to the issue.
Pathogenicity tests have been initiated in
Germany, the UK and the Netherlands to assess
the level of risk. Preliminary experiments in the
UK (wournd inoculation of fresh cut logs, under
licence in high security chambers) indicate that
P. ramorum may be only a weak pathogen of
Quercus robur, Q. suber, and Castanea bark
compared with P. cambivora and P. cinnamomi
controls. It may be a stronger pathogen of
rhododendron and Fagus bark. However, in
assessing such results, ecological conditions for
infection and modes of entry of the pathogen
need to be taken into account. Unlike P.
cinnamomi or P. cambivora, P. ramorum is
probably an aerially dispersed pathogen favoured
in its spread by high atmospheric moisture
(Garbelotto, these Proceedings). Build-up of
inoculum can occur in the canopy. Still to be
considered, therefore, is this pathogen’s ability to
infect leaves and shoots of Quercus spp. and
other potential hosts in Europe. Also to be
considered is its ability to directly enter the
unwounded bark of potential hosts.

Role of nursery stock in Phytophthora
evolution and spread

Over the past 200 years many highly

damaging exotic Phytophthoras, such as P.
cambivora and P. cinnamomi, have been
introduced into European forests. This has most
probably occurred through importation of
infested planting stock. Recent developments
suggest infested planting stock continues to play
a major role in the evolution and spread of
Phytophthoras. For example:

1. P. lateralis was recently discovered in a
nursery in France (Hansen et al.,
1999). This pathogen threatens
Chamaecyparis lawsoniana in its
native range in the USA (Hansen
2000). It seems likely that it has
arrived in Europe on imported, infested
Chamaecyparis plants; or perhaps on
another symptomless host.

2. Researchers in the UK, France and
Germany recently found that oak
seedlings  obtained from  local
commercial nurseries for inoculation
tests (EU research project,



PATHOAK) were already

contaminated with Phytophthoras. The

contaminating Phytophthoras included

P. cinnamomi, P. quercina and P.

cambivora (Delatour, 2001).

At one Bavarian nursery in 1999, five

different Phytophthora species were

isolated from a single potted alder
seedling (Jung et al  these

Proceedings).

4. Spread of the  hybrid alder
Phytophthoras to new sites appears to
be associated with movement of
infested planting stock (see above).
The widespread distribution of the
Swedish variant (Fig. 1) may well be
an example.

5. The Al sexual compatibility type of P.
cinnamomi, previously absent from
Europe, has recently been found on
Camellia in Germany (see above).
Most probably, it has been introduced
on infested plants of Camellia. The
latter is a host for the Al of P.
cinnamomi  in  North  America
(Zentmyer 1980).

6. P. ramorum  (Californian SOD
Phytophthora) was recently discovered
in Germany and the Netherlands. On
present evidence, it has probably
spread on infested rhododendron and
Viburnum nursery stock. It may have
been introduced to Europe, or indeed
to California, in this way from its
geographic centre of origin.

w

Such incidents indicate the phenomenon
remains widespread. There are also indications
that infestation levels may be higher in intensive,
large scale commercial nurseries; whereas
organisations that raise their own planting stock
from seed or cuttings', such as state forestry
organisations, may be less affected (Jung et al.
these Proceedings; A. Vannini, personal
communication), The various processes and
protocols involved suggest there is a significant
risk to the health of European forests, as follows:

a. It appears that both Phytophthoras on
existing European Plant Health
schedules, such as P. lateralis, and
previously undescribed Phyrophthora
species, such as P. ramorum, are
entering Europe. The enormous
environmental risk involved is evident.

It is well documented that

Phytophthora  species  have  the
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potential to eliminate entire native tree
populations  (cf. the threat to
Chamaecyparis lawsoniana in the
USA; Hansen, this volume). They also
have the potential to eliminate entire
natural ecosystems (cf. P. cinnamomi
and world heritage sites in western
Australia; Shearer et al. these
Proceedings

b. The occurrence of multiple

Phytophthora species in the soil of a
single potted nursery plant (see above)
provides the potential for evolution and
emergence of new Phytophthora
pathogens, and new tree diseases,
either via full interspecific
hybridisation ~or horizontal ~gene
transfer (see. Brasier 1995; 2001). Full
hybridisation appears to have happened
, for example, in the case of the new
hybrid alder Phytophthoras (Brasier et
al. 1999).

c. Introduction of a ‘missing® mating type

of a Phytophthora pathogen - such as
the Al of P. cinnamomi - also
enhances the potential for evolution in
aggressiveness, host range and other
adaptive  traits  of Phytophthora
pathogens. .

d In the nursery environment

Phytophthoras may thrive on roots of
‘non-hosts’ in a way that they could
not manage to do in nature. This
provides a pathway for insidious
spread of Phytophthoras on visibly
healthy ‘non-hosts’. For example,
although P.quercina is specific to oak,
it was was recently baited from young
alder seedlings grown in a nursery field
that had harboured oak seedlings three
years previously (Jung et al., these
Proceedings).

e. The nursery environment may also be

selecting for more nursery-adapted
genotypes (or hybrids) of
Phytophthora pathogens. This could
include selection for highly aggressive
genotypes; or genotypes that remain
latent in the nursery but become more
damaging on mature outplanted
material.

f. Widespread use of fungistatic (but not

fungicidal) ‘anti-Phytophthora’
chemicals in nurseries may also be
facilitating distribution of infected but
visually symptomless plants.



g. Although molecular diagnostic tools are
more likely to detect Phytophthoras in
imported, visibly  ‘symptomless’
nursery stock, these tools are not yet
widely used by plant health
inspectorates.

Concluding comments

Significant progress is being made in
our understanding of Phytophthora pathogens in
European forests. However, as indicated by this
review, much of this progress is in response to an
unprecedented increase in the appearance of new
Phytophthora pathogens and new Phytophthora
diseases across Europe. This in turn may reflect
the increasing intensity of international trade in
forest trees, shrubs and ornamentals. Climate
change, improvements in the discrimination of
Phytophthora taxa, and the dedication and
insight of a few are also contributing to the
broader picture. Nonetheless, if the perceived
increase in Phytophthora activity is sustained,
the future of more of our European trees and
forests, like that of our presently threatened oaks
and alders, seems far from secure.
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Abstract. A dramatic new disease dominates this update of the status of Phytophthora diseases and research
in the Western Hemisphere. At the time our last meeting in Grants Pass, a discase called Sudden Oak
Death was causing increasing concern in California around San Francisco Bay, but no causal agent had
been identified. Not long after the meeting, an apparently undescribed species of Phytophthora was isolated
from lethal stem cankers on coastal oaks, and activity (and concern) escalated. Now a major international
research effort addressing origins, biology, and control, including quarantines, is underway. This has
triggered Phytophthora surveys in forests in several parts of North America, leading to new host reports,
and new species. On other fronts, active forest Phytophthora research continues in Argentina, looking for
the cause of Mal des Cipres, in Mexico with P. cinnamomi and possibly other species on oaks, and in
Oregon, focused on Port-Orford-cedar and P. lateralis. A new “Rangewide Assessment” of the status of
POC and P. lateralis has been prepared. Breeding for resistance continues, with the containerised seed
orchard organized by breeding zone to produce locally adapted seed, and the first seedlings expected to be
available for operational forest planting in 2002.

Introduction late blight. Apart from Kkilling trees at an
Two years ago in Grants Pass (Hansen alarming rate, it has spawned new centers of
2000) at the conclusion of the first TUFRO Forest forest Phytophthora research in California. We
Phytophthora meeting, 1 worried a little that are reminded once again that the story of
there wouldn’t be anything really new in 2001 to Phytophthora in forests of North and South
report from the western hemisphere. We knew America, as in other parts of the world, is largely
that big things were happening in Europe, and one of devastating introduced pathogens.
we had confidence that the Australians would Phytophthora lateralis, in Oregon and
continue their exciting work, but what was going California, exemplifies the dangers. The
to really change in the Americas? We needn’t omnivorous, and  seemingly  ubiquitous
have worried. Not only are there new faces Phytophthora cinnamomi is emblematic of any
bringing new advances on old diseases, and a pathology meeting in Australia, but transformed
smattering of small new diseases, but Sudden the landscape of the south eastern United States
Oak Death and Phytophthora ramorum has burst about 200 years ago. It hasn’t gone away. There
upon us, forcing an entirely new way of thinking is also an unfolding story of indigenous forest
about Phytophthora on our entrenched forest Phytophthoras. As we begin to understand bits
pathological minds. T also want to use this and pieces of their pathology and their ecology,
opportunity to review and update some of the old it is increasingly evident that they are important
information presented in the first Proceedings - players as well.
the stories of P. cinnamomi on chestnut and
shortleaf pine in the SE United States and P. Phytophthora ramorum
lateralis in the West are still relevant (Hansen Phytophthora ramorum is the headline
and Sutton 2000). story. In this Proceedings, papers by Davidson,
working with Rizzo and others, Garbelotto et al.,
Phytophthora was discovered in Frankel, and Svihra and colleagues contain the
Europe, but that first epidemic came from the most complete account yet of this rapidly
Americas. P. infestans was an inconspicuous unfolding epidemic. Reports of unusual
indigenous Phytophthora on wild and native mortality in coast live oak, Quercus agrifolia, in
cultivated species of Solamum in Central coastal woodlands near San Francisco began in
America, but as potato late blight it set the about 1993. At first oak bark beetles were
standard for destruction by an exotic pathogen. assumed to be the cause of “Sudden Oak Death”
Today sudden oak death, with its aerial (SOD), and then a variety of fungi, including
pathology, is providing disquieting parallels to Hypoxylon received attention. All proved to be

19



secondary. The trees were evidently dying from
massive, girdling trunk cankers, often above
seemingly healthy roots. It was only in the
summer of 2000, as other possibilities were
exhausted, that we began to suspect
Phytophthora might be the cause. We collected
bark samples on the hottest day on record for
San Francisco, and Dave Rizzo from UC Davis
successfully isolated a Phytophthora. It was a
unique species, unlike anything reported before.
Pathogenicity tests at Davis soon confirmed it as
the cause of the disease, in both tanoak
(Lithocarpus densiflorus) and coast live oak
(Rizzo et al. 2002).

Coincidently, it was also in 1993 that a
new disease of rhododendron and viburnum was
first noted in landscape plantings and in
nurseries in Germany and the Netherlands. An
unusual “undescribed species of Phyfophthora”
was reported as the cause but little further
attention was paid- it was just another foliar
Phytophthora on rhododendron not causing any
particular concern. Clive Brasier is never far
from Phytophthora news. He saw the first
isolates from California oaks and was impressed
by their unique features. Not long after, he heard
about the rhododendron isolates in Germany, and
recognized that their unusual morphology
(Werres et al. 2001) matched the unique species
he had seen in California. The identity was
confirmed by ITS sequence, and infected
rhododendrons were soon found in California,
beneath dead coast live oaks (Rizzo ef al. 2002).
The host range continues to expand, as P.
ramorum is confirmed from a diverse array of
unrelated forest trees and shrubs. Except for the
oaks, symptoms are foliar necroses and shoot
diebacks.

Curiously, the closest relative of P.
ramorum, at least based on ITS sequence, is
another exotic forest Phytophthora that is
destructive in Oregon and northern California, P.
lateralis. Although the two species are readily
distinguished on pathogenicity, morphology, and
cultural appearance, both form chlamydospores
and caducous sporangia. The ITS sequence is so
similar that a PCR probe designed to detect P.
lateralis is also effective for detection of P.
ramorum (Winton and Hansen 2001; Sutton
pers. comm.).

This summer (August 2002), sudden
oak death was found for the first time in Oregon,
300 km north of the known California infection
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areas. Nine areas of infestation, all within a 24
km® area, were located on forest lands near
Brookings, in SW Oregon. Mortality centers
ranged in size from 0.2 to 4.5 ha and included 5
to about 40 diseased trees. The pathogen was
also isolated from necrotic lesions on leaves and
stems of native Rhododendron macrophyllum
and Vaccinium ovatum growing beneath diseased
tanoaks on the Oregon sites. The disease was
located and confirmed via the cooperative aerial
survey flown by the USDA Forest Service and
Oregon Department of Forestry (Goheen et al.
2002).

The wild hosts of SOD are not of great
economic value, but they are often important
members of the plant communities where they
occur, and in California especially the coast live
oak has great aesthetic value. Tanoak is a major
component of mixed evergreen forests along the
coast, growing with redwood and Douglas-fir. It
sprouts back rapidly after wildfire or harvest.
Several evergreen shrubs in the Ericaceae are
susceptible, and Vaccinium ovatum and
Rhododendron macrophyllum are killed in areas
of high inoculum load. Ericaceous shrub
communities dominate forest understories from
northern California into British Columbia.
Among the many important questions left to be
answered is the potential of this pathogen to
disrupt these plant communities beyond the
range of tanoak. Can these foliar and dieback
hosts sustain a damaging epidemic without the
tree hosts? Will there be effective climatic and
weather constraints on its spread?

In California the disease was widely
established before the Phyfophthora connection
was demonsfrated. There has been no attempt at
direct control. In Oregon, by contrast, the
infestations appear recent and small, and the
decision was quickly reached to attempt
eradication. Al lands within 1 mile of the
mortality centers are subject to Oregon
quarantine, barring the transport of host
materials. In the first phase of this operation all
host plants within 15-30 m of symptomatic
plants are being cut and burned. The total
treated area is about 16 ha. Time will tell.

Other new Phytophthora species

Phytophthora ramorum is of course the
big news, but there are other new diseases on
trees as well. In this Proceedings, Tainter has.
described a new disease on plantation grown
balsa (Ochroma pyramidalis) in Ecuador, caused



by P. palmivora. Oaks are well known suscepts
to P. cinnamomi, but in Texas? Van Arsdel
described it as cause of a yellowing disease of
Texas oaks.

Also in this Proceedings is the first
description of P. cambivora on chinquapin,
Castanopsis chrysolopis.  This is a small
evergreen tree, in the Fagaceae, that grows in the
Cascade Mountains of western North America.
The disease was first noted about 2 years ago, in
the southern Oregon Cascades. Dying trees have
girdling basal bark lesions, extending upward
from necrotic lesions on the main roots. The
pathogen was readily isolated from active
margins of bark lesions, and also from soil (by
baiting) collected adjacent to dying trees.
Interestingly, P. cambivora has also been baited
from soil in other forest areas of Oregon,
associated with healthy chinquapin, Douglas fir,
and Oregon white oak.

Phytophthora lateralis

Phytophthora lateralis, the equally evil
exotic twin of P. ramorum, kills Port-Orford-
cedar (POC), Chamaecyparis Ilawsoniana,
through much of its limited native range. POC is
a unique forest tree, growing wild only in the
geologically and climatically distinctive Klamath
ecological province in SW Oregon and NW
California. It has been planted widely as an
ornamental, however, and it was in the
ornamental nurseries, in 1923, that the disease
first appeared (Zobel et al. 1985). There is only
speculation about the origin of the pathogen, but
it seems likely that unregulated international
plant movements in the horticultural trade were
somehow responsible for the infroduction.

By the early 1950s P. lateralis was
killing POC in the tree’s native range along the
southern Oregon coast. It spread quickly into the
mountains, following road construction and
timber harvest. POC regenerates prolifically in
disturbed soil, and is especially abundant, and
vulnerable, immediately adjacent to roads. Today
the rate of disease increase has slowed
dramatically, largely because most of the most
vulnerable stands of cedar are already infected.
A large, expensive, and multifaceted disease
management and research effort has been
launched by the Federal land management
agencies. The goals are to halt the further spread
of the pathogen, protect the remaining significant
uninfected stands of POC, and to bring cedar
back in the areas already infested. The strategies
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include road closures, roadside sanitation,
silviculture including targeted planting and
spacing of POC, and genetic resistance (Hansen
et al. 2000).

Recent work has focused on measuring
the effectiveness of control operations, and
disease resistance (Papers by Goheen, Sniezko,
and colleagues in this Proceedings). Plant
ecology is sometimes summarized as “the
quantification of the obvious.” Plant ecologists
Erik Jules (Humboldt State University) and Matt
Kauffman (U.C. Santa Clara) have taken a fresh
and detailed look at the epidemiology of P.
lateralis, using dendrochronology and modelling
to plot the tree-by-tree spread of disease down
streams from road crossings and other sources of
introduction in several watersheds. The result
puts a sharp point on things we have known in a
general way, and can serve to refine several
disecase management guidelines.  The current
status of POC and the disease management effort
is being summarized in a long-awaited
“Rangewide Assessment of Port-Orford-cedar”,
to be published soon by the USDA Forest
Service and the Bureau of Land Management in
the United States.

Phytophthora cinnamomi

Phytophthora cinnamomi  arrived in
North America perhaps 200 or more years ago,
unannounced, and spread silently but with lethal
effect across the SE United States. Nothing is
known of the early history, but by 1824 there
were clear reports of sudden and unprecedented
mortality of American chestnut and related
Castanea species in forests and woodlands
across the southern Appalachians. Nearly all of
the trees in valleys and coves died within 2 or 3
years, with mortality extending upslope more
slowly and trees surviving on dry ridgetops
(Crandall et al. 1945). Chestnut was already
largely gone from the southern Appalachian
foothills before chestnut blight reached that
region. It wasn’t until 1932 that Phytophthora
was associated with dying chestnut in the United
States, and P. cinnamomi was convincingly
shown to be the cause in 1945.

Littleleaf disease of shortleaf pine
(Pinus echinata) first attracted attention in the
1930s (Hepting ef al. 1945). Shortleaf pine
grows broadly in the Piedmont and Coastal Plain
of the SE United States especially on abandoned
agricuftural lands. Littleleaf disease was most
destructive in stands older than 20 years on



severely eroded soils in this region (Tainter
1997), with a distribution that broadly
overlapped the former southern range of
chestnut. Above ground disease symptoms
include  chlorosis, stunted needles, and
progressively  reduced needle retention.
Symptoms gradually intensify, with many trees
dead within 2 to 16 years of first symptoms.
Exhaustive searches for causal agents led in 1948
to the isolation of P. cinnamomi from
symptomatic shortleal pine trees (Campbell
1948), but because P. cinnamomi was seemingly
everywhere across the south (Campbell 1949,
1951; Campbell e al 1963), and because
inoculations often did not result in symptoms, it
took years more to confirm the etiology. The
disease is explained today as the consequence of
rootlet mortality (incited by P. cinnamomi) on
stressed trees that are unable to efficiently
replace those rootlets. Nutrient deficiency from
loss of the fertile topsoils is exacerbated in older
stands that are under maximum intertree
competition for light and soil resources.
Phytophthora also benefits on the eroded soils.
Littleleaf sites characteristically have very poor
internal soil drainage. Today littleleaf disease is
still evident, but in fewer localities. In many
stands susceptible trees have been replaced by
tolerant ones, and soil structure and microbial
activity have improved as a result of forest
succession, to the detriment of P. cinnamomi
(Zak 1961).

Phytophthora cinnamomi continues to
attract attention in forestry in the SE United
States. Littleleaf is still around (Tainter 1997),
and other pines are damaged on poorly drained
soils (Barnard et al. 1993). At this meeting, we
will hear about damage to oaks from South
Carolina to Texas. There is also continuing work
on Phytophthora root rot of Frasier fir- a
Christmas tree disease (Benson and Grand 2000,
Frampton ef al. in these Proceedings). The
pathogen is apparantly not present in native
stands of Abies fraseri, found on organic soils
above 1500m elevation, but it is present in
transplant nurseries at lower elevations in the
Christmas tree growing areas. One infected
seedling per hectare may trigger an epidemic in
downslope areas following heavy rains.

P.  cinnamomi  was  presumably
introduced to the Hawaiian Archipelago, perhaps
with the first colonizing Pacific Islanders
{(Zentmyer 1988). Today it is implicated in Ohia
decline, an episodic, locally devastating disease
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of mature forest ohia (Metrosideros colina)
(Kliejunas and Ko 1973). In one disease
scenario, water drainage in the dense pahoehoe
lava flows progressively deteriorates as organic
maiter and decomposing rock gradually plugs the
cracks in the otherwise dense and uniform flow.
Trees are progressively stressed by poor
drainage, and mature trees, with their greater
demands, are unable to replace rootlets killed by
P. cinnamomi.

In the forests of the SE United States
and in Hawaii, where P. cinnamomi has been
present for hundreds of years, it is easy to forget
that it is an exotic, invasive pathogen with the
potential for devastation. The disease is now
chronic; there are no longer advancing fronts of
infestation marked by dead trees. The pathogen
has reached its climatic limits. The dramatic
ecological changes are history now, and new,
disease tolerant plant communities have replaced
what was lost. In many cases, we will never
know what was lost. P. cinnamomi is not gone
from these forests, however, and the Frasier fir
Christmas tree story illustrates its potential to
rise to new opportunities as they are created by
human activity and perhaps changing climates.
It is important to remember what P. cinnamomi
has done to North American forests, and can do
again.

The story is apparently replaying now
in the state of Colima, Mexico (Tainter ef al
2000). P. cinnamomi is locally epidemic in an
area of several hundred hectares around a village
in that state, killing several native oak species
and other susceptible vegetation in the
surrounding communal woodlands. The
mortality began in 1987. Spread appears to be
primarily on the feet of cattle that graze freely.
This may be another American ecological

tragedy in the making.

Wild Phytophthora

Scattered information suggests that
Phytophthoras are widespread but not often
abundant in many temperate forest ecosytems,
usually in the absence of dramatic disease
(Hansen 2000; Wood pers. comm..). By contrast,
there are very few reports of Phytophthora
species from tropical forests. Certainly there are
pathogenic species in the plantations of rubber,
avocado, balsa (Tainter, this Proc.) and Cinchona
(Crandall 1947). Zentmyer (1988) failed to
isolate any Phytophthora from forest plants or
soil, except in the immediate vicinity of



plantations. It must be presumed that this lack of
reports is the result of very few surveys,
however.

Phytophthora heveae is occasionally
recovered from North American forest soils
(Campbell and Gallegly 1965), but is best known
as a pathogen of plantation rubber, and
rhododendrons. In Central American rainforests,
however, it is widespread and apparently
ecologically significant. Davidson et al. (2000,
and personal communication) demonstrated that
it was an important cause of damping off of wild
cashews Anacardium excelsum in a very diverse
Panamanian tropical forest. Furthermore, it was
most abundant, and caused the most damping
off, where cashew seedlings were most
abundant. Davidson hypothesized that P. heveae
was exerting negative density dependent
selection on cashew, and thus maintaining the
diversity of the tropical forest.

P. gonapodyides is undoubtedly the
most widespread species in temperate forests, in
North America as well as Europe (Hansen and
Delatour 1999). It seems to be ubiquitous in
forest streams of the western United States,
including very remote areas in Alaska and
Oregon. It is commonly misidentified as P.
drechsleri, P. cryptogea, or even P. lateralis. We
recover it abundantly in all seasons from forest
streams near Corvallis. We also recover it from
soil in riparian hardwood stands in Oregon. P.
gonapodyides has a reputation as a weak
pathogen, and is capable of a saprophytic
existence, but when circumstances are right, at
least in artificial inoculation, it can induce
significant disease. = What is this abundant
organism doing in the forest? Seemingly not
much, but we have to wonder.

There are many more wild
Phytophthoras; in our continuing work in
Oregon, we have recovered 13 species from
forest soils and streams. Only 3 of these, P.
ramorum, P. lateralis, P. cambivora, are
associated with recognized diseases in our
forests. Most sampling to date has been in
riparian hardwoods, with occasional forays into
upland areas and conifer stands. Overall, we
have recovered Phytophthora species from 29%
of forest soil samples and 97% of water samples
from forest streams. The latter are primarily P.
. gonapodyides, but the water list includes 8 other
species. We regularly recover isolates that can
not be readily assigned to any known species
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(Hansen and Hamm 1988), but using ITS
sequences we can at least associate them with
near relatives.

We are left then with a very uneven
picture of Phytophthora in the Americas. We can
conclude that exotic pathogens are extremely
dangerous in forest ecosystems and  that
Phytophthora species are widespread in forests,
usually not causing recognizable disease. Most
significantly, we must continue to acknowledge
how little we know about forest Phytophthoras.
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Foliar disease of Eucalyptus caused by Phytophthora spp.
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Abstract. Locally severe crown dieback of Eucalyptus botryoides, E. fastigata and E. saligna has been
recorded in the central North Island — Bay of Plenty area of New Zealand since 1986. At least two
different species of Phytophthora have been associated with twig and small branch lesions, leaf spots
and petiole infection. Pathogenicity has been demonstrated in inoculation trials. Affected trees ranged
from 4-12 years of age. Individual trees within a plantation can vary markedly in- susceptibility,
ranging from being unaffected to almost entire crown defoliation. Sporulation of the Phytophthora
spp. has not been observed in the field. Although the Phytophthora spp. have been found in the soil
beneath symptomatic trees the height of the trees precludes spore splash from the soil as a mode of
fungal dispersal. Attempts to find evidence of the fungi on insects travelling up the trunks of the trees
have not been successful. The fungi are probably undescribed species of Phytophthora.

Introduction

Locally severe crown dieback of
Eucalyptus species, associated with foliage,
shoot and twig infection by species of
Phytophthora has been recorded in the Bay of
Plenty bioregion (Crosby et al. 1976) of New
Zealand since 1986. The disease was first
recognised in a small stand of 19-year-old
Eucalyptus  botryoides in  which trees
developed marked foliage browning and leaf
casting in early spring. Individual trees varied
markedly in the degree of symptom
expression, ranging from being unaffected to
almost the entire crown wilting and then
defoliating. During the spring and early
summer symptoms on affected trees grew
worse, but no healthy trees became infected.
There was no further deterioration of the trees
after November 1986, and by January 1987, all
affected foliage had fallen. Apart from the
sparseness of the crown of some trees there
were no further symptoms until August 1987
(late winter) when the same pattern of foliage
discolouration and leaf casting was repeated
over the spring and summer.

Several fungi were routinely isolated, or
recognised during microscopic examination of
the affected tissues. These included species of
genera such as Botryosphaeria, Vermisporium
and Phomopsis, genera that contain some plant
pathogenic species. A slow-growing, non-
sporulating colony was also isolated but was
initially paid little attention until it became
apparent that these colonies were consistently
isolated during the early stages of lesion
development. The fungus was identified as a
species of Phytophthora.

Subsequent to the first report of the
disease in E. botryoides similar infection in

stands of E. fastigata and E. saligna and in
amenity plantings of E. marcarthuri and
E. sieberi were recorded in the Bay of Plenty
bioregion over the next 2 years. Severe
defoliation of E. delegatensis was recorded
some Yyears later in stands in Southland
bioregion, geographically at considerable
distance from the Bay of Plenty.

As the severe defoliation was a hitherto
unknown disease, pathogenicity tests were
initiated with the fungi isolated from
symptomatic material and, over a period of
time, further studies into the disease were
undertaken. Because occurrence of the disease
is episodic, and because the non-indigenous
host species were at the time neither
economically important plantation species nor
highly regarded amenity species, investigations
into the ecology of the disease have been
spasmodic and spanning nearly 15 years. This
paper outlines some of the trials in which the
ecology of the Phytophthora infection of the
upper crown of Eucalyptus species has been
investigated.

Symptoms

Initial symptoms of leaf spots on
mature leaves are small light-green patches of
irregular shape on the lamina. The tissue sinks
and fades before becoming necrotic and
lesions are surrounded by a deep-purple
margin. Size of lesions is extremely variable
and there may be a profuse scattering of very
small spots. Lesions share a common
appearance on different host species. Although
leaf spotting is a common feature of the
disorder, the lamina of many leaves fade and
then become brown following an infection of
the petiole. This frequently occurs in the
absence of any leaf spots. Affected leaves are



readily abscised. Lesions on twigs may cause
leaf death in the absence of dieback when the
lesion surrounds a petiole. Seed capsules also
become infected with the peduncle often
infected before the capsule. Dieback follows
lesion development on twigs and/or high levels
of defoliation. The most consistent isolate from
leaf petioles and from laminar lesions in early
stages of development was the Phytophthora

sp.

Materials and methods
Plant material

The origin of the seed from which
plants were reared for inoculation experiments
is unknown. Inoculations were carried out on
2-year-old E. botryoides and 4-year-old
E. saligna planted in the extension area at
Forest Research in Rotorua.

Two unimproved stands of E. saligna
growing in New Zealand, AK 78/1 (Waipoua
Forest) and R 77/50 (Rotoehu Forest) provided
the seed for the stand of E.saligna where
disease levels were monitored and where the
soil sampling programme was carried out. The
eucalypts were interplanted with Pinus
radiota. The Australian origin of the two
stands is unknown.

Inoculations

Experiment 1: Four twigs on each of
20, 2-year-old E. botryoides were wounded by
lightly pricking with a cluster of 5 pins. Two
wounded twigs per plant were inoculated, one
with a mycelial plug and the other with an
artificially infected 30 mm long piece of E.
botryoides twig. The inoculum was placed on
the wound, wrapped with damp cotton wool
and fastened with perafilm. Mycelial plugs
were taken from a 15-day-old culture grown on
3% malt extract agar (MEA). Woody inoculum
was prepared by placing sterilised twigs on the
surface of 3% MEA petri dishes on which the
Phytophthora was growing and incubating at
18°C for 12 days. Controls consisted of
attaching non-infected twigs and 3% MEA
agar to the remaining wounded twigs on each
plant. Plants were examined fortightly and
lesion development and dieback recorded. The
final assessment was made ten weeks after
inocutation. Presence of lesions, and dieback
were recorded and Iesion length measured.

Experiment 2: Small sterilised pieces
of eucalypt leaves were placed on the surface
of 3% MEA petri dishes on which the
Phytophthora was growing and incubated at
18°C for 12 days to provide the inoeulum.
These colonised pieces of leaf tissae were

placed in contact with leaf petioles and twigs
and held in position with parafilm. Inoculated
tissue was not wounded. Between four and six
petioles, and between four and six twigs, on
each of ten 4-year-old E.saligna were
inoculated. Inoculations were made in late
spring and inspections made at 3 week
intervals for 15 weeks. Controls consisted of
attaching non-infected leaf tissue to each of 10
leaf petioles and 10 twigs (one of each on each
tree). Discolouration, lesion development and
leaf casting were recorded and surrounding
branches examined for any development of
disease. After the final assessment material
was gathered for isolations.

Seasonal disease development

Disease progress in a stand of 9-year-
old E. saligna interplanted with Pinus radiota,
in Rotoehu Forest in the Bay of Plenty, was
monitored for 15 months. Symptoms were
more severe in one end of the compartment
where a count of the trees indicated that 40%
had some signs of crown infection, ranging in
intensity from foliage death on a single branch
to death of all of the foliage. Two hundred
trees, in an area of approximately 2 ha, were
labelled in August 1987 and the first
assessment of infection in these trees was
made on the 1% September 1987. Trees were
selected on the basis of reasonable visibility of
at least half the crown. Assessments were
carried out fortnightly for 3 months and then
monthly unti! September the following year
when the frequency of visits doubled again.
Each tree was assigned a disease score
according to the following scale.

Foliage Disease Score

1. crown healthy or trace infection
2. up to 20% foliage affected

3. 21 -40% foliage affected

4. 41 - 60% foliage affected

5. 61 - 80% foliage affected

6. 81 -99% foliage affected

7. all foliage dead

The term “4race infection™ was applied
to trees with less than 2% of the crown
exhibiting browning leaves. In many such
cases it was impossible to be certain, even with
binoculars, of the cause of the symptoms and
factors other than the disease under
investigation may have been responsible. Leaf
lesions that were not accompanied by foliage
death were not clearly visible and so were not
inchuded in this evaluation of disease levels.
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Dispersal of the fungus

Although sporangial and oogonial
formation can be induced in the laboratory it
has not been observed in the field. Sporangia
are not deciduous and the means of dispersal
of the fungus remains unknown. The
Phytophthora sp. associated with the dieback
has been found in the soil under affected trees
and as insects are known to be capable of
vectoring Phytophthora spp. from the soil into
tree crowns (Evans 1971; Taylor 1977), this
method of fungal dispersal was investigated
during three separate seasons. Insect traps were
employed on the ground, on tree trunks and in
the canopy. Various types of trap were used
(frass traps, pitfall traps and malaise traps on
the ground, 3 different types of trunk trap and
a malaise trap in the canopy) selected to catch
as wide a range of species as possible. Traps
were serviced and the contents collected at
weekly intervals as crown symptoms
developed and monthly otherwise. Because of
the need to culture from the catch it was not
possible to use preservatives. Some traps had
an insecticide impregnated paper tissue in the
catching container, while others were left bare
despite the risk of losing some insects. The
insecticidle was a commercial mixture of
tetramethrin, permethrin and  piperonyl
butoxide. Decay of the catch was a problem,
especially with the longer servicing periods
and in warmer weather.

The collected insects were categorised
into broad groups and a subsample of each was
placed onto a selective medium (PAR -

containing  pimaricin, ampicillin  and
rifampicin) to test for the presence of
Phytophthora  propagules. No  specific

determinations were made until or unless a
positive result was obtained. Plates were
incubated at 20°C and examined for colony
type.

Soil samples

In order to determine whether the
Phytophthora sp. was soil-borne, a bioassay
method for isolations was first developed using
artificially infested soil. Sections of E. saligna
leaves with the petiole attached were found to
be the most effective bait, and these were
floated on top of 50 gm samples of either soil
or litter flooded to a depth of 20 mm with
distilled water. Flooded samples were
incubated at 18°C. The E. saligna baits were
removed after 7 days, rinsed in sterile water
and plated onto PAR medium.

Experiment 1: Soil and litter was
collected from beneath 8 infected trees in the
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E. botryoides stand where symptoms were first
seen and from beneath 6 infected trees in
Rotoehu Forest. Recently fallen leaves were
discarded and litter in a stage of breakdown
was collected from a 160 mm® area (outlined
by a spade). The soil from the cleared area was
dug from the surface to 100 mm deep and then
mixed. Three replicates from each sample were
bioassayed for Phytophthora sp. as outlined
above.

Experiment 2: To determine whether
soil colonisation follows deposition of infected
leaves two E. saligna stands where the disease
had been recorded were selected. At each site
two 3 x 4m areas were cleared of all leaf litter.
One area at each site was covered with a
tarpaulin which was slightly raised in the
centre. A 1 x 1m plot was marked in the centre
of each cleared area. Replicate soil samples
were collected from the centre plot each month
for 14 months and bioassayed for the
Phytophthora sp. To ensure that the E. saligna
leaf material used as bait was free of any
species of Phytophthora, 18 leaves were
selected, cut into petiole plus lamina sections,
surface sterilised in 10% hydrogren peroxide
for 4 minutes and placed on PAR plates. Plates
were incubated at 20°C for 10 days. No
Phytophthora was isolated. Fallen leaves were
removed from the cleared areas each month.
Isolations were made from 15 freshly fallen
(still green) leaves each sampling date per plot.

Results
Inoculations

Experiment 1: Twigs inoculated with
Phytophthora  developed  dark  lesions

extending both distally and proximally from
the inoculum point and many were
subsequently girdled and died back (Table 1).

Inoculations were also carried out with
isolates of Botryosphaeria, Phomopsis,
Vermisporium and Cytospora derived from the
diseased material. Symptoms varied with the
fungal species inoculated. Symptoms of
infection on the twigs inoculated with
Phomopsis consisted of small shallow lesions
that were seldom more than a few mm long.
Some developed small cracks in the twigs.
Botryosphaeria infections consisted of very
small sunken spots on unwounded twigs and
sunken lesions ranging from a few mm up to
50 mm in length associated with wounds. Only
4 lesions of the total inoculated with
Botryosphaeria were greater than 20mm in
length.
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Fig. 1. Distribution of trees in each crown health category from September 1987-November 1988

Table 1: Percentage infection and dieback of E. botryoides twigs inoculated with the
Phytophthora sp.

treatment % infected % dieback
wounded 100 50
(mycelial inoculum)

not wounded 80 25
(mycelial inoculum)

wounded 94 61
(twig inoculum)

not wounded 100 33
(twig inoculum)

wounded and 0 0
unwounded

(mycelial controls)

wounded and 0 0
unwounded

(twig controls )

Table 2: Lesion development on twigs and petioles of 10 E. saligna inoculated
with the Phytophthora sp.

Tree No. No. inoculations Percent developing
(twigs and petioles) lesions
1 10 30
2 10 60
3 10 90
4 8 38
5 10 60
6 10 60
7 8 13
8 8 50
9 10 50
10 10 20
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Experiment 2: Resulis have been
combined for the twigs and the petioles and are
summarised in Table 2. No lesions developed
on any of the contro! leaves or twigs.

Individual trees  showed clear
differences in susceptibility, with infection
ranging from 13-90%. This paralleled field
observations where defoliation of individual
trees varied from 0-100%. Ninety percent of
leaves inoculated at the petiole were cast
without any infection spreading into the
shoot/twig tissue. Development of infection
was slow. Six weeks after inoculation 37% of
all of the leaves were infected and this had
risen to 57% at six weeks.

Seasonal disease development

The distribution of crown health
categories at monthly intervals is shown in Fig.
1. Categories 5, 6 and 7 have been combined.
Discolouration of the follage continued to
increase after assessments began in September
1987 until October in 1987, and from June
until November in 1988, and then declined
sharply. Assessments ceased in November
1988 but general observations of stand health
were made monthly for the following 3
months. Affected foliage was almost entirely
cast by the end of December in each year.
Disease severity was markedly lower in the
second year. Those individual trees that did not
show symptoms (Category 1) during 1987 also
remained symptomless in 1988. Nine percent
of the trees showed no of infection throughout
the entire period, with many others having
only a trace infection. Severely affected
individuals in the first year were also the worst
affected in the second year. One was totally
defoliated (Category 7) in 1987, and this tree
lost 99% of its foliage (Category 6) in 1988.
Those trees with a seasonal maximum score
that fell between the two extremes were a little
more variable from year to year, possibly
because of the subjectivity of the scoring
system. However the majority of trees scored
as a 3 or 4 in the first season were ranked in
the same order in the second season indicating
that comparative individual tree susceptibility
to the condition was quite consistent.

Although intensive monitoring of the
trees was not continued yearly observations
have been made of disease levels in this stand.
From 19892 through 1991 the disease did not
re-occur in this stand of E. saligna, or was at
such a low level that it went undetected.
Foliage and branch death was observed in
1992 and a similar pattern of winter/spring
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build-up of symptoms followed by a cessation
of symptoms during summer and autumn was
documented during the following 3 years. No
disease was recorded in 1996. The reason for
the non-appearance of the disease in some
years is not known.

Dispersal of the fungus

Many invertebrates other than insects
were caught in the traps, and these were
isolated from as they may have been potential
vectors. On the ground, the pitfall traps
collected mainly Collembola, Coleoptera,
Arachnida and Mollusca, and the malaise traps
Diptera, Hymenoptera and Arachnida. Frass
funnels caught a variety of litter and debris,
including frass, and mainly Coleoptera and
Arachnida.

The trunk traps caught a wide range of

organisms, Collembola being the most
frequent, with Diptera, Coleoptera and
Lepidoptera well represented, along with
Arachnida and Mollusca. There was

considerable movement of organisms up and
down the trunks of the trees examined. Canopy
traps yielded mainly Diptera, followed by
Hymenoptera and Lepidoptera.

Significant numbers of specimens were
caught; for cxample between July and
November 1995, 4910 organisms were
counted, and isolations were made from 3836.
The numbers in trap collection jars in the other
seasons were similar. Twenty percent of the
insects and other invertebrates isolated in the
July to November 1995 period carried one or
more species of Phytophthora or Pythium, but
the target species was isolated only once. The
only positive result came from a large frass
pellet which may have been the product of an
organism that had eaten infected leaves. It was
not possible to establish the identity of the
organism responsible and no further cultures
were obtained. The target Phytophthora sp.
was however isolated from leaves collected
each month from June-November in frass
traps.

Soil samples

Experiment 1: The Phytophthora sp.
was obtained only infrequently from eit
location. It was isolated only once, out of 24
attempts (8 samples, 3 replicates of each), from
soil beneath E. botryoides, and twice from
beneath E.saligna out of 18 attempts (6
samples, 3 replicates of each) at another
location. The proportion of successful
retrievals from leaf litter was slightly higher, 4



of 24 attempts from beneath E. botryoides and
5 of 18 attempts from beneath E. saligna.

Experiment 2: Recovery of
Phytophthora sp. each month is given in Table
3. The Phytophthora was isolated more
frequently from soil in the exposed plots than
those that were covered. Results were not
however strongly indicative that preventing
infected leaves from contact with the ground
would prevent soil infestation.  The
Phytophthora was seldom isolated from any
source during the warmer months (December
through April) but was recovered from fallen
leaves on two occasions during this period and
from soi! from one of the uncovered plots.

Identity of the Phytophthora sp.

The Phytophthora sp. could not be
satisfactorily placed in any of the 60 known
species (Erwin and Ribeiro 1996) based on
morphological and cultural characteristics. In
recent developments in the taxonomic study of
the genus Cooke et al. (2000) presented an
ITS-based phylogenetic analysis of 50
described taxa comprised of Phytophthora and
Pythium species and representatives from the
Saprolegniales and Peronosporales, work
based on the wider study of the rDNA ITS
regions of over 234 Phytophthora isolates.
Cooke er of (2000) found the genus
Phytophthora to be paraphyletic with 47 of the
50 taxa examined falling into one cluster that
was separable into 8 clades. The remaining 3
taxa (P. macrochlamydospora P.richardiae

and P. insolita), all originating in the Southern
Hemisphere, were disposed into a further 2
clades and represented a distinct lineage.
Fxaminations undertaken at Edinburgh
University of the ITS region of isolates of the
eucalypt foliar Phytophthora from New
Zealand placed this fungus between clades 9
and 10 (David Cooke pers. com.). More
detailed information on the identity will be the
subject of a later publication. Cooke ef al.
(2000) suggested that the Phytophthora spp.
falling into clades 9 and 10 may, on re-
examination of morphogenetic and behavioural
characteristics, be reassigned to one or more
new genera.

Discussion

Severe foliage death, premature leaf
casting and dieback were first recorded in 19-
year-old E. botryoides and E. saligna in the
1980s. Although leaf spotting was a common
feature of the disorder, the lamina of many
leaves faded and turned brown evenly
following an infection of the petiole and these
leaves were readily abscissed. Dieback
followed the formation of girdling lesions on
twigs and/or high levels of defoliation. Fungi
isolated from symptomatic material included

species of  Botryosphaeria,  Cytospora,
Vermisporium, Phomopsis and an undescribed
species ©of Phytophthora. Apart  from

Cytospora sp. all of the fungi showed some
pathogenic capability when E. botryoides were
inoculated by applying mycelium to slits cut in
the twigs. The most consistent isolate from leaf

Table 3: Isolation of Phytophthora sp. from seil and leaf litter in covered and uncovered plots.

soil

1 eaf litter

bare
Site 1

Sampling date plot  covered

Site2  Site 1

plot
Site 2

bare
Site 1

covered
Site 1

plot
Site 2

plot
Site 2

July 1999
August 1959
September 1999
October 1999
November 1999
December 1999 - - -
January 2000 - - -
February 2000 - - -
March 2000 - + -
April 2000 - - -
June 2000 - - -
July 2000 + - +
August 2000 - - -
September 2000 - - -

+ +

+
+

+ 4+ + 4+
1

+

- +
+ +
+ +

+

4+ +

+ Phytophthora isolated
- not isolated
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petioles and from laminar lesions in an early
stage of development was the Phytophthora sp.

Although infection of eucalypt leaves,
shoots and petioles by species of Phytophthora
has been recorded on a number of occasions
(Belisario 1990; 1993) these disorders have
been generally confined to seedlings or young
plants. Sprinkler irrigation systems have been
considered to be responsible for the
dissemination of infective propagules from the
soil, the natural habitat of the Phytophthora
spp., to the foliage. The isolation of a
Phytophthora sp. from the leaves and twigs of
trees up to 20 m in height raised questions
about the method of dissemination. Unlike
common aerially dispersed species of
Phytophthora such as P. infestans, the agent
causing potato blight, sporangia of the eucalypt
Phytophthora are not deciduous. The means of
dispersal remains unknown.

The Phytophthora sp. could be re-
isolated from soil collected from beneath
infected Eucalyptus spp. although only
infrequently. The target Phytophthora was
recovered only once although other species of
Phytophthora and Pythium were often isolated
in large numbers. Concurrently bioassays of
soil beneath affected trees were undertaken
and recovery percentages were consistently
low. A programme where the soil was covered
to prevent infected leaves coming into contact
with the ground, and therefore preventing soil
infestation from this source, did not provide
conclusive evidence that the fungus occurs
only transiently in soil following abscission of
infected leaves.

In E. saligna and E. botryoides the
overall pattern of appearance of the symptoms,
commencing in the middle of the year and
increasing in intensity of expression until
October /November before declining in
December, was consistent over the three
seasons of 1986-89. Affected foliage was
dropped throughout the period of symptom

expression, but from December no new
infection occurred and the continued
production of new foliage restored the
appearance of health to the stands.

Subsequently occurrence of observable disease
has been sporadic. There have been periods of
3 years when no foliage infection has been
recorded. However during the period from
June 1999 to September 2000, when soil and
fallen leaves were examined monthly, and
even though Phytophthora was isolated
regularly there were no symptoms clearly
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visible in the crowns of the trees. Determining
the presence of leaf lesions (and identifying
lesion types), even with the aid of binoculars,
when the base of the crown is 10 m or more
from the ground, has proved difficult and the
observations on disease levels refer to the type
of infection that results in whole-leaf death.
The disease has possibly been present, but in
less manifest a form, in those years when no
disease was recorded. The reason for the
variation in disease levels from year-to-year is
not known. .

Individual trees in the E. botryoides
stand, and in the four stands of E. saligna
where the disease has been recorded, vary
markedly in symptom expression. In contrast
almost all trees affected in E. delegatensis
stands in the southern part of New Zealand
have suffered substantial dieback from which
there has generally been no recovery.
Eucalyptus delegatensis is an ash group
eucalypt without the capacity for coppice
growth and recovery following defoliation.
The disease has not been studied in these
stands and no experimental work with E.
delegatensis has been undertaken. It remains
unknown whether the Phytophthora infection
is an important contributor to the decline of
these stands.

The isolates examined by Cooke et al.
(2000) were classifed, based on the ITS region
of the genome, as a new species residing
between clades 9 and 10 of their proposed
phylogeny. Isolates of Phytopthora collected
from eucalypt foliage since 1986 have varied
in some cultural characteristics such as growth
rate, colony morphology and production of
oogonia and sporangia. The relationship of
these isolates (deposited in NZFSCC at the
Forest Reference Laboratory in Rotorua, New
Zealand), whether there is more than one
species involved or simply one highly variable
species, will be addressed in a further paper.
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Abstract. Climate, soils, topography and susceptible plant communities, in combination with the
movement of infested soil by human activity, has resulted in Phytophthora cinnamomi becoming the
most destructive plant pathogen in native plant communities in the south coast region of Western
Australia. Centres of disease activity occur near Albany and in the Stirling Range and Cape le Grand
National Parks. Incidence generally decreases in a north-easterly direction in association with drier
climatic conditions. P. cinnamomi causes death of susceptible species, in particular members of the
Proteaeceae, Epacridaceae, Papilionaceae and Myrtaceae, and resuits in changes in community
structure and species composition. Two-thirds of the Stirling Range National Park, notable for its 1,530
plant taxa and high numbers of rare and endemic species, is infested. Sixteen of these species are
threatened with extinction by P. cinnamomi, eight are critically endangered. The Montane Heath and
Thicket Community of the eastern Stirling Range is also critically endangered. The Fitzgerald River
National Park with 1748 plant taxa is largely disease-free although a sizeable infestation occurs in the
core of the Park. Appropriate management of areas with high conservation values infested by P.
cinnamomi as well as the protection of those areas currently disease-free, remains an ongoing
challenge.

Introduction 1986 - 2000 and from isolation databases from
One of the most significant Vegetation Health Service, Department of
threatening processes to the flora of the Conservation and Land Management.
southwest is dieback disease caused by
Phytophthora cinnamomi Rands (Oomycetes) Study area
(Wills 1993; Wills and Keighery 1994; Barrett The South Coast region is generally
and Gillen 1997). The distribution and severity referred to as that area of Western Australia
of infestation in plant communities is along the southern fringe of the state with
influenced by temperature, soil type, nutrient seaward draining river systems. The region is
status and water availability (Weste and Marks also referred to as the Southern Sand-plain.
1987, Shearer and Tippett 1989; Wilson et al. Although the South Coast experiences a
1994). The greatest impact occurs where soils Mediterranean climate characterised by mild
are infertile and drainage is poor, in particular wet winters and hot dry summers, there is
in the Eucalyptus marginata forest understorey considerable variation in climate across the
and in shrublands and heathlands associated region. Mean rainfall decreases northwards
with leached sands and laterite of the Northern and eastwards from 939 mm per annum in
and Southern Sand plains and the Swan Albany to 263 mm per annum in Eucla. Over
Coastal Plain (Shearer 1994). The impact of 50% of the annual rainfall occurs during the
this pathogen is especially devastating in the winter months with episodic heavy summer
species-rich areas along the South Coast where rainfall. Summer rainfall events are generated
there is some summer rainfall (Brown ef al. from remnant cyclonic activity in the
1998). Here, climatic conditions combine with northwest of the state that eventually
soils, topography and susceptible plant deteriorates into rain bearing depressions in the
communities to create ideal conditions for the " eastern south coast region. Mean summer
sporulation and survival of the pathogen, and maximum temperatures range from
the dispersal of P. cinnamomi through root to approximately 25°C at Albany to 30°C in the
root contact or in soil water flow. This paper northeast, while mean winter minima range
will focus on the distribution and impact of P. from 7°C at Albany to 4.5° C inland.
cinnamomi in relation to climate, soils, plant
communities and human activity in the South The geology of the region has been
Coast region of Western Australia, in described and mapped on a scale of 1:250,000
particular in that area between Albany on the Mount Barker-Albany (Muhling and
(34.94°S 117.8° E) and Eucla (32.62°S 123.8° Brakel 1985), Bremer Bay (Thom and Chin
E). P. cinnamomi occurrence and impact data 1984), Lake Johnston (Gower and Bunting
was complied from dieback survey and 1976) and Malcolm-Cape Arid Sheets (Lowry
interpretation undertaken by Malcolm Grant and Doepel 1974) and is comprised of three
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distinct geological units, the Yilgarn Craton,
the Albany Fraser Orogen and the Bremer and
Eucla Sedimentary Basins. The south . coast
region lies on the southern margins of the
Yilgarn craton and has  experienced
considerable surface weathering from previous
sea level rises. As a result the topography is
gently undulating with only the occasional
incised river valley dissecting the landscape.
Sub-surface soils are either derived from
sedimentary sandstones, a feature of the early
ocean inundation episodes, or heavy clays
weathered from the granite substrate. Surface
soils may be uniform in nature or duplex.

The vegetation of the South Coast
region is confined largely to the South-West
Botanical Province (Beard 1980). This
province occupies the wetter southwest corner
and south coastal fringe of Western Australia.
The region is comprised of two major
Biogeographic Regions (Thackeray and
Creswell 1995), the Mallee and the Esperance
Bioregions, and to a lesser extent the Warren
and Jarrah Forest Bioregions in the west.
Vegetation ranges from forests and woodlands
to mallee, thickets and heathland plant
communities. The South-West Botanical
province is renowned for its high number of
plant taxa and levels of endemism (Hopper
1979), in particular the heath and shrublands of
the Northern and Southern Sandplains. Nodes
of species richness are centered on the Mt
Leseur area in the north and the Stirling Range

— Fitzgerald area in the Southern Sandplain
(Hopkins ef al 1983). The Proteaceae and
Myrtaceae are the most dominant members of
this ‘kwongan’  vegetation with the
Epacridaceae and Papillionaceae also forming
an important component. Of these families, the
Proteaceae, Epacridaceae and Papillionaceae
are highly susceptible to P. cinnamomi and to a
lesser extent the Myrtaceae. Notably, 85% of
Proteaceous species assessed in the Stirling
Range National Park were susceptible (Wills
1993; Wills and Keighery 1994). The
ecological impacts of P. cinnamomi infestation
include loss of species richness and plant
community structure and reduced biomass
(Wills  1993; Wills and Keighery 1994).
Heathlands and shrublands once rich with
many species of flowering plants are converted
to open low sedgelands, dominated by those
species that have survived the effects of the
root rotting pathogen. Changes in resource
availability and habitat may also affect
associated groups of fauna (Wilson et al. 1994,
Nichols 1998).

Phytophthora cinnamomi in the South Coast
region

Within the South Coast region, the
area most susceptible to the impacts of P.
cinnamomi is primarily from Albany inland to
the Stirling Range, then eastwards to
Esperance to a distance of approximately 60
km from the coast (Fig 1). From Esperance

400 mm isohyet

e lIsolated spotinfestations

®  Major infestation centres

Extensive landscape scale infestations A
200 0 30 400 Kilometers
s

N

Fig. 1. Distribution of Phytophthora cinnamomi in the South Coast Region of Western Australia from

isolation records.
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eastwards to Israclite Bay the distance from

the coast narrows to only 10 km. There have
been no positive recoveries of P. cinnamomi
east of lsraelite Bay. In the South Coast
Region, sites with homogenous deep sandy
soils are most susceptible to the long-term
impacts of P. cimmomomi. These sites are
characterized by a dense, shallow root material
layer in the upper soil horizon. The root mat
layer is intertwined and as a result P
cinnamomi is capable of being transferred
from susceptible host plant to another through
root to root comfact. This results in all
susceptible host plants at the site being
exposed to the passage of the P. cinnamomi
infestation even though sub-surface drainage
tends to be vertical. Poorly drained duplex
soils have fragmented sub surface water flow
that favors the production of spores and spread
of the pathogen. Clay and laterite act as
impeding layers causing sub-surface ponding
necessary for the production of spores while
the water tends to drain laterally spreading the
pathogen further (Kinal e7 al. 993). Interrupted
sub-surface water flow may allow some
pockets of susceptible vegetation to
temporarily escape infestation. However,
within time frames of less than 10 years these
pockets generally become infested,

Field interpretation for the presence
of P. cinnamomi relies on locating recently
dead and dying susceptible plant species.
Sampling of root material and surrounding sofl
of recently dead individuals allows isolation of
the pathogen and confirms presence of the
pathogen. Key factors such as the presence of

multiple species deaths, the pattern of
development of plant deaths over time,
proximity to a source of infestation and
hospitable or inhospitable soil types are critical
aspects of field interpretation. Several hundred
kilometers of P. cinnamomi infestation
boundaries occur across the south coast region
contributing to a substantial loss of species rich
plant communities each year.

Once introduced and established at a
site susceptible to P. cinnamomi, infestations
in lowland arcas on deep sands typically
progress in an outward spread pattern at rates
ranging from 0.7 to 2.3 m per annum (Table 1)
dependant upon the slope of the site, the nature
of the subsurface soils and whether there is any
additional surface water runoff. At a rate of
spread of 1.5 m per annum, 1.5 ha of native
vegetation is infested and modified for every
10 km of dieback fronts each year. This
estimation is based on the spread of P
cinnamomi since 1965, a period that has
undergone a 20% decline in total annual
rainfall in the lower southwest. With ‘normal’
annual rainfall the anticipated rate of spread in
the soil might be considerably greater. In
wetter periods prior to 1965, it is likely that
rate of spread P. cinnamomi was considerably
higher. This may help explain the extent of P.
cinnamomi occurrence across the south coast
region, particularly those infestations in areas
where there has been little vehicular activity
and therefore less chance for the spread of
infested soil.

Table 1. Annual rate of spread of Phytophthora cinnamomi in south coast Banksia shrublands on

deep sands, Western Australia

Site Latitude (S) Study Length of front Measurements Mean annual rate

Longitude (E) Period assessed per front of spread (m)
(m

Gult Rock 35° 9 1017 19912001 '"‘) 4 1.5
117°58°22.8”

Gull Rock 34° 59 30.4” 1991-2001 40 4 14
117°59* 24 8»

Gull Rock 35° 0’ 50” 1996-2001 100 20 1.7
118°2° 41~

Gull Rock 34° 57 2.7 19912001 49 4 0.7
118°6° 32.2”

Gull Rock 3590’ 47.3” 1991-2001 40 4 0.7
118°2%35.1”

Fitzgerald 3354317 1991-2001 80 9 23

River 119 29’ 26 100 4 2.1

National Park 100 4 2.03
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Dieback mapping of P. cirnamomi
infestations in conservation reserves across the
south coast commenced in 1986. Mapping
aimed to determine the extent of infestation in
each reserve and the risk to known
conservation values from further spread.
Infestations on reserves in the Albany area
such as the Stirling Range National Park, Two-
Peoples Bay, Millbrook and Bakers Junction
Nature Reserves were considerably greater
than was anticipated. The establishment of
early settlements for grazing, training of
military personnel, wartime surveillance of
coastal waters, mountain walking, 4WD
activity and the construction of firebreaks have
all contributed to the introduction and spread
of P. cinnamomi. Of the more significant
reserves, the Stirling Range, Cape le Grand,
and Cape Asid National Parks and Two-
Peoples Bay Nature Reserve were notable for
the presence of extensive infestations.

Impact of Phytophthora cinnamomi on
conservation reserves

The Stirling Range National Park
(115,920 ha) is renowned for its 1,530 species
of which more than 80 are endemic (Keighery
1993). The Park has unique climatic conditions
when compared to the remainder of the south
coast region. The mountain range of
sedimentary sandstone results in considerable
orographic rainfall, with not only a greater
occurrence of rain events throughout the year
but also significantly higher individual events
(Courtney 1993). The unique heath and thicket
plant communities of these elevated mountain
tops, which may have been more widespread
under wetter conditions in the past, reflect their
mesic environment (Hopkins et al. 1993). The
Park, surveyed for P. cinnamomi from 1986 to
1995, was determined to be extensively
infested with approximately 60% of the Park
affected and an additional 10% exposed to
future uncontrolled spread of the pathogen.
Only one mountain peak out of 17 with
altitudes greater than 750 m elevation above
sea level had escaped infestation. Orographic
rain in combination with the presence of a
species-rich plant community dominated by
susceptible members of the Proteaceae,
Papillionaceae, Myrtaceae and Epacridaceae
growing on nutrient deficient shallow and
duplex sandy soils provides ideal conditions
for sporulation, survival, dispersal and
infection. Once infested, the pathogen can
spread at greatly increased rates of up to 250
metres per annum down slope from mountain
summits.
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Of the 24 threatened flora species that
occur in the Park, 16 are susceptible to and
threatened by P. cinnamomi with some or all
populations infested, 14 of these are endemic
to the Park and eight are currently classified as
critically endangered. Of these eight taxa,
seven have no Phytophthora-free populations.
The FEastern Stirling Montane Heath and
Thicket community, which occupies the
mountain summits in the eastern end of the
Park is classified as a critically endangered
ecological community due to the impact of P.
cinnamomi (Barrett and Gillen 1997).
Phosphite application to those areas of the
community that are still relatively intact is one
of the few remaining management options in
this widely infested plant community. In
contrast, the western end of the Park,
characterised by lower elevations, has the
largest area of non-infested landscape.
Management efforts have focused on
minimising the introduction of the pathogen
and the spread of existing infestations in this
part of the Park. This area has been identified
and nominated as a ‘Special Conservation
Zone’ in the Management Plan for the National
Park which enables all access to be strictly
controlled and restricted to dry soil conditions
and permits only key management and
research activities to occur within the area.

Cape Le Grand National Park is a
spectacular  coastal conservation reserve
located 40 km east of Esperance. More than
700 plant taxa have been recorded from the
Park. This reserve is a narrow coastal feature
constituting a remnant of native vegetation
downslope from the agricultural farmlands.
Cape Le Grand is the wettest point on the
south coast east of Albany, receiving on
average approximately 600 mm of rain per
annum. This rainfall, combined with water
table rise and increased run-off of surface
water from the agricultural lands upslope, have
enabled P. cinnamomi to flourish and spread
rapidly. As a result Cape le Grand National
Park is also extensively infested with P.

cinnamomi. The only significant areas
remaining free from infestation in this
conservation reserve are the vegetation

communities on the summits of its many
granite hills. However, many of these have
also become infested in the past due to the
establishment of walking trails and the
transport of infested soils. Two threatene
flora species occur within the Park, of these,
Lambertia echinata spp. echinata which is
endemic to the area, is Critically Endangered
due to the impact of P. cinnamomi. It is



currently known from less than 100 individuals
in three populations, all of which are infested.

Cape Arid National Park is located on
the coast 100 km east of Esperance but also
extends a considerable distance inland. Mean
annual rainfall at Cape Arid ranges from 500
mm per annum on the coast to 300 mm inland.
While conditions are marginal for P.
cinnamomi, surveys from 1985 to 1995
revealed the presence of extensive old
infestations along the coastal sections of the
Park. All of these infestations were located
either around the base of the large granite rock
features or in the creek-lines draining away
from them. The carly settlers established a
settlement on the slopes of Mt Arid at a natural
fresh water spring. The diary of one of the
children who grew up at “Hill Springs”
recorded that potted plant stock was brought in
as a source of vegetables and fruit trees for
their foods, thus introducing the pathogen.
Although rainfall is less than optimal for P.
cinnamomi, runoff from granite surfaces
results in localised areas with higher soil
moisture. This is obviously a key factor in the
restricted occurrence of P. cinnamomi within
Cape Arid National Park. Rainfall diminishes
rapidly away from the coastal strip and while
there have been suitable vectors for the spread
of the pathogen inland, the conditions for
survival and subsequent germination of P.
cinnamomi have been unsuitable.

Two Peoples Bay Nature Reserve, a
conservation reserve on the coast 30
kilometers east of Albany, is notable for the
presence of the threatened Noisy Scrub Bird
(Atrichornis clamosus) and Gilbert’s potoroo
(Potorows gilbertiiy both rediscovered in
relatively recent years after being considered
to be extinct. The Two-Peoples Bay — Mt
Manypeaks area is considered to be the most
significant area for endangered birds in
mainland Australia (Garnett 1992). The
absence of fire and time since initial infestation
has combined to create a situation where it is
extremely difficult to interpret for the presence
and absence of P. cimmamomi On long-
infested sites it is only through the presence of
remnant trunks, root collar and fruit of species
susceptible to P. cimmamomi that the presence
of the pathogen can be determined once the
original plant community has been
dramatically altered. Surveys for P. cinmamomi
the Mt Gardner area of the reserve determined
that the area was extensively infested (Brittain
1989). Hakeo and Dryandra dominated scrub
and thickets on Mt Gardner have been replaced
by a more open, sedge-dominated community.
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Of four threatened vascular flora taxa recorded
from the Reserve, two are threatened by P.
cinnamomi and one, Banksia verticillata has
become locally extinct due to infestation.

With 1748 taxa, of which 75 are
endemic, the Fitzgerald River National Park is
one of the richest flora conservation reserves in
Western Australia (Chapman and Newby
1995). The park is alsc an International
Biosphere Reserve recognised by IUNESCO.
The Park contains some 20% of known plant
species in Western Australia’ and 42% of
known species in the South-West Botanical
Province. Surveys for the presence of P.
cinnamomi in the Fitzgerald River National
Park have revealed only two infestations and
current knowledge indicates that this is the
least infested Park in the southwest of
Australia. All of the factors that have led to
high levels of infestation in other conservation
reserves are present, namely the presence of
suitable soils, sufficient rainfall (400 to 600
mm  per annum), susceptible  plant
communities, previously uncontrolled access
and poor quality vehicle track surfaces, and
historical settlement and grazing practices. The
Park’s relatively warm climate is conducive to
spore production particularly in association
with episodic summer storms that can bring
100 mm to coastal and inland areas.

One major infestation is located
within the central “Wilderness Zone™ area of
the National Park, on the Bell Track which was
illegally constructed in 1971. The infestation is
about 175 ha in area, and has the potential to
spread to river catchments to the east and west
(Smith and Grant unpublished). P. cinnamomi
has resulted in gross structural changes in
infested areas of Banksia shrubland. With
more species of vertebrate fauna than any other
conservation reserve in the southwest, the
implications of future spread of this infestation
and habitat change on associated fauna is
considerable. The largest mainland population
of the threatened fauna species Parantechinus
apicalis (dibbler), occurs in the park. This
small insectivorous dasyurid ocupies habitat
characterised by mixed Proteaceous heath
(Start 1998). Surveys in recent years within its
former distribution in Arpenteur Nature
Reserve east of Albany, a reserve extensively
infested by P. cinnamomi, has failed to
relocate the species {Baczocha and Start 1997).
Of the 13 threatened flora species that occur in
the Fitzgerald River National Park, none are
currently impacted by P. cinmamomi. Only a
proportion of these species are considered to
be susceptible to the pathogen and at risk.



However, it can easily be envisaged that as in
the Stirling Range National Park, once
relatively abundant local endemics could
rapidty become threatened with the spread of
the pathogen.

Management of visitor vehicular
access is an ongoing concern to avoid future
introduction and or spread of the pathogen
within the boundaries of the National Park.
After significant rainfall events access to the
reserve’s gravel roads is restricted. At the Bell
Track, phosphite has been applied to the
infested area (Barrett 1999) and water
diversion control measures undertaken to
reduce additional water runoff from the track.
Other management being considered include
surface and sub-surface water control, the
creation of a root free zone around the
infestation and native animal exclusion from
the infestation (Smith and Grant unpublished).

Conclusions

In summary the effect P. cinnamomi
is having on the flora conservation values of
the south coast region, in particular in areas
such as the Stirling Range and Cape le Grand
Nationa! Parks may be considered to be an
ecological disaster of world significance.
While the impact of major structural changes
in the native vegetation upon invertebrate and
vertebrate fauna suites in the south coast
region has not been comprehensively studied,
it is clear that there must be significant
ecological consequences. Management of
infested areas containing threatened plants and
communities relies heavily on the use of
phosphite to control the pathogen. Appropriate
management of key non-infested areas such as
the Fitzgerald River Nationa! Park is critical to
prevent a similar catastrophe in this node of
biological diversity.
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Abstract: Phytophthora cinnamomi is not native to New Zealand, but perhaps it was introduced by
Polynesians, as Phytophthora-like symptoms were observed in the early 1800's. The fungus is
widespread in native forest soils. It can cause noticeable, localised damage during periods of weather
suited to inoculum build-up (warm, wet winters), followed by periods of stress on the plants (unusually
dry summers). However, the moderate New Zealand climate means that in native forests damage is
rarely visible in above-ground parts of plants. Some roots are killed, but in New Zealand plants
generally require only a proportion of their roots for normal growth. Despite major disease episodes
being rare, P. cinnamomi could have subtle, longer term, effects on New Zealand's vegetation.
Variation in plant susceptibility alone will cause changes to plant community structure over time.
Seedlings of some major forest trees are highly susceptible. Although kauri (4gathis australis) forests
appear to be re-establishing vigorously in many parts of northern New Zealand, at some sites seedlings
survive only when protected against Phytophthtora by fungicides. In southern New Zealand,
Nothofagus seedlings are susceptible to P. cinnamomi unless their roots are strongly mycorrhizal. This
may prevent Nothofagus establishment in soils not already infected with ectomycorrhizal fungi.

Introduction

This paper reviews the impact that
Phytophthora cinnamomi may have had, and
may still be having, on the distribution and
establishment of tree species in New Zealand’s
indigenous forests. P. cinnamomi was almost
certainly introduced to New Zealand by
humans. Given the human history of New
Zealand, this introduction may have been at any
time over the past 1000 years, the approximate
date of the first permanent Polynesian
settlement (Ogden et al. 1998). P. cinnamomi
occurs on Colocasia esculenta in the Pacific
(Dingley et al. 1981), one of the crops brought
to New Zealand and cultivated by early
Polynesian settlers (Mathews 1985). Although
the first definite records of P. cinnamomi in
New Zealand were made in the 1950s
(Newhook 1960), Phytophthora-like symptoms
on the highly susceptible Meryta sinclairii,
were noted from the Hen and Chicken Islands
in 1898 (Atkinson 1956; Beever 1984).

P. cinnamomi is now widely distributed in
New Zealand’s indigenous forests, being
isolated from soils in apparently undisturbed
forests in isolated situations (Newhook 1960;
Hepting and Newhook 1962; Podger and
Newhook 1971). However, the topic of P.
cinnamomi in New Zealand native forests has
been poorly investigated, being the subject of
only 11 publications (Newhook 1960, 1970,
1978, 1989; Rawlings 1962; Robertson 1970;
Podger and Newhook 1971; Hepting and
Newhook 1962; Newhook and Podger 1972;
Beever 1984; Horner 1984), many of these
being review articles.

This Jack of research interest reflects the fact
that P. cinnamomi rarely causes conspicuous
disease symptoms in New Zealand's native forests
(Newhook and Podger 1972), and the perception is
therefore that the fungus is a minor consideration in
the health of these forests. Newhook (1989) noted
that  Phytophthora species invade chiefly
unsuberised tips of feeder rootlets, and that rootlet
death may be followed by rootlet replacement. It is
the balance between these opposing factors that
determines symptoms expressed in an infected
plant, which may die suddenly, may die after a
period of decline, or may show no external
symptoms. The balance involves interactions
between environmental factors such as soil
moisture, temperature, nutrition, and the effect
these have on growth of both the fungus and its
host. Due to the moderate climate in New Zealand,
trees can manage on a small fraction of their root
system in most seasons (Newhook 1989). Disease
associated with Phytophthora is noticeable only in
seasons of unusual weather, that results in high
stress on infected plants (Podger and Newhook
1971).

Two of New Zealand’s major forest types will
be discussed in relation to P. cinnamomi — Kauri
(dominated by Agathis australis) and beech
(dominated by Nothofagus spp.). Information on
their susceptibility to P. cinnamomi, and the effect
that this may be having on the distribution and
establishment of both kauri and beech, will be
reviewed.

Kawuri (Agathis australis)
Background

Kauri remains widely distributed over much of
its natural range in the north of New Zealand, but
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extensive mature forest is now restricted to the
Waipoua Forest area. Most existing stands are
less than 150 years old, the result of natural
regeneration following the intensive logging
and burning of these forests over the past 200
years. Kauri regeneration covers about 60-100

000 ha (Ecroyd 1982). Much of this
regeneration is on reserve land, and the
expectation is that these stands will lead

ultimately to mature kauri forest. Kauri forests
are amongst the most diverse for tree species in
New Zealand (Ogden and Stewart 1995).
Mature kauri trees have thin but widely
spreading crowns, with individual trees widely
spaced. This space enables a distinct sub-
canopy of hardwood tree species to develop,
such forests commonly having over 20 tree
species per hectare (Ogden and Stewart 1995).

Natural regeneration of kauri typically
occurs following disturbance, whether it be a
gap formed after a tree falls, or a more
catastrophic event such as fire (Ogden and
Stewart 1995). Kauri seeds require high levels
of light to germinate, and seedlings grow poorly
under a heavy canopy. Following large scale
disturbance, kauri preferentially establishes on
ridges and northern slopes (Ogden and Stewart
1995). It grows better in the dry, warm
conditions of such sites, and in addition,
attributes of such sites make disturbance more
likely.

Phytophthora  cinnamomi  is  widely
distributed in kauri forest, having been isolated
from soil beneath both mature, apparently
undisturbed stands of kauri in remote localities,
as well as from beneath young, regenerating
stands (Newhook 1960; Hepting and Newhook
1962; Podger and Newhook 1971). Field
observations suggest that P. cinnamomi may be
influencing forest establishment and succession
through pre- and post-emergence damping off,
as well as causing disease in stands of older
trees (Podger and Newhook 1971).

Experiments investigating the effect of P.
cinnamomi on Kkauri seedling establishment

Horner (1984) investigated
experimentally the impact of P. cinnamomi on
kauri seedlings. We summarise the methods
and some of the results of that study. See
Horner (1984) for full details.

Methods

Kauri seedlings 1 and 2 years old were
planted in 2 vegetation types (scrub and forest),
about 500 m apart at Cornwallis, to the west of
Auckland City. Five areas were chosen, 3 in
scrub and 2 in forest, and within each area 3

sites were selected according to position on the
slope (top, middle, and bottom), to encompass a
range of soil moisture conditions. The sites were
subdivided into 4 even-sized plots. Four treatments
were applied at each site, with and without
fertilizer, and with and without Ridomil
(metalaxyl) fungicide. Seven nursery-raised
seedlings were planted in each plot.

The experiment was run for 13 months.
Seedling growth (height increase, branch number
increase, shoot dry weight, fibrous root dry weight,
and total root dry weight) and mortality were
recorded. All plants dying during the experiment
were checked for infection by P. cinnamomi, and
after 13 months all surviving plants from one of the
scrub areas and from one of the forest areas were
harvested and checked for infection by P.
cinnamomi.

Results

Scrub vegetation areas were dominated by 3-6
m tall Leptospermum scoparium, and the forest
vegetation by tall Kunzea-podocarp forest. Both
vegetation types are likely to have had a similar
history, being logged about 150 years ago, and
cleared by burning about 80-100 years ago (Esler
and Astridge 1974). Both have a similar soil type
(Horner 1984), the differences in vegetation
probably reflecting differences in exposure — higher
exposure sites in this area tending to be dominated
by L. scoparium rather than Kunzea ericoides
(Esler and Astridge 1974) — and also later burning
in the area with scrub (Horner 1984). The scrub
vegetation was less dense, allowing more sunlight
to reach ground level, resulting in higher soil
temperatures at these sites. The forest sites were
not as prone to waterlogging as the scrub sites,
probably because of the greater protection provided
by the dense canopy. The soils at all scrub sites
became waterlogged after prolonged rain, but those
at the top of the slope were prone to summer
drought during extended dry periods, whereas the
soil at the bottom sites never dried out over
summer. P. cinnamomi was isolated from the soil
at all 15 sites, following baiting with lupin radicles
and pine needle bases.

The interaction between P. cinnamomi and the
planted seedlings was distinct in the two vegetation
types. In scrub vegetation there were significant
differences in most growth measurements (height
increase, dry weight of shoots, fibrous roots, and
total roots) between the Ridomil-treated seedlings
and those not treated, while there was no

significant difference between the fertilizer
treatments (Horner 1984).
Mortality was consistently lower in the

Ridomil treatments (Fig.1). There were also
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significant differences in mortality between
sites; more seedlings at the top of slope dying
than at the bottom (Fig. 1). P. cinnamomi was
isolated rarely from the Ridomil treated
seedlings, and although common in the control
seedlings, the frequency at which it was isolated
did not correlate with seedling mortality, the
fungus being common right across the slope
(Fig. 1).
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Fig. 1. Scrub vegetation areas, seedlings dying
(%) over the 13 month period of the
experiment, at top, middle, and bottom of slope,
with or without treatment with Ridomil
fungicide. The figures at the top of the bars are
the % of all plants (both dead and alive after 13
months) from one of the replicates from which
P. cinnamomi was isolated. (Position on Slope:
df =2, F = 17.326 P<0.001; Fungicide: df = 1,
F = 6.536 P<0.05; Fungicide x Slope: df =2, F
= 1.083 NS).
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Fig. 2. Forest vegetation areas, seedlings dying
(%) over the 13-month period of the
experiment, at the top, middle, and bottom of
the slope, with or without treatment with
Ridomil fungicide. No significant differences
between position on slope, or between fungicide
treatments.

In the forest vegetation there was no
significant difference in growth or mortality
with Ridomil treatment, or with respect to

position on the slope (Fig. 2). The only significant
difference was with the fertilizer treatment, the
fertilizer-treated  plants  being  shorter. A
confounding factor in the forest vegetation was
damage to the seedlings by possum browsing.
Much of the mortality at this site could be
attributed to possum damage, and it is reasonable to
expect that possums preferentially targeted the
‘sweeter’ fertilized plants.

Although P. cinnamomi was present in the soil
beneath the forest vegetation, it was isolated from
only 16% of the seedlings tested, all of these from
plants untreated with Ridomil at the bottom of the
slope.

Discussion

The higher mortality at the top of the slope in
the -scrub vegetation reflected the more harsh
summer drought conditions at these sites.
Although soils at both the top and bottom of the
slope were poorly draining and easily waterlogged,
those at the top became very dry during summer,
whereas those at the bottom of the slope never
completely dried out over summer. Although P.
cinnamomi was more or less uniformly distributed
across the site, and caused an overall depression in
growth rate of the seedlings, the effect of the
fungus on seedling mortality was strongly
influenced by environmental stress. The plants
were able to tolerate and survive infection except
under conditions of high environmental stress, due
to summer drought.

The low rates of infection of seedlings in
forest vegetation suggest that under forest
conditions, P. cinnamomi is unable to effectively
infect or cause disease of kauri ~One major
difference in physical conditions between the sites
was soil temperature, several degrees higher under
the scrub vegetation (Horner 1984). Soil
temperature is an important factor influencing P.
cinnamomi activity (Newhook 1960). In addition,
the soils in the forest sites rarely became saturated.

Consequences of the introduction of P. cinnamomi
to kauri forests

1. Disruption to natural patterns of establishment
and regeneration.

Ogden et al. (1987) considered kauri to have a
‘cohort regeneration model, in which dense
regeneration occurs in successional communities
following large-scale disturbance, leading to self-
thinning stands in which seedling recruitment is
rare, this being more or less restricted to canopy
gaps formed following local disturbance or the
senescence of individual trees. The relatively
recent introduction of P. cinnamomi to these forests
may be disrupting natural patterns of regeneration
at several levels. The moderating effect that New
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Zealand’s climate has on disease development
by this fungus, where above-ground symptoms
are expressed only at extreme sites or during
extreme seasons of weather, means that such
disruption may be subtle over short time scales.

The Horner (1984) experiments showed
that the sites on which kauri seedlings
preferentially establish, sites with high light
levels, high temperatures, and potentially prone
to drought, are those that also favour both
infection by P. cinnamomi and the development
of disease. Hence, large-scale disturbance in
the presence of P. cinnamomi is likely to lead to
a reduction in the sites on which kauri is able to
re-establish, compared with that which may
have been expected before the introduction of
the fungus. Ogden et al. (1987) noted that only
5-15% of gaps within mature kauri forest are
recolonised by kauri. Although these authors
regarded this as a natural phenomenon, the
question of whether this same pattern occurred
before the introduction of P. cinnamomi is
worth asking. If this low level of gap
recolonisation is related to the introduction of
P. cinnamomi, then the long-term viability of
kauri forest without the revitalising episodes of
large scale disturbance has been much reduced.
The extreme age of the individual kauri trees
within these forests means that even if P.
cinnamomi was introduced 1000 years ago, its
impact will only now be showing.

Newhook and Podger (1972) noted that the
susceptibility of kauri may change as the trees
mature, field observations suggesting that
susceptibility increases as trees change from
their juvenile to adult growth form, at about
100-150 years of age. Much of the regeneration
initiated following the felling and clearing of
kauri forests by European settlers in the 19th
century, is now approaching the age where trees
are taking on their adult growth form. There
are several sites where trees of about this age
are clearly diseased, with "little leaf"-like
symptoms typical of P. cinnamomi infection
(Podger and Newhook 1971). If this is an
indication of a general increase in susceptibility
with age, then there must be a risk that even
where early stage regeneration appears healthy
and widespread, the forests may collapse before
maturity, truncating natural patterns of
regeneration.

2. Decreased diversity within kauri
communities.

New Zealand's native trees are known to
vary in susceptibility to P. cinnamomi
(Robertson 1970). The mixture of tree species
in the high-diversity, mature Kkauri forests

includes species of both low and high susceptibility
(Podger and Newhook 1971). This alone means
that the introduction of this fungus to a new site
must impact on the overall diversity and structure,
although New Zealand's cool, moist climate means
that that impact may be subtle over the short term.

Nothofagus species
Background

Nothofagus forests are widespread in southern
New Zealand, and have been gradually expanding
their range from scattered refugia since the last
glaciation (McGlone 1980, Wardle 1980).
Nothofagus is obligately ectomycorrhizal, and
Baylis (1980) postulated that the spread of
Nothofagus is dependent on formation of the
mycorrhizal association. Seedling establishment is
generally successful only within a few metres of
the margin of the forest, within the root zone of
already established trees (Baylis 1980).  This
allows the newly germinated seedlings to become
rapidly mycorrhizal through infection by fungal
hyphae already within the soil.

Baylis (1980) noted an exception, where non-
mycorrhizal seedlings of Nothofagus are able to
establish on freshly exposed mineral soils.
Similarly, Wardle (1980) noted the survival of non-
mycorrhizal seedlings on gravel stream fans.
Wardle considered that it is from such nuclei on
recently formed soils that Nothofagus forest
expands into the surrounding vegetation. Baylis
(1980) hypothesised that the success of Nothofagus
seedling establishment at such sites related to levels
of available P, thought to be higher on these new
soils, and estimated that available P levels of 15-30
ppm would be required for the growth of non-
mycorrhizal Nothofagus seedlings.

In contrast to the Baylis® (1980) results,
experiments we have carried out, planting
Nothofagus menziesii and N. solandri seeds in soils
from Tekapo grassland (grid reference NZMS 260
2293800E 5688900N) with available P of 3 ppm,
have shown that these seeds germinate readily in
soils with very low P levels (unpubl. data). Of 176
seedlings established in this soil, 90% survived for
14 months, and at 14 months 30% of the surviving
plants were still non-mycorrhizal. The others had
picked up mycorrhizal infections, presumably from
air-borne spores from the surrounding environment,
as the soils contain no ectomycorrhizal fungi. Less
than 15% of the seedlings were mycorrhizal 6
months after planting. Although seedlings which
developed mycorrhizae during the course of the
experiment grew more rapidly than those that did
not, survival rates were similar for both
mycorrhizal and non-mycorrhizal plants.  Our
results suggests that P levels alone cannot explain
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patterns of natural seedling establishment of
Nothafagus in New Zealand.

Observations from restoration sites

Davis ef al. (1997) tested vegetation
restoration methods at an open-cast mining site
at Giles Creek. The mine was established in
mature Nothofagus forest on alluvial river
terraces, the forest being progressively cleared
along the advancing mine front. Amongst
methods used to re-establish vegetative cover,
was the planting of nursery-raised seedlings of
tree and shrub species found in adjacent forest.
Seedlings were planted in either overburden
gravel, or in soils moved from recently cleared
forest at the head of the mine overlayed onto
overburden gravel. Most of the species that
were planted survived well on both substrates
for the 4.5 years of the experiment. Although
Nothofagus fusca and N. solandri both survived
reasonably well on the mine overburden, all
those planted in the forest soil treatment had
died after 4.5 years (Fig. 3). The mine
overburden gravels had levels of available P of
11 ppm (Davis et al. 1997).

One of the major biological differences
between the two planting substrates at Giles
Creek was with respect to the presence of
Phytophthora cinnamomi. The fungus was
common in adjacent forest soils (unpubl. data),
and thus will have been introduced to the forest
soil treatments. In contrast, the mine
overburden, comprising mineral soils from
several metres beneath the ground, is likely to
have been essentially sterile at the time the
seedlings were planted. Root systems from 12
living seedlings planted on mine overburden
were tested for the presence of P. cinnamomi 6
years after planting. Of the seedlings selected, 7
appeared to be unhealthy, 5 appeared to be
healthy. P. cinnamomi was isolated from 5 of
the unhealthy seedlings, but from none of those
that appeared healthy (unpubl. data).

Rawlings  (1962) reported  the
susceptibility of Nothofagus seedlings to P.
cinnamomi, and one hypothesis to explain the
Giles Creek observations is that Nothofagus
seedling mortality was related to the presence of
this fungus in treatments containing forest soil.
One problem with this explanation is the large
number of healthy Nothofagus seedlings
growing in the surrounding forests as a result of
natural regeneration. Why do these seedlings
survive in soils with high levels of P.
cinnamomi? We suspect an explanation for this
is the interaction between P. cinnamomi and
Nothofagus ~ ectomycorrhizal ~ fungi,  the
ectomycorrhizal roots being less susceptible to

infection by P. cinnamomi. Marx (1973)
demonstrated
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Fig. 3.  Nothofagus fusca survival on mine

overburden and forest soil substrates, Giles Creek
coalmine. Nothofagus solandri shows a simiar
pattern, all plants in forest soil being dead after 50
months. Data adapted from Davis et al. (1997).

infection by P. cinnamomi. Marx (1973)
demonstrated experimentally that ectomycorrhizal
fungi protect roots of Pinus species against disease
caused by P. cinnamomi. All natural seedlings
examined had more heavily mycorrhizal root
systems than the 5-year-old planted seedlings (Fig.
4). Examination of seedlings obtained from the
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Fig. 4. Level of mycorrhizal infection of roots from
naturally regenerating seedlings (n), and planted,
nursery-raised seedlings (p), Giles Creek, October
1998. Number of mycorrhizal root tips per cm root
length assessed using gridline intersect method
(Brundrett et al. 1996). Bars are standard errors.

nursery that supplied the Giles Creek trial, and
grown under the same conditions, suggested that
the nursery-raised seedlings had no mycorrhizae at
the time of planting.
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Seedlings from a second restoration site, in
graded alluvial gravels at the recently formed
approaches to a bridge across Manson Creek in
the Canterbury foothills (grid reference NZMS
260 2409600E 5785400N), were grown by the
same nursery that grew the seedlings used at
Giles Creek. At the time of planting, October
1998, these seedlings were about 200-700 mm
high and appeared very healthy. The root
systems of 5 plants examined were either non-
mycorrhizal, or had <5% mycorrhizal roots.
None were infected with P. cinnamomi. The
plants had been raised in potting mix with high
levels of fertilizer and treated with Trichopel to
suppress damping-off fungi. After 16 months,
about 15% of the seedlings planted at the
Manson Bridge restoration site had died, but
most of those still alive looked healthy. The
root systems of 6 plants were examined, and
although mycorrhizae were present in all of
them, these were sparse and poorly developed.
P. cinnamomi was not isolated from any of the
22 dead and 7 living plants examined (unpubl.
data).

Discussion

Observations from the Giles Creek and
Manson Creek restoration sites support the
observations of Baylis (1980) and Wardle
(1980) that Nothofagus can -establish and grow
without mycorrhizae in sites with new soils.
Baylis and Wardle suggested that a heightened
level of available P was likely to be the most
important factor allowing the normally
ectomycorrhizal species to establish at such
sites. Experiments by Davis and Langer (1997)
confirmed that low levels of P limit growth of
non-mycorrhizal Nothofagus seedlings.
However, the experiments we reported here on
seedling establishment in Tekapo soils, and the
successful establishment of seedlings on the
Giles Creeck mine overburden, show that
although growth may be slow, seeds can
germinate, and seedlings survive in low P soils.
Observations from the Tekapo soil experiments
and from both restoration sites suggest that such
seedlings slowly accumulate mycorrhizae,
presumably as a result of infection from the
surrounding environment

The presence of P. cinnamomi may be the
major factor limiting successful establishment
of Nothofagus seedlings in soils lacking
ectomycorrhizal inoculum. Observations from
natural regeneration at Giles Creek showed that
seedlings with strongly mycorrhizal root
systems are not susceptible to P. cinnamomi,
whereas the non-mycorrhizal, nursery-raised
seedlings die rapidly after coming into contact
with P. cinnamomi.

Consequences of the introduction of P. cinnamomi
to Nothofagus forests

Explanations for current patterns of
establishment and spread of Nothofagus in New
Zealand are generally based on extrapolations from
the past. The relatively recent introduction of P.
cinnamomi to these systems is likely to have
changed the rules governing such establishment
and spread, so invalidating such extrapolations.
The spread of Nothofagus forests may have been
more rapid in New Zealand before the introduction
of P. cinnamomi.

Nothofagus is still expanding its range in
southern New Zealand, spreading out from glacial
refugia from the last ice-age. Wardle (1980)
suggested that to account for the post-glacial spread
of Nothofagus, the average rate of expansion must
have been at least 700 m per century. However,
from observations at the margins of stands up to
400 years old, Wardle estimated actual rates of
spread into adjacent closed forest of only about 6 m
per century. Wardle observed that new stands
develop most commonly on freshly exposed
mineral soils, such as those associated with slips
and alluvial gravel fans — and assumed that it was
on these kinds of sites that Nothofagus has always
expanded its range. He supposed that such sites
would have been more common in the past, when
landscape instability following glacial retreat
would have provided extensive surfaces well suited
to colonisation by Nothofagus.

Has the spread of Nothofagus into adjacent
closed forests always been so slow? The sites with
young, freshly disturbed soils and little or no
organic content, provide protection from exposure
to P. cinnamomiln contrast, today’s forest soils,
likely to contain P. cinnamomi, will not provide
that protection during the first few months of non-
mycorrhizal growth. Thus, in a forest situation, the
establishment of seedlings will be limited to those
germinating within the root zone of already
established plants, this allowing them to pick up
mycorrhizae immediately after germination through
direct contact with hyphae of mycorrhizal fungi
already in the soil, and so providing protection
from P. cinnamomi.

Allen (1988) noted that Nothofagus menziesii
was expanding its range at many sites in the Catlins
area, except those which were warm and fertile. N.
menziesii is less able to compete on these sites than
other forest trees in the region. Given that the
impact of P. cinnamomi in New Zealand is
temperature limited (Newhook 1960; Horner 1984),
the possibility exists that this lowered competitive
ability in part reflects an interaction with P.
cinnamomi.
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Conclusions

1. Phytophthora cinnamomi was almost
certainly introduced to New Zealand by
humans, some time within the last 1000 years.

2. The introduction of P. cinnamomi may have
impacted on patterns of native forest
establishment, regeneration, and spread.

3. The above-ground expression of symptoms in
infected plants such as Agathis australis, is
limited by New Zealand's climate.

4. Changing climate patterns associated with
global climate change may alter the balance
between P. cinnamomi and its hosts; the already
widespread distribution of the fungus means its
effect on native forests could be rapid and
serious.

5. The introduction of P. cinnamomi to
Nothofagus forests may have restricted natural
patterns  of  regeneration,  because  of
susceptibility of non-mycorrhizal seedlings to
the fungus.

6. Predictions about the impact of climate
change on the future distribution of New
Zealand's native forests, based on extrapolations
from their behaviour in the past, may have been
invalidated by the addition of P. cinnamomi to
these systems.

7. Most evidence about the introduction and
impact of P. cinnamomi in New Zealand native
forests is based on observation rather than
experiment.
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The impact of Phytophthora cinnamomi on the flora and vegetation of New South
Wales — a re-appraisal
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Abstract: Although Phytophthora cinnamomi is widely regarded as having a significant impact on
native vegetation in many paris of southern Australia, the pathogen has been considered benign and
possibly endemic in New South Wales. The evidence for the different behaviour in NSW has included
that 1) P. cinnamomi is extremely widespread and easy to detect in soils, 2) generally susceptible
genera such as Banksia are unaffected when it is present (suggesting a long host/pathogen interaction),
3) multiple plant deaths associated with P. cinnamomi are extremely rare and 4) P. cinnamomi has been
recovered in remote areas (suggesting that it is endemic). Recent surveys of National Parks in eastern
NSW have found that although P. cinnamomi is widespread it cannot be detected in some areas despite
extensive soil sampling. Although most Banksia spp. seem to be relatively resistant to symptoms of
infection, other taxa (especially some Xanthorrhoea spp.) are very susceptible. The loss of
Xanthorrhoea cover may adversely affect threatened animals such as the Smoky Mouse and Southern
Brown Bandicoot, which use the plants for cover and nesting. The NSW floral emblem, Telopea
speciosissima, is also susceptible. P. cinmamomi may be widespread in NSW, however it is doubtful
that it is endemic and it is certainly not always benign.

Introduction Dobrowolski et al. 2002). If the pathogen was

Phytophthora cinnamomi is a serious native it would be expected that the two
pathogen of native vegetation in Victoria, mating populations would be present in near
Western Australia, Tasmania and South equal numbers. Isozyme analysis indicates a
Australia causing changes in floristic low level of genetic diversity (Old ef al. 1984,
composition and threatening rare species 1988; Linde ef al. 1999) as does microsatellites
(Weste 1994). It has not been regarded as a (Dobrowolski et al. 1998, 2002), RAPD
significant threat to flora and vegetation in (Tommerup ef al. 2000), and AFLP markers
New South Wales (NSW) (Environment (Summerell unpub data). Additionally, both
Australia 1999). the Al and the A2 isozyme and microsatellite

types found in NSW are the only types so far

The Origin of P. cinnamomi in NSW isolated in Australia. There is no evidence of

The belief that P. cinnamomi is not a geneflow due to sexual reproduction, they have
significant threat to native vegetation in NSW a global distribution and are quite distinct from
is partly based on the concept that it is native the other Als from Papua and New Guinea
in eastern Australia. The evidence for a long (Old ef al. 1984, 1988; Dobrowloski et al.
association between the pathogen and the 2002). Low levels of genetic diversity are
NSW flora is that P. cinnamomi is widespread consistent with an introduced organism and are
(Pratt and Heather 1973), is found in remote, rarely seen in active, widespread indigenous
apparently undisturbed areas (Pratt ef al organisms. Hence there is now substantial
1973), and the flora shows considerable evidence that P. cinnamomi is introduced into
resistance to the disease. However logging, all parts of Australia. The relevant question
cattle grazing and gold prospecting may have about P. cinnamomi in NSW is not whether it
introduced the pathogen to remote locations, is native or introduced but whether it is having
and the apparent dominance of resistant an adverse impact on natural systems that are
species in drainage lines may be an effect of regarded as having biodiversity, cultural or
suppressive soils as is sometimes found in economic value. It is this question that we seek
similar sites in Western Australia (McDougall to address in the current paper.
1997).

Research on P. cinnamomi in native vegetation

Recent genetic and molecular evidence in NSW
does not support the view that P. cinnamomi is Phytophthora  cinnamomi  was  first
a native pathogen in NSW. Analysis of the associated with plant deaths in native
mating populations of P. cinnamomi (Al and vegetation in NSW in the late 1940s (Fraser
A2) have shown that there are many more A2 1956). Following the work that confirmed an
than Al populations (Old ef al. 1984, 1988; association between the presence of P.
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cinnamomi and decline of the commercially
valuable timber species Eucalyptus marginata
in Western Australia (Podger 1968) and
dieback of hardwood forests in Victoria
(Marks et al. 1972), much survey was done by
the Forestry Commission of NSW to determine
if the pathogen was a similar threat to forests
in NSW. It was concluded that the pathogen
was widespread in coastal forests and rarely
caused disease symptoms {Gerrettson-Cornell
1986).

The spatial distribution of P. cimnamomi
has been investigated in coastal forest in NSW
by Arentz (1974) and Blowes (1980). P.
cinnamomi was found to be widespread in
Corymbia maculata forest, especially in
gullies. Blowes (1980) found that the presence
of P. cimmamomi in soil was closely associated
with the occurrence of chlorotic plants of
Macrozamia communis, although the pathogen
could not be isolated from them. McCredie of
al.  (1985) assessed the comparative
susceptibility in field trials of many Banksia
species, including most species found in NSW
which were ranked as of low susceptibility to
P. cinnamomi. This contrasts with the majority
of Western Australian Bomksia species, whic
are of medium to high susceptibility.

Halsall (1982a) found that soil from an area
on the Great Dividing Range, south-east of
Canberra (Tallaganda State Forest) was
suppressive to P. cimmamomi. The pathogen
could apparently be present in this area without
causing disease. Zoospore production and
chlamydospore survival were found to be
reduced as a result of soil micro-organisms and
their interaction with inhibitory compounds
present in the soil {(Halsall 1982b).

P. cinnamomi has been isolated from soil at
several sites in NSW (e.g. Eucabyprus saligna
forest at Ourimbah, north of Sydney) where
plants are dying but a clear association
between its presence and disease has not been
established (Gerrettson-Cornell 1986; Environ-
ment Australia 1999).

Reason for the current work

Following the discovery of P. cinnamomi
in soil on the summit of Mt Imlay and the
death of many plants there, the NSW National
Parks and Wildlife Service (NPWS) decided to
determine if P. cinnamomi is having an impact
on flora and vegetation more widely in NSW.
The study was limited in its scope and the
resources allocated to it because, at the time
the study commenced, the pathogen was not
regarded as a significant threat.
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Methods
Assessing impact

If P. cinnamomi were widespread and
benign it would be commonly found in soil on
sites without disease expression and on sites
with plant deaths attributable to other factors
such as insects, drought and other diseases. In
the current study, P. cinnamomi was regarded
as having an impact when it could be isolated
from dying plants. The degree of impact was
determined by assessing 1) evidence for
change in vegetation on sites where P.
cinnamomi could be isolated  from dying
plants, 2) extent of impact (i.e. whether it was
rare or common in the landscape), 3) potential
for concomitant damage {i.e. in plants and
animals that are not immediately affected), and
4) potential for further damage in similar

vegetation.

Locating possible sites with impact

Xeanthorrhoea australis, an arborescent
monocot, is regarded in Victoria as being
highly susceptible to infection (eg. Weste
1981, Kennedy and Weste 1986; Aberton ef al.
2002). Easily accessible sites in NSW where X.
australis had been recorded in botanical
surveys were searched. Sites with suspicious
plant deaths, which were reported by NPWS
staff or opportunistically observed, were also
sampled.

Root / soil sampling

Roots were washed in tap water to remove
adhering soil and were surface disinfested with
1% NaOCl in 10% ethanol. Roots were rinsed
in distilled water and blotted dry. Small
segments (5 mm) were dissected from the
edges of discoloured lesions along the roots
and plated on Phyrophthora selective agar
(PSA) consisting of carrot and potato puree
and containing pimaricin, hymexazol and
rifampicin modified from the recipe of Jeffers
and Martin (1986). Plates were incubated in
the dark at 25° C for 2-3 days and the resulting
cultures were examined under the microscope.
Phytophthora  cinnamomi  was  identified
according to the morphological characters
outlined in Frwin and Ribeiro (1996).

Soil samples were collected by taking
between 0.5 — 1.0 kg of soil from around the
roots of plants at a depth of between 50 — 200
mm below the soil surface with a hand trowel.
The trowel was decontaminated between each
sample with 70% ethanol to prevent cross
contamination. Two subsamples (about 50 g)
from each soil sample were placed in
polystyrene containers and flooded with 200



#
Tamworth

New South Wales

Bathurst#

7 Canberra
Wagga Wagga

11,

Victoria

2 \Wollongong

¢ Batemans Bay

Pacific Ocean

-%

Port Macquarie

Fig. 1. Location of sites described in this paper.

Key: 1 Werrikimbe National Park; 2 Barrington Tops National Park; 3 Wollemi National Park; 4 Blue
Mountains National Park; 5 Ku-ring-gai Chase National Park; 6 Sydney Harbour National Park; 7
Royal National Park; 8 Murramarang National Park; 9 Shoalhaven River; 10 Black Mountain (A.C.T.);
11 Kosciuszko National Park (Talbingo); 12 South East Forests National Park; 13 Mount Imlay

National Park; 14 Ben Boyd National Park

mL of distilled water; 2 drops of Tween 20
were added to ensure even wetting of the soil.
Four small PSA blocks (about 15 mm X 15
mm) were placed in the soil suspension, which
was stirred to ensure contact of the soil
suspension and the agar blocks. The baits were
incubated at room temperature for two days
except for a one hour incubation at 4°C to
stimulate zoospore release. At the end of the
incubation period the agar blocks were
extracted, rinsed and blotted dry, plated onto
PSA and incubated in the dark at 25°C for 2-3
days. P. cinnamomi was identified as outlined
above.

All cultures of P. cinnamomi were purified
by hyphal tip transfer onto potato carrot agar
and were preserved by storage under sterile
water in the culture collection of the Royal
Botanic Gardens, Sydney.

Vegetation assessment

Permanent circular quadrats with an area of
50 m® were established in dieback areas in
South East Forests National Park and Mount
Imlay National Park. All species within
quadrats were recorded and an estimate made
of cover. Although it is too early to detect
changes in the vegetation, the assessment

&1

provides information on recruitment of
susceptible species and differences between
dieback-affected and healthy vegetation.

Results and Discussion
South Coast Infestations

Rainfall on the South Coast ranges from
about 850 mm annually on the coast to 1200
mm on the coastal range and is distributed
evenly through the year. Average maximum
temperature is mostly greater than 20°C
between October and April. Soils of the sites
sampled range from sands on the coast to
shallow, sandy loams on the ranges.

1) Eucalyptus sieberi dominated forest
Sites with P. cinnamomi in the soil and in
dying plants were found in South East Forests
National Park and Mt Imlay National Park
(Sites 12 and 13, Fig. 1). Infestations were
found in communities that are floristically
similar to those in eastern Victoria, where
disease was reported by Marks et al. (1975).
Infestations were characterised by patches of
dying and dead plants of X. australis,. Patches
of dead E. sieberi and E. obliqua were rarely
seen. Both species are regarded as highly
susceptible (Podger and Batini 1971, Pratt and
Heather 1973). P. cinnamomi was recovered




from the roots of dying plants of Banksia

spinulosa var. cunninghamii, Diplarrena
moraea, Grevillea irrasa subsp. irrasa,
Monotoca sp. aff. elliptica, Pultenaea
benthamii,  Tetratheca  subaphylla  and

Xanthorrhoea australis. Frequent deaths were
also observed in the following species on
dieback sites: Acacia terminalis, Banksia
serrata, Coopernookia barbata, Daviesia
wyattiana, Epacris  impressa, Oxylobium
ilicifolium, Poranthera corymbosa, Pultenaea
daphnoides, Stylidium graminifolium,
Tetratheca pilosa, Xanthosia tridentata.

A dieback boundary at a site in Mt Imlay
National Park, which was marked in December
1999, moved between 0 and 4 m across and
down the slope in the following year (based on
new dead and dying plants of X. australis).
Based on a comparison of 10, 50 m? quadrats
placed on both sides of a distinct dieback
boundary at Mt Imlay (marked by a line of
dying X. australis), there was significantly less
cover of Acacia terminalis, Epacris
microphylla, Tetratheca subaphylla and X
australis on the dieback side of the boundary
as determined by a #test of arcsine
transformed cover data. No seedlings of X
australis were found on the affected side of the
dieback boundary at Mt Imlay. This contrasts
with a dieback site at Mt Sugarloaf in South
East Forests National Park, where seedlings
were found to represent 67% of the total X
australis  population, and the reported
regeneration of X. australis on dieback sites in
Victoria (Weste ef al. 1999).

Changes in the structure and composition
of ground flora have been found to affect
populations of small mammals in other parts of
Australia (Wilson et al. 1994; Laidlaw 1997).
Two endangered mammals occur in the E.
sieberi dominated forests in NSW: Smoky
Mouse (Pseudomys fumeus) and Southern
Brown Bandicoot (Iscodon obesulus). Several
species of Epacridaceae and Fabaceae thought
to be affected by P. cinnamomi are important
components of the diet of the Smoky Mouse
(Ford 1998). Southern Brown Bandicoots have
been found to prefer X. australis for nesting in
South Australia (Paull 1992) and so loss of X.
australis in the E. sieberi dominated forests
will potentially have an impact on this species.

The evidence indicates that the impact of P.
cinnamomi is great in the E. sieberi dominated
forests in south-eastern NSW. The potential
future impact is also great. However, the area
of uninfested vegetation (as defined by healthy
populations of X. australis) is small. Most of
the forest contains vegetation comprising
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species commonly found in clearly infested
areas. P. cinnamomi has been in the E. sieberi
forests for many decades and most of the
damage has probably already been done.

2) Coastal woodland and heathland P.
cinnamomi was recorded at Green Cape in Ben
Boyd National Park about 30 years ago (Pratt
and Heather 1973) (Site 14, Fig. 1). We found
several areas of dying and dead Banksia
serrata in coastal woodland dominated by
Eucalyptus botryoides and E. baxteri and an
area of dying Hakea spp. (H. dactyloides, H.
decurrens subsp. platytaenia and H. ulicina) in
heathland. P. cinnamomi was commonly
isolated from soil and from dying Pultenaea
daphnoides plants. The apparent impact of P.
cinnamomi is patchy in coastal vegetation.
Stands of B. serrata can be found with (e.g.
Bittangabee Bay) and without (e.g. North Ben
Boyd) patchy deaths. P. daphnoides appears to
persist regardless of P. cinnamomi infection as
does Dryandra sessilis in the jarrah forest of
Western  Australia  (McDougall ~ 1997).
Reductions in populations of B. serrata may be
detrimental to nectar feeding animals such as
Eastern Pygmy Possum, Squirrel Glider and
Regent Honeyeater. A reduction in the
abundance of Xanthorrhoea australis may
affect the survival of Southern Brown
Bandicoots in coastal heathland, although the
vegetation of apparently affected heathland is
dense and may provide habitat for Southern
Brown Bandicoots regardless of the impact of
P. cinnamomi.

3) Corymbia maculata forest Frequent
deaths of Macrozamia communis in coastal
forest dominated by C. maculata were noted in
the 1970s (Colin Totterdell, ex-CSIRO pers.
comm.) and sporadically since. M. communis
is often the dominant species in the
understorey and P. cinnamomi has proven very
difficult to isolate from dying M. communis
(Blowes 1980) and was not isolated in the
current study. Blowes (1980), however, found
that the distribution of P. cinnamomi was
correlated with the presence of yellowing M.
communis. Observations over the past three
years at an infested site near Batemans Bay
indicate considerable recruitment of M
communis in the vicinity of dying plants and
that complete removal of the species is likely
to be very slow.

Localised deaths of C. maculata have been
observed in two areas. In one of these, in
Murramarang National Park (Site 8, Fig. 1),
there are numerous deaths of this species as
well as E. globoidea, E. botryoides,
Pittosporum  revolutum and  Melaleuca



hypericifolia.  Almost all plants of M
hypericifolia, which was obviously once the
dominant understorey species, have died at the
site in the past three years. P. cinnamomi has
not been found in the roots of any of the dying
species although it was found in 8 out of 10
soil samples. Long-term monitoring is required
in populations of dying M. communis. C.

maculata is regarded as resistant to P.
cinnamomi {(Pratt and Heather 1973). P
cinnamomi may be contributing to the

symptoms observed but is not necessarily the
cause of them.

Southern Tableland Infestation

Average annual rainfall at Nimmitabel in
the South Tablelands bioregion is about 700
mm, evenly distributed through the year, with
an average maximum temperature mostly
greater than 20°C between December and
March. The site sampled is at an elevation of
950 m as.! and receives frequent frosts in
winter. The soil is sandy loam.

A small area of dying plants was located on
the edge of Nunnock Swamp (South East
Forests National Park) to the
Nimmitabel in regrowth forest dominated by
Eucalyptus dalrympleana (Site 12, Fig. 1). The
infestation was along a section of road that had
been comstructed to provide a crossing of the
swamp. Deaths were observed in plants that
had regenerated along the road and others at
the edge of the swamp. No infestation was
observed in the natural vegetation beyond the
swamp. P. cinnamomi was isolated from dying
plants of Leptospermum juniperinum and
Banksia marginata. Numerous deaths occurred
in Grevillea lanigera, Stylidium graminifolium
and Persooria silvatica.

Infestations of P. cinnamomi on the
Southern Tablelands causing multiple plant
deaths appear to be rare. Further survey is
required, however, especially in vegetation
containing P. silvatica.

Central Coast infestations

Rainfall in the Sydney coastal area, (Sites
5, 6 and 7, Fig. 1) is about 1100 mm annually
and most abundant between January and June.
The average maximum temperature is greate
than 20°C between September and April. Soils
of the sites sampled are sands, which are
sometimes shallow over sandstone.

Royal National Park contains a range of
plant communities and a very diverse flora.
The vegetation is frequently burnt. One of the
common species of heathland, Xanthorrhoea
resinifera, has declined during the past 1§

east of

53

years {David Keith, NPWS, pers. comm.). In
the current study, P. cinnamomi was isolated
from dying X. resinifera and from Sprengelia
incarnata, a species regarded as susceptible in
Tasmania (Podger and Brown 1989). Other
species recorded dying in this heathland
community (but fom which P. cinnamomi was
not isolated) were Grevillea oleoides, which
had abundant deaths, Angophora hispida,
Dilhwynia floribunds, Hakea teretifolic, and
Persoonia lanceolata.

The consequences of the continued decline
of X resinifera are unknown but a
considerable change in the vegetation is likely
if this common species is lost. P. cinnamomi
has previously been isolated from dying plants
in Royal NP (Gerrettson-Cornell 1986). It does
not appear to be present throughout the Park as
it was absent in 100 soil samples from five
areas containing ZTelopea speciossisima, a
species  which is  highly susceptible in
cultivation (Walsh 2001; Summerell, unpubl.
data). P. cinnamomi appears to be having a
great impact in heath vegetation in this park.
The impact was only detected through careful
long-term monitoring of plant populations.

Forest dominated by Angophora costata
and Eucalyptus botryoides occurs in remnants
along the northern shore of Sydney Harbour.
Crown dieback and tree death have been
occurring in this vegetation for some years and
have been variously attributed to polluted
runoff and a nearby sewerage outfall.
Phytophthora cinnamomi was recently isolated
from areas of diseased 4. costata at Middle
Head, in soil and the roots of A. costata
(Summerell unpublished data). An association
between the dieback and P. cinnamomi is the
subject of continued investigation, but it is
notable that P. cinnamomi could not been
found in an adjoining patch of healthy A4
costata. There has been no regeneration of A.
costata beneath the diseased canopy at Middle
Head and there is considerable invasion of
exotic shrubs and the native, fire-sensitive
shrub Pittosporum undulatum. Since the seed
reserve of A costate is held in the canopy and
seed is not thought to be long-lived (T. Auld,
NPWS, pers. comm.), the loss of all mature
trees in the diseased stand at Middle Head will
probably be irreversible.

Other diseased sites on the Central Coast
containing P. cinnamomi (eg. Ku-Ring-Gai
Chase NP and Beecroft Peninsula) are

currently under investigation. All display
extensive but localised death of trees.

Assuming that P. cinnamomi is the cause of
digease at thege sites and that at Middle Head,



its impact on the Central Coast is peculiar for
NSW in that it effects mostly canopy species.

Northern Tablelands infestations

Rainfall is about 1500 mm annually, and
most abundant between January and June.
Average maximum temperature is greater than
20°C between November and March.

1) Snow Gum woodland Infestation by P.
cinnamomi is dramatically impacting on
subalpine woodland dominated by Eucalyptus
pauciflora in Barrington Tops National Park
(Site 2, Fig. 1). Deaths of the shrub Oxylobium
ellipticum, which provides up to 100% cover
in the understorey, were reported in the late
1990s. The species is regarded in Tasmania as
being susceptible to P. cinnamomi (Podger and
Brown 1989). P. cinnamomi has been isolated
in soil samples (Mills 1999) and from dying
plants of O. ellipticum, Tasmannia
purpurascens and Lycopodium deuterodensum
(McDougall and Summerell 2003). Given the
rapid spread of the disease in the past four
years, O. ellipticum seems destined for local
extinction in this park. The fate of T.
purpurascens, a species already regarded as
threatened under Commonwealth legislation, is
uncertain. In diseased areas, there has been a
clear change in the understorey from
vegetation dominated by dense shrubs (the
remains of which are still evident) to
vegetation dominated by grass (Poa
sieberiana). Trials to assess the effectiveness
of phosphite at controlling P. cinnamomi have
commenced.

2) Communities containing Xanthorrhoea
glauca subsp. glauca. Two areas of dying X
glauca subsp. glauca were located in
Werrikimbe National Park, an area of coastal
escarpment vegetation in northern NSW (Site
1, Fig. 1). Phytophthora cinnamomi was
commonly located in soil beneath X. glauca
plants and was found in the roots of X. glauca
Pultenaea pycnocephala and L. fraseri. There
were also numerous deaths of Comesperma
ericinum, Hakea dactyloides, Persoonia
cornifolia and Petrophile canescens. Due to
low recruitment and high mortality, X. glauca
will probably become extinct from one site
within the next 50 years, despite being a co-
dominant at present. Long-term monitoring at
this site is important for evaluating impact and
change.

The Wollemi Pine

The Wollemi Pine (Wollemia nobilis) was
discovered in 1994. This tall tree is restricted
to a few remote valleys in Wollemi National
Park (Site 3, Fig. 1). Extensive soil sampling in
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-any other obvious

Wollemi Pine sites failed to locate P.
cinnamomi. Glasshouse trials have shown this
species is highly susceptible (Bullock e al.
2000).

Conclusion

We can only speculate on the reasons for
previous assessments that P. cinnamomi is a
benign pathogen in NSW. The flora of NSW
certainly appears to be more resistant to
infection than that in Western Australia. The
genus Banksia, for instance, although an
excellent indicator of disease in Western
Australia, is a poor indicator in NSW. Some
Xanthorrhoea species do appear to be good
indicators of disease in NSW but most
vegetation does not contain Xanthorrhoeas or
indicator. The NSW
landscape may indeed be largely a post-disease
artifact. In addition, although some tree species
in NSW are susceptible to P. cinnamomi,
extensive death of overstorey species appears
to be rare and localised. Much of the early
focus on P. cinnamomi, both here and in other
States, was on its effect on timber production.
Much of the impact that we report in this paper
is on understorey species. In the case of
Xanthorrhoea death and decline in Royal
National Park, the impact has only been
detected through long-term monitoring. The
evidence of dying understorey plants is often
quickly lost as a result of fire. X australis
plants quickly degenerate after death (Duncan
1994). Impacts on flora and vegetation in
NSW may have simply been overlooked
because the impact on production timber
species was not significant. The pattern of
disease in NSW is also different to that
commonly reported in early reports about
disease in the jarrah forest of Western
Australia, where there are clear disease fronts.
Disease fronts were observed in the current
study but they were rare. It was more common
to find scattered deaths of susceptible species
in an infested area. This pattern is not peculiar
to NSW. Some infestations on the south coast
of Western Australia are  similarly
characterised by diffuse disease fronts (Bryan
Shearer, Department of Conservation and Land
Management pers. comm.). Such infestations
probably reflect the lower density of highly
susceptible species. '

Judging from our own surveys and those of
other authors, P. cinnamomi is widespread in
eastern NSW. However, there is clear evidence
that P. cinnamomi is having an impact on flora
and vegetation in several widely spaced parts
of eastern NSW. Given that this study was
only cursory, it is highly likely that there are
many more areas where P. cinnamomi is
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having an impact. There is also a high
probability that P. cinnamomi will have further
impact by directly or indirectly affecting
threatened plants and animals that occur near
infestations.

Although sampling of soil cannot prove the
absence of P. cinnamomi, in the current study
the pathogen could not be isolated from
apparently diseased vegetation in Blue
Mountains NP, Kosciuszko NP, Ku-ring-gai
Chase NP, Sydney Harbour NP and Wollemi
NP nor from healthy areas containing
Xanthorrhoea australis i South East Forest
NP. P. cinnamomi is not ubiquitous in eastern
NSw.

Because P. cinnamomi is widespread in
NSW and current and potential impacts are
localised, there would appear to be no value in
quarantine of large areas. Management should
focus on hygiene and control trials using
phosphite to protect threatened species and
communities. P. cinnamomi cannot be
assumed to be present throughout the
landscape. In areas where hygiene is proposed
and there is debate about the presence or
absence of P. cinnamomi, a precautionary
approach should be adopted and the pathogen
assumed to be absent unless it can be proven to
be present.
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How susceptible is the Flora of the South-western Australia to Phytophthora
cinnamomi?
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Abstract. This study aims to compare variation in estimates of susceptibility to
Phytophthora cinnamomi Rands between four databases and determine the proportion of the flora of
the South-West Botanical Province of Western Australia that are susceptible to the pathogen. Estimates
of the susceptibility of south-western flora to P. cinnamomi infection were obtained from databases for
Banksia woodland of the Swan Coastal Plain, jarrah (Eucalyptus marginata Donn. ex Smith) forest, the
Stirling Range National Park, and rare and threatened flora of Western Australia. For the woodland,
forest and national park databases, hosts were naturally infected in uncontrolled diverse environments.
In contrast, threatened flora were artificially inoculated in a shadehouse environment. Considerable
variation within taxonomic units make occurrence within family and genus poor predictors of species
susceptibility. Similar estimates of species susceptible to P. cinnamomi between the databases from the
wide range of natural environments and an artificial environment, suggests that a realistic estimate of
species susceptibility to P. cinnamomi infection in the south-west region has been obtained. The mean
percentage of 40% susceptible and 14% highly susceptible equates to 2300 and 800 species of the 5710
species in the South-West Botanical Province susceptible and highly susceptible to P. cinnamomi,
respectively. Undeniably P. cinnamomi in south-western Australia is an unparalleled example of an
introduced pathogen with wide host range causing great irreversible damage to unique, diverse but
mainly susceptible plant communities.

Introduction Materials and Methods
The flora of south-western Australia Specific details of the materials and
is of international importance with regard to methods for the Banksia woodland, jarrah
the high degree of richness and endemism and forest, and Stirling Range National Park
the high proportion of the flora at risk from databases can be found in Shearer and Dillon
threatening processes (Atkins 1998). Western (1996b and 1995) and Wills (1993),
Australia has about 8% of the world total of respectively. For the woodland, forest and
threatened, rare and poorly known flora, national park databases, hosts were naturally
making the State one of the major centres for infected in uncontrolled diverse environments.
threatened flora in the world (Atkins 1998). In contrast threatened flora were artificially
inoculated in a shadehouse environment.
Phytophthora  cinnamomi  Rands Germinated seeds of threatened flora from
infection is a major threatening process Western Australia’s Threatened Flora Seed
affecting the viability and genetic diversity of Centre (Cochrane and Coates 1994) were
the flora of south-western Australia (Shearer grown potting mix of 1 part German Peat to 3
1994; Brown et al. 1998). Estimates of the parts river-washed-sand in 15 cm-diameter
susceptibility of south-western flora to pots and soil inoculated with P. cinnamomi
P. cinnamomi infection have been obtained for isolates DP4 from the Northern Sandplains,
the Stirling Range National Park (Wills 1993), DP51 from the Western edge of the wheatbelt
jarrah (Eucalyptus marginata Donn. ex Smith) and DP55 from the South Coast. Pots
forest (Shearer and Dillon 1995), Banksia containing plants at least 6-months-old were
woodland of the Swan Coastal Plain (Shearer inoculated in mid-summer and mortality was
and Dillon 1996b), and rare and threatened recorded thrice weekly for 5 months. Infection
flora of Western Australia (Shearer, Crane and was confirmed by plating onto selective agar.
Cochrane unpublished).
For Banksia woodland and jarrah
This study aims to determine the forest databases, the assessment of
proportion of the flora of the South-West susceptibility was based on the frequency of
Botanical Province susceptible to the isolation of P. cinnamomi and plant mortality
pathogen. (Shearer and Dillon 1995, 1996b):
(1) no individuals of a species died in disease
centres;
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{2) individuals of a species died in one-third or
less of the disease centres in which they
occurred, and P. cinnamomi was not isolated
from recently dead plants;

(3) individuals of a species died in one-third

or less of the disease centres in which they
occurred, and P.cimmamomi was isolated
relatively frequently from recently dead plants;
(4) individuals of a species died in one-third or
more of the discase cenires in which they
occurred, and P. cinnamomi was isolated
relatively infrequently from recently dead
plants; and

(5) individuals of a species died in one-third or
more of the disease centres in which they
occurred, and P cimpamomi was isolated
relatively frequently from recently dead plants;
Species in Groups 1 and 2 were considered to
express resistance, those in Groups 3 and 4
variable susceptibility and those in Group 5
were most susceptible to infection (Shearer
and Dillon 1995, 1996b).

For the Stirling Range National Park
database the assessment of susceptibility was
only based on the proportion of a plant
population killed in a disease centre (Wills
1993}

(1) no apparent secondary symptoms of
chlorosis, canopy dieback and/or death;

(2) < 20% killed at any location, and/or other
secondary symptoms observed;

(3) 20-80% killed, varying with location; and
(4) > 80% killed.

Species in Group 1 were considered field
resistant, those in Group 2 to express low
susceptibility, those in Group 3 to express
variable susceptibility and those in Group 4 to
be highly susceptible (Wills 1993). For sake of
comparison, the mortality rating of Wills
{1993} was applied to the Threatened Flora
database.

Differences between databases were
analysed with Analysis of Variance (ANOVA)

with database and susceptibility class
independent variables and percentage of
species in each susceptibility class the

dependent variable. Percentage data was

arcsine fransformed.

Results
Vaoriation Within and Between Families

The databases show considerable
variation within and between families (Table
1). Taxa within Proteaceae are biased towards

Table 1. Percentage distribution of species among susceptibility group to Phytophthora
cinnamomi infection for five families having the largest number of plant species in four databases

Database/ Family
Susceptibility Cyperaceae™  Epacridaceac  Mimosaceae Myrtaceae  Papilionaccae  Proteaceae
Group
Banksia Woodland
1 80 50 50 24 40 21
2 20 0 17 41 10 29
3 0 25 17 2 10 7
4 0 0 17 12 20 7
5 0 25 0 12 20 36
Jarrah Forest
1 40 0 50 20 33 0
2 60 14 30 40 8 33
3 0 43 10 20 0 0
4 0 14 10 20 42 40
5 0 28 0 0 17 27
Stirling Range National Park
1 100 20 80 85 25 15
2 0 30 20 11 25 7
3 0 25 0 4 31 49
4 0 25 0 0 19 28
Threatened Flora
1 0 87 22 15 19
2 0 7 14 8 9
3 40 0 31 23 32
4 60 7 28 54 40

ANo Cyperaceae were fested for susceptibility to P. cinnamomi in Threatened Flora
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Tabie 2. Number of species in each database and percentage of flora of south-wesiern Austratia
susceptible and highly susceptible to Phytophthora cinnamomi infection derived from four
databases

Database Infection Nurmber of % Susceptible % Highly
species susceptible

Banksia Woodland Natural 95* 32 15

Jarrah Forest Naturat 105" 44 12

Stirling Range National Park Natural 330 36 10

Threatened Flora Artificial 142 49 21

Mean (+ standard error) 40 +4° 14 +2°

ANumber of species occurring in > 3 disease centres.
BThe mean of 40 % equates to 2300 species of the 5710 species in the South West

Botanical Province susceptible to P. cinnamoni.

CThe mean of 14 % equates to 800 species of the 5710 species in the South West

Botanical Province highly susceptible to P. cinnamomi.

susceptible groups in the Stirling Range
National Park and Threatened Flora databases
but bimodal and divided into resistant and
susceptible groups for the Bomksio woodland
and jarrah forest databases (Table 1).

Epacridaceae and Papilionaceae taxa
are biased towards susceptible groups in the
Threatened Flora databases but divided into
resistant and susceptible groups for the
Banksia woodland, jarrah forest and Stirling
Range National Park databases. Myrtaceae
taxa are biased towards resistant groups in the
Banksia woodland and Stirling Range National
Park databases but divided into resistant and
susceptible groups for the jarrah forest and
Threatened Flora databases. Mimosaceae taxa
tend to be resistant in all databases with a few
taxa susceptible. All of the Cyperaceae were
resistant.

Proportion of Flora Susceptible

Estimates from the four databases
were relatively consistent with the proportion
of species susceptible within the range 33-49%
and those highly susceptible within the range
10-21% (Table 2). Estimates for the
Threatened Flora data base were higher than
those for the other three databases (Table 2),
but differences between databases were not
significant (P =0.176). The mean percentage
of 40% susceptible and 14% highly susceptible
equates to 2300 and 800 species of the 5710
species in the South-West Botanical Province
susceptible and  highly  susceptible to
P. cinnamomi, respectively.

Discussion

Despite susceptibility being estimated
by two different methods within different
natural and artificial environments, the
databases provide similar estimates of the
percentage of  species  susceptible  to
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P. cinnamomi in the South-West Botanical
Province of Western Australia. The relative
consistency between databases from a wide
range of natural environments and an artificial
environment, suggests that a realistic estimate
of species susceptibility to P. cinnamomi
infection in the south-west region has been
obtained.

Estimates of susceptibility were
highest for the Threatened Flora database. This
would be expected as the taxa tested have been
specifically selected for seed storage in
Western Australia’s Threatened Flora Seed
Centre because of the likely threat of
P. cinnamomi infection {(Cochrane and Coates
1994), and therefore represent a biased sample.

Considerable variation within taxon-
omic units make occurrence within family a
poor predictor of species susceptibility. Even
though Proteaceae are considered in general to
be a very susceptible family, variation is
bimodal and divided into resistant and
susceptible groups for the Banksiz woodland
and jarrah forest databases. More extensive
databases of species susceptibility in plant
communities threatened by P. cinnamomi
infection must be a high research priority. A
greater understanding of variation of host
response  within  taxa may assist in
understanding mechanisms of resistance and
improvement of  testing and assessment
procedures.

Many highly susceptible species tend
to occur frequently and be structurally
dominant in the communities in which they
occurr (Wills 1993; Shearer and Dillon 1995,
1996b). Thus infection by P. cinnamomi of the
estimated 800 highly susceptible plant species
in the South-West Botanical Province leads to
an irreversible and conspicuous decline in



biomass with associated reduced Soristic
diversity and capacity of infested sites to
support dependent biota (Wills 1993; Shearer
and Dillon 19962).

This paper quantifies the truly
exceptional host range of P cimmamomi
south-western Australia. The estimated 2,800
plant species susceptible to P. cinnamomi and
the 810 highly susceptible plant species in the
South-West Botanical Province make the
region internationally unique with respect the
number and diversity of taxa susceptible to
infection. Undeniably P. cinnamomi in south-
western Australia is an unparalleled example
of an introduced pathogen with wide host
range causing great irreversible damage to a
range of unique, diverse but mainly susceptible
plant communities.
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The Dieback cycle in Victorian forests

A 30 year study of the changes caused by Phytophthora cinnamomi in Victorian
open forests, woodlands and heathlands, measured on defined quadrats

Gretng Weste
Botany School, University of Melbourne, Victoria, 3010
Corresponding author ; email: g.weste@botany.unimelb.edu.au

Abstract Changes in both vegetation and in pathogen population and distribution were monitored
periodically on defined infested quadrats and on similar pathogen-free quadrats on 13 sites representing
major types of forest and woodland between 1970 and 2000. The susceptible eucalypts in the
overstorey of infested sites showed severe dieback, loss of crown and deaths. All trees died on some
sites, other presented dead leaders with epicormic growth on lower branches. Dieback of the
understorey, followed by death occurred in 50-75% of the species in the healthy understorey, including
the dominant Xanthorrhoea australis, thereby changing the community and the species composition.
Species richness in infested quadrats declined, and percentage cover and percentage contribution to the
community by susceptible species were almost eliminated. On steep slopes, the ground remained bare,
but on other sites the susceptible flora was replaced by field resistant species of sedges and rushes, and
by the partly resistant teatrees, Lepfospermum spp-, which formed a dense cover.

The pathogen was isolated from 100% of the root samples from infested quadrats from 1970
to 1984, but then gradually declined. In 2000, P. cinnamomi was rare on some sites and not isolated
from four. Regeneration of 30 to 40 susceptible species, previously eliminated, was recorded from
infested sites, and two thirds of these were growing on more than one quadrat. Copius regeneration of
the previously dominant but highly susceptible X. australis occurred on four sites. Significant recovery
and recruitment of the overstorey has not been observed. It is not yet clear whether the regeneration of
the understorey is stable, or whether successive cycles of disease and recovery will occur.

Introduction to P. cinnamomi and zoospore production in
The disease cycle from invasion and Spring. The vegetation of these regions also
destruction of a susceptible indigenous flora by experiences a period of water stress during the
Phytophthora cinnamomi Rands, to the decline Summer-Autumn season which may be fatal
of the pathogen and the regeneration of that for susceptible plants with infected roots
same susceptible, indigenous flora was almost
complete on some defined quadrats in each of Disease caused by P. cinnamomi in
the three Victorian forests studied. The major Victoria was first recorded in 1970 for the
dieback threat is to open forests, woodlands Brisbane Ranges, in 1971 for Wilsons
and heathlands of Southern Australia. A study Promontory and in 1974 for the Grampians
of the changes in the vegetation and in the (Podger and Ashton 1970; Weste ef al. 1973,
pathogen populations and distribution over the unpublished report, Forests Commission of
past 30 years on defined quadrats in Victorian Victoria 1974).
plant communities has revealed the plant
communities and the species of each Severe wildfire burnt the Brisbane
community which are particularly threatened Ranges in 1967, the Grampians in 1970 and
by this pathogen. Wilsons Promontory in 1962 and 1965-6. Fuel
reduction burns have occurred since, but
The three regions which are assessed checks have shown that these have not
in detail are the Grampians in Western changed the species composition of the
Victoria, Wilsons Promontory, the most quadrats.

Southern portion of mainland Australia, and
the Brisbane Ranges, Southwest of Melbourne.
Each of these regions has threatened plant
communities in which many species are
susceptible. The climate is characterised by a
mean annual rainfall of approximately 600mm
for the Grampians and the Brisbane Ranges,
1000mm at Wilsons Promontory which has
sandy soils, and a temperature range conducive

This paper presents the evidence for
the major phases of the disease cycle and for
the factors controlling its progress. While the
whole cycle is almost complete on some sites,
it remains incomplete on sites with differing
plant communities and in  differing
environments.
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Methods

The thirteen sites studied are mapped
(Fig. 1). Permanent defined quadrats were
established in infested and in nearby, similar
pathogen free vegetation in 1962 and 1970 in
the Brisbane Ranges; in 1971 at Wilsons
Promontory and in 1976 in the Grampians
{Weste and Taylor 1971; Weste and Law 1973;
Kennedy and Weste 1977). Quadrat size was
determined from species:area curves for each
site and therefore varied from 6 to 14m
according to the plant diversity. Sites were
selected to represent the different plant
communities and were assessed biennially
until 1986, then in 1995 and 2000 in the
Grampians, 1996 and 2000 at Wilsons
Promontory, and 1992, 1994, 1996 and 1998 in
the Brisbane Ranges (Kennedy and Weste
1986, 1997; Weste 1981, 1986). At ecach
assessment species composition, percentage
cover and health of each plant were recorded
for three replicate quadrats of the understorey.
Samples  containing roots and  the
accompanying soil were collected from living)
from both infested and pathogen free quadrats
at each assessment and were tested for the
presence of the pathogen by lupin baiting
(Weste 1981). Trees were measured separately
on 30x30m quadrats. Species composition,
percentage crown destruction, health of leading
branches, and the presence of epicormic shoots
were measured. Data were analysed
statistically to compare infested with pathogen
free quadrats. Plant species and nomenclature
follow Walsh and Entwistle (1996 to 1999).

Results

The first phase of the disease usually
occurred along a shallow depression in the
topography. The pathogen was virulent,
aggressive and infected all susceptible species
contacted by the swimming spores along the
gully. The boundary of disease was at first
sharply defined with healthy vegetation on
both sides of the gully. Epidemic disease was
70% observed with chlorosis browning and
death of all susceptible species, including the
dominant X. australis which serves as a useful
indicator of dieback disease. A mean of 50 to
75% of the wunderstorey species were
susceptible, but because the degree of
susceptibility varied with the species, a mosaic
of dead and dying plants was observed. Some
species died completely and rapidly such as X
australis and Isopogon ceratophylous, others
died gradually, branch by branch. Plants
growing on slightly elevated mounds of soil,
for example around trees ofien escaped contact
by the zoospores and survived. Species
composition of the plant community changed,
species richness and percentage cover were
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both reduced and bare ground increased by as
much as 70%. The elimination of susceptible
species from the infested quadrats has been
documented (Kennedy and Weste 1977; Weste
and Law 1973; Weste ef al. 1973).

Approximately one year later
symptoms appeared on the susceptible species
of the overstorey. These included the dominant
species of these forests and woodlands,
Eucalyptus obliqua, messmate and the stringy
barks, E. baxteri, E. macrorhyncha, and the
peppermints, E. radiota and E. Al
eucalypts on the Grampians sites, on both
infested and pathogen free sites, showed crown
loss from wildfire (1978) of 10 to 15%. This
was the only damage observed on pathogen
free sites and on resistant eucalypts such as E.
melliodora and E. dives. On infested sites the
leaves of susceptible eucalypts turned brown,
and abscissed from the leaders, so that the
crown density was reduced by 30 to 100%.
Deaths of 45% of these species was observed.
On some quadrats no living trees remained.

I
&rves.

During this phase 100% of root
samples taken from living susceptible plants
with symptoms growing on infested quadrats
yielded P. cinnamomi on baiting. The pathogen
was isolated from all infested quadrats, but not
from pathogen free quadrats.

The second phase began one to three
years after infection with the colonisation of
infested quadrats by field resistant species,
such as the grasses, (except Themeda triandra
which is susceptible). the sedges, the rushes
and the rope rushes. P. cinnamomi infected the
roots of these species, but new roots formed
without other symptoms (Phillips and Weste
1984). Leptospermum spp. (L. myrsinoides,
L.continentis, L.scoparium) were slightly
susceptible, produced a2 dense growth on
infested quadrats. Dieback of the terminal
branches was observed, the plants did not
flower, but survived. All these species grew as
scattered components of pathogen free
quadrats, and rapidly providled a dense
understorey on infested quadrats consisting of
a carpet of Hypolaena fastigata or a cover of
Gahnia radula with clumps of Lepidosperma
semiteres and other rushes and sedges. These
are all wind pollinated and do not produce

nectar, honey or nutritious pollen, and
thereforc do not attract birds or small

mammals. On steep quadrats the bare ground
was not colonised by field resistant plants,
remained bare and subject to erosion. This
phase lasted until 1985, about 15 years.
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Fig.1. Location of permanent quadrats on sites 1-13 where population density and distribution of
Phytophthora cinnamomi, flowering plant composition, percentage cover and disease status were

monitored over a period of 20 or more years.

During the third phase of invasion, a
decline in pathogen isolations from root
samples was recorded, ranging from 0 to 97%.
In this changed community, with few or no
susceptible roots available, P. cinnamomi was
rarely isolated. The number of infested
quadrats from which P. cinnamomi was
isolated also declined and ranged from 0 to
75% except on wet quadrats, such as those
receiving drainage.

In the following or fourth phase the
infested quadrats varied in reaction. In most
quadrats, particularly those with low pathogen
isolations, regeneration of susceptible species
was recorded. Recruitment was mostly from
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seed, but also from underground stems or
lignotubers. The first such regeneration was of
moderately susceptible and subsequently of
highly susceptible species which became
infected and died. However in 1995 to 1996
that of susceptible species on infested quadrats
included 27 from 11 different families from the
Grampians, 15 from 7 families from the
Brisbane Ranges and 19 from 9 families on
Wilsons Promontory. These included seedlings
of susceptible eucalypts (Weste and Kennedy
1997). The plants were young, small, and
ranged from 0 to 4% of percentage cover. Most
plants survived despite the sporadic recovery
of P. cinnamomi from the same quadrat. In
other infested quadrats the growth of the



resistant flora was so vigorous and dense that
regeneration of small susceptible plants was
scarce. The presence of large logs from fallen
dead eucalypts also suppressed seedling
development. Seedlings of the susceptible
eucalypts regenerated and survived.

In 1998 abundance regeneration of
susceptible plants, notably of the once
dominant X australis was recorded on some
infested sites in the Brisbane Ranges, at
Anglesea and at Wilsons Promontory. The
regeneration was measured on three replicate
infested quadrats of 5 x 5Sm for each of three
sites in the Brisbane Ranges (Weste et al
1999). Size, health and location of 77 living
and 20 dead X australis plants were recorded
from three quadrats, and one third of these
were less than 8 years old, that is the apex had
appeared above ground since the previous
assessment in 1990 (Gill and Ingwerson 1976).
P. cinnamomi was isolated from three
locations on each of these 5 x 5m quadrats and
was active, infecting and killing the young X.
australis plants nearby. Similar abundant
regeneration of X. australis was observed on
the Angelsea heathlands in an area where all
plants of this species had previously been
destroyed by P. cinnamomi. In 1998 abundant

regeneration was  also observed and
photographed at two sites on Wilsons
Promontory, on Five Mile Road at the

intersection with Millers Landing Road and at
Tidal Overlook. As a result of a control burn
on the latter site the plants of X. australis all
flowered (Gill and Ingwerson 1976). During
the subsequent months these plants turned
yellow and began to die. P. cinnamomi was
isolated from the roots. Infection was
apparently derived from repairs to the steps
both at Tidal Overlook and on Mount Oberon.
As a result of consultation with Dr. Cahill, M.
Aberton from Deakin University and with the
rangers of Wilsons Promontory National Park,
these plants were sprayed with phosphonate in
1999. The spray provided protection which
lasted 14 months, after which they were re-
sprayed (Aberton personal communication).

Massive regeneration of X. australis
was also recorded on two infested sites in the
Grampians in May 2000. Mean counts of 73
and 68 plants were growing on one quadrat of
5 x 5m on sites at Yanam Park and on Syphon
Road respectively.

The regeneration of X. australis was
accompanied by regeneration of other
susceptible and highly susceptible species such
as I ceratophyllous, Leucopogon spp. and
Dilwynia spp. By May 2000, 74 of the 80
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susceptible species recorded from pathogen
free quadrats had recruited on the infested
quadrats of the Grampians and 70% of these
were growing on more than one quadrat, which
probably increased their chance of surviving
infection. Regeneration represented a recovery
in both species richness and in percentage
cover despite the sporadic occurrence of P.
cinnamomi on the infested quadrats.

The overstorey also responded with
vigorous epicormic growth and renewed crown
vigour on surviving trees. Both saplings up to
8 years old and seedlings of one to two years
old were recorded from most sites. However
some of the saplings had 5 to 10% dieback.

The decline in pathogen population
and distribution, reported in 1985, continued
and by 2000 positive isolations from baiting
tests were less than 1%, consequently no
quantitative data can be presented. Pathogen
distribution was also reduced. P. cinnamomi
was not detected from two sites in each of the
three study areas. In other words P. cinnamomi
was no longer detectable at 6 of the 13 sites.

Discussion

The disease cycle is almost complete
for some infested quadrats in the three areas of
Victorian open forest, open woodland and
heathland. The cycle began with infection 24
to 30 years ago and proceeded to the stage
where regeneration was recorded for the same
susceptible  species that were initially
destroyed by the pathogen. According to the
data recorded for each infested quadrat in 2000
and in 2001 the original species composition
and structure of each community, the species
richness and the plant abundance were being
restored. The habitat shelter, the nutritious
pollen and the nectar attractive to local fauna
will become available. The plant cycle was
contiguous with the pathogen cycle.
Populations and distribution of P. cinnamomi
increased rapidly during the invasive,
aggressive and epidemic phases of the cycle
(Weste and Ruppin 1997), but declined during
the second and subsequent phases.

However the situation at present is
complex and varies with the site. On some
infested quadrats the resistant flora remains
dominant, and regenerating susceptible species
have to compete for space, light, water and
nutrients. On steeper sites such as Sena Road
in the Grampians or on Mount Oberon and
Tidal Overlook at Wilsons Promontory the top
soil was eroded soon after the susceptible
species were killed and 60 to 70% of the
ground remained bare. On some devastated



sites seed for regeneration may not be
available, as at Marshalls Road site in the
Brisbane Ranges.

Factors operating within the cycle to
reduce pathogen activity include low
availability of susceptible roots as food base
and sheltered habitat, microbial suppression
and lack of free water at temperatures greater
than 12°C for zoospore production, dispersal
and infection. There is no evidence yet of
selection for resistance among susceptible
species or of a decline in pathogenicity of P.
cinnamomi.
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Occurrence of Phytophthora species in oak ecosystems in Turkey
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Abstract. Fifty-one healthy and declining natural oak forests in Turkey have been screened for
Phytophthora species. Eight Phytophthora species and two unidentified species were isolated from the
rhizosphere soil using the bating method with young oak leaves. The morphology, physiology and
RAPD banding patterns of the isolates were compared with other Phytophthora species previously
isolated from Austrian oak stands. rDNA ITS sequences of some isolates were similar to P. citricola,
however morphological characteristics were highly variable and differed from the holotype. P.
quercina was commonly isolated from slopes susceptible to drought and was more frequent from the
European part of Turkey, although it occurred on some stands in the Asian part. P. cinnamonmi was
isolated only from one site in an open native oak-dominated forest. In declining stands, necroses of fine
roots were commonly detected. Significant differences in the isolation frequency of various
Phytophthora species were observed between healthy and declining trees. The possible role of
Phytophthora species and oak decline is discussed and the results are compared with the other studies
in Europe.

Introduction suggested that this Phytophthora species is
There are early reports from the associated with the decline and mortality of
beginning of the 20" century on oak dieback in oak trees (Brasier et al. 1993; Robin er al
the former Soviet Union {Oleksyn and Przybyl 1998; Gallego ef al. 1999; Bianco et al. 2000;
1987). Subsequently, the decline of oak is well Tainter et al. 2000). During comprehensive
documented elsewhere in the world (e.g. studies in oak forests in central Europe, ten
Donaubauer 1998 and references therein). Oak other Phytophthora species including four new
decline is a recurring problem which has taxa were isolated, among which the newly
become increasingly apparent in the least two described P. quercina was the most common
or three decades and it is still a current species (Jung 1998; Jung et al. 2000).
problem world-wide wherever oaks occur Likewise, in the course of a research project
(Delatour 1983; Dopaubauer 1998). Recently, funded by the European Union (PATHOAK),
dieback of Q. griffithii of an unknown cause eleven Phytophthora species were encountered
has been reported from Bhutan (D.B. Chhetri, in European oak forests (Delatour ef al. these
per. Comm). Oak decline is a complex disease praoceedings).
that is caused by many predisposing and
triggering factors (Siwecki and Liese 1991; Apart from P. cambivora on sweet
Luisi ef al. 1993; Dreyer and Aussenac 1996). chestnut and P. cactorum on beech seedlings
Phytophthoras have not as yet been detected in
Phytophthora species cause serious forest ecosystems in Turkey {Selik 1986). Six
disease problems in forest ecosystems world- different Phytophthora species (P. hibernalis,
wide (Hansen and Sutton 1999). The isolation P. citrophthora, P. capsici, P. cactorum,
of P. cinnamomi from roots of Q. suber and P. drechsleri and P. infestans) had been
Q. ilex (Brasier et al. 1993), the observation of reported from agricultural crops so far (Bigici
the death of fine roots and necrotic lesions on and Cinar 1990).
roots of Q. robur and Q. petraea (Vincent
1991; Blaschke 1994) as well as the The present project aimed to examine
association of Phytophthora spp. with the the relationship between dieback sympioms of
decline of oak trees led many scientist to oak and the presence or absence of
conclude that soilborne Phytophthora species Phytophthoras in native deciduous oak
could play an important role in oak decline in ecosystems. A survey was conducted in order
Europe and other parts of the world. So far to elucidate the species composition and
P. cinnamomi has been isolated from various population structure of Phyfophthora on
oak species in Spain, Portugal, France, Italy various oak species in Turkey.

and recently in Mexico and most authors
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Fig. 1. Map of Turkey showing the location of the oak sites examined: 1 DemirkSy/Karacadag (138), 2
Demirkdy/ Karacadag (61), 3 Demirkoy/Istihkam (64), 4 Demirkdy/Papazkoru, 5 Demirk6y/Bezirgan, 6
Demirk8y/K.Bezirg., 7 Igneada/Macera (24), 8 Demirkdy/Karacadag (99), 2 Demirkdy/Pirengetepe (39),
10 Demirkéy/Papazkoru (16), 11 Demirkéy/Kadinkule, 12 Belgrad/Kuzey S., 13 Belgrad/Ayvat B., 14
Diizce/Hamamdagi, 15 Diizce/Muncurlu, 16 Kastam./Pmarbasi, 17 Yenice/Aksuagzi (45), 18
Karabiik/Ulukaya, 19 Yenice/Citdere (55/56), 20 Yenice/Kabaklii (21), 21 Yenice/Bakirli (96), 22
Yenice/Sariot, 23 Belgrad/Topuzlu B, 24 Belgrad/Valide B. 25 Belgrad/[IMahmut B. 26
DemirkSy/Bezirgan (128), 27 Antalya/Asar (614), 28 Egirdir/Yukarigokdere 29 Demirkdy/Sivriler (10),
30 Demirkoy/Istihkam (36), 31 Demirkoy/Karacadag (139), 32 Demirkdy/Sarapnel-Manastir tepe 33
Devrek/Bulanikdere (81), 34 Dokurcun I (41), 35 Dokurcun II 36 Bolu/Saricam, 37 Devrek/Bulanikdere,
38 Vezirkoprii/TasSren (282), 39 Havza 40 Amasya/Destek 41 Tokat/Yaylacik I 42 Tokat/Yaylacik II 43
Divrigi/Delidag 44 Dortyol/Ufacik I, 45 Dortyol/Ufacik I, 46 Egirdir/Kasnak, 47 Kepsut I/Catalarmut
(15), 48 Kepsut [I/Kansiz kdyii, 49 M.Kemal Pasa/Giirgendagi I (10), 50 M.Kemal Pasa/Giirgendagi 11,
51 Demirk&y/Isthkam (Numbers in parentheses indicate the forest district number)

Materials and Methods level, almost all sites were located on steep
Study area and oak species in Turkey slopes.

The investigations were carried out
during 1999 (Sept.-Nov.), 2000 (Aug.-Sept.) Oak trees cover 22.7 % (6.5 mil. ha)
and 2001 (Apr.-May) at 51 oak stands at of the total forest area in Turkey (Mayer and
various parts of Turkey (Fig. 1). Most of the Aksoy 1986). Among the eighteen oak species
oak forests where studies were carried out, native to Turkey the following species were
were located in productive forest. However, examined; Q. pefraea  subsp.  petraea,
some stands such as the sites 12, 13, 19, 23, Q. petraea subsp. iberica, (. robur subsp.
24, 25, 28, 36 and 46 were located in nature robur, Q. frainetto, Q. pubescens, Q. cerris
protection areas and are therefore not subject var. cerris, () cerris var. austriaca, Q.
to silvicultural practices. Stands 4, 9 and 10 hartwissiana, Q. vulcanica, Q. ithaburensis
were coppice forests. While tree age varied subsp. macrolepis, Q. macranthera subsp.
from 40 to 300 years, the majority of trees Sypirensis.
were about 80 years old, The sites were located
in four different climate zones; the Sampling  procedures and isolation of
Mediterranean and submediterranean winter Phytophthora species
rain area, the warm humid zone and the The investigation sites were chosen to
mountain climate zone. The altitude ranged be representative of the local forest community
from 85 to 2030 m. as.. and the annual and the various site conditions. Between 2 and
rainfall differed between 400 mm and 1200 16 trees (mean for all sites 5.7 trees) were
mm. Except for site 15 which was on a site selected and observed in each stand. Trees
with periodic flooding and a high ground water were selected to be representative at each site

and had a scattered distribution within each
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stand. Intensity of sampling wvaried between
stands and some sites were two or three times
more intensively investigated (sites 1, 11, 15,
17, 25 and 33) than others. ldeally, half of the
sample trees belonged to healthy trees (group
1) and the other half of the trees showed
symptoms of dieback (groups 2, 3 and 4).
However, some stands were totally healthy and
none of the trees showed any symptoms of
dieback. In other areas only trees displaying
dieback symptoms occurred. Soil and root
samples were taken around the stem base of
201 oak trees. Soil samples were used for
attempts to recover Phytophthora species. Four
soil samples, 50 to 150 cm apart from the trunk
and regularly spaced in four directions around
the base of each tree were collected. After
removing the organic matter one litre
rthizosphere soil including fine roots were
taken from each plot and put in a plastic bag.
After careful mixture of the four soil samples
from each tree, 300 m! of the soil mixture was
flooded with deionized water in a plastic box.
Baiting was performed at a temperature of
20°C with 2 or 3 days old leaflets collected
from young Q. robur, Q.petraea and
Q. hartwissiana plants. After 3 — 10 days
incubation leaflets with brown discoloration
were examined under a light microscope for
the presence of sporangia of Phytophthora. If
sporangia were observed leaflets were washed
under tap water, cut in 1-3 mm pieces and
placed on selective agar. Cultures of
Phytophthora spp. growing out on selective
media were transferred to V8 juice agar (100
ml/l vegetable juice from tomatoes, carrots,
celery and beetroot [Biota AG, Trigerwilen,
Switzerland], 3 g/l. CaCO; and 20 g/l agar) in
order to get pure isolates. The selective
medium was prepared by amending V$ juice
agar media with 10 mg/l pimaricin, 200 mg/I
ampicillin, 10 mg/| rifampicin, 25 mg/l PCNB,
50 mg/} nystatin and 50 mg/l hymexazol (Jung
et al. 1996).

In case of negative isolation the
method of Jeffers and Aldwinckle (1987)
proved to be very useful. Soil subsamples with
negative isolation results on baited leaves,
were tested for a second time after air drying in
the laboratory. All soils with negative isolation
were re-examined within a period of six
months. For soil samples infested with
Pythium unduiatum this method was repeated
two or three times.

Crown status of declining trees was
assessed according to Pollanschitz eof al
(1985) as follows; Group 1, no symptoms of
decline, crown transparency less than 10-15 %;
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Group 2, weak tree, dieback of some tips of
branches and twigs or decline in a small part
of the crown, crown transparency 15 — 35 %;
Group 3, apparent transparency in all parts of
the crown, dieback of twigs and branches,
yellowing and wilting of leaves, epicormic
shoots often present, crown transparency 35 -
55 %; Group 4, highly damaged oak,
considerable transparency of crown, many
dead twigs and branches, yellowing of all of
the leaves and many epicormic shoots
detectable, crown transparency > 55 %.

Identification of Phytophthora spp.

Colony morphology and growth rate
of representative Phytophthora isolates were
studied on various artificial media. Plastic
Petri-dishes (diameter 9 cm) containing PDA
CMA, MEA, and V8 juice agar were
inoculated with 5 mm discs cut from the
margin of a growing culture and incubated for
7 days at 20 °C in the dark. On PDA and
CMA, colony morphology and growth rate
were generally recorded after 14 days. Slow
growing cultures on various media were also
inspected after 14 days. For determination of
temperature-growth  relationships,  cultures
were incubated from 5°C to 35°C at 2.5°C
intervals on V8-juice agar in the dark. Growth
rate was noted 5 days after the onset of linear
growth. However, for the minimum and
maximum temperature measurement was made
after 10 days and for fast growing isolates after
3 days. Tests were repeated twice using three
replicate plates per isolate. To examine the
sporangia, a disc cut from the edge of a
growing culture was placed in a Petri dish and
flooded with non-sterile soil extract water
(Erwin and Ribeiro 1996). After 24 to 72 hours

incubation, 50 wmature sporangia were
randomly chosen to study sporangium
morphology and dimensions. For

measurements of cogonia, discs were cut from
the surface of one-month old cultures grown in
the dark. Of each isolate, 50 randomly chosen
oogonia were measured wusing a light
microscope at a magnification of 400x.
Cultural and morphological characteristics
were compared with authentic isolates kindly
provided by T. Jung (Bavarian State Inst. of

forestry (LWF) Munich, Germany) and
obtained ffom CBS (Utrecht, The

Netherlands). ITS sequencing of the isolates
and comparisons with sequences of known
Phytophthore spp. in Gene bank and other
databases were done by D. Cooke (SCRI,
Dundee, Scotland) in order to confirm the
identifications derived from the morphological
studies.



Statistical analysis

The relationship between the crown
status of sample trees and presence/absence of
Phytophthora species in the rhizosphere soil
was tested using logistic regression analyses.
Furthermore, contingency tables were used for
analyse the relative risk that oaks develop
severe above-ground symptoms by comparing
of the healthy (group 1) and the entire
declining (group 2, 3 and 4) trees. All
statistical analyses were made using the
programme package SPSS for Windows 8.0.

Results
Symptoms of decline observed in the Turkish
oak forests

Compared to other sites in Turkey,
trees from oak sites in Thrace showed dieback
symptoms more frequently. In addition, higher
levels of tree mortality and dieback were
observed at the two upland forest stands in
Tokat (41, 42), located in eastern Anatolia. On
most sites dieback symptoms occurred on
single trees, scattered within the stands or in
small patches. An association of decline with
valleys or high incidence of decline throughout
large areas was not noted. A positive or
negative rate of crown status was noted
between the years at the sites which were

observed for three years. However, on many
stands there was no change in crown status
over the same period. Strip and bleeding
cankers were rarcly seen on inspected trees.
Tarry exudations and tears on the bark were
also seldom observed. Epicormic shoots were
occasionally detected on branches or the trunk.
Trees with decline symptoms in natural,
undisturbed ecosystems showed dieback of
some branches and parts of crown which were
frequently covered with lichens or mosses that
might indicate a slow decline process.

Isolation of Phytophthora spp. .

At least eight Phytophthora species
were isolated from soil samples around 117 out
of 291 trees in 38 of the 51 sites (Table 1). The
assemblage of species included P. quercina,
P. citricola, P. cinnamomi, P. gonapodyides,
P. cryptogea, P. cambivora, Phytophthora sp.
1 and Phytophthora sp. 2.

Three ecotypes of P. citricola were
recognised. While type C occurred in the
Asian part, the two other types (A and B) were
found in the European part of Turkey. All
types have morphologically similar oogonia
which  differ, however, in size. The
semipapillate sporangia were variable in shape

Table 1. Phytophthora and Pythium species which were isolated from soil samples at various oak

stands in Turkey.

Phytophthora % No.
species positive  of
stands trees

Site number

Quercus species

P. quercina 57.0 89

46, 47, 50
P. citricola A 3.9 2 1, 51
P. citricola B 1.9 2 12
P. citricola C 1.9 4 38
P. cinnamomi 1.9 4 25
P. gonapodyides 1.9 1 16
P. cryptogea 39 10 38
P. cambivora 1.9 - 47
Phytophthora sp.1 39 9 11,22
Phytophthora sp. 2 1.9 2 12
Phytophthora 7.8 8 2,8,23,45
‘unknown’!
Pythium undulatum 17.6 15
negative 25.5 174

1,3,4,5,7,11,14,15,17, 18,
21,21, 24, 28, 29, 30, 31, 32,
33, 35,39, 40, 41, 42, 44, 45,

2,6,11,15,23,41, 46, 48,49

6,9,10, 13, 19, 26, 27, 34, 36,
37,43,48,49

Q. petraea, Q. vulcanica, Q.
cerris, Q .robur, Q.
hartwissiana, Q. frainetto

Q. petraea

Q. frainetto

Q. cerris

Q. petraea, Q. robur

Q. petraea

Q. cerris, Q. petraea
Fagus orientalis

Q. petraea

Q. petraea

Q. petraea, Q. pubescens,

Q. petraea, Q. cerris,

Q. frainetto, Q. vulcanica,
Q. robur

Q. ithaburensis subsp.
macroleis, Q. macranthera
subsp. sypirensis

" Phytophthora ‘unknown’ indicates that sporangia of Phytophthora were observed on leaflet baits but
could not be obtained in pure culture. Negative= no Phytophthora spp. isolated from baits.



which was in general characteristic for
P. citricola isolates. However, the cultures
from Belgrade forest (site 12) showed the
greatest variation in shape of sporangia,
whereas the other isolates mainly had ovoid-
elongated and ellipsoid sporangia. Other
differences refer to the growth rate and colony
morphology. The type A of P. citricola
showed an optimum temperature at 27.5°C
with a growth rate of 8.0 mm/day and had the
maximum temperature for growth at 30°C with
a radial growth rate of 7.5 mm/day. The type B
isolates showed an optimum growth at 25°C
and had a higher optimum growth rate (9.43
mm/day) compared to the type A cultures. The
maximum temperature for growth was similar
with type A, but a markedly lower radial
growth rate was recorded (2.65 mm/day). The
two types could be easily distinguished from
each other by their colony morphologies on
potato-dextrose agar (PDA). While type A
isolates produced a stellate colony, type B
showed a floral colony morphology which
varied on V8 juice agar. The two types were
clearly divided into two separate groups by
their ITS sequences.

Type C isolates showed similar
growth-temperature relationships compared to
type A with a lower growth rate (5.93 mm/day)
at the maximum temperature for growth
(30°C).  Slightly floral unique colony
morphologies were observed on PDA medium,
whereas a radiate colony type with a distinct
ring was occasionally produced on V8A media
after 7 days incubation. This colony
morphology on V8 juice agar was rarely
observed of type B isolates as well
Sporangium formation on solid media (MEA
and V8A) is another distinct feature that
differentiates type C from the other P. citricola
strains from Turkey.

Based on the unique combination of
vegetative, gametangial and physiological
characters the Phyrophthora sp. 1 is considered
as a new species (Balci er al in prep.).
However, it shares identical ITS DNA
sequences with P. citricola (D.L. Cooke, pers.
comm.). This species was recovered from
Q. petraea at two different sites in Thrace
(stand 11) and in Yenice (stand 22) (Fig. 1).
Phytophthora sp. 2 showed a close affinity to
P. citricola as well but is distinguished from it
by its colony morphology and
growth—-temperature relationships. The
sporangia of Phytophthora sp. 2 are markedly
ovoid-ellipsoid and occasionally possess a
short stalk (caducous), a character which is not

common for P. citricola isolates (Erwin and
Ribeiro 1996).

P. cambivora (mating type AZ) was
recovered only once from soil samples and
from up to seven meters high strip-lesions of a
beech tree (Fagus orientalis) in Kepsut (stand
47). Interestingly, P. cambivora could not be
recovered from oak trees in the same forest.
Although P. cinnamomi (mating type A2) was
isolated from Belgrade forest in Istanbul, an
association of this species with decline of oak
in this forest which consisted of Q. petraea and
Q. robur trees (>100 years) was not apparent.
It is possible that P. cinnamomi was introduced
to this site from a big nursery close to the
forest. Other attempts to recover P. cinngmomi
in this area did not result in positive isolation.
Furthermore, associated tree species Carpinus
betulus and Fagus orientalis. as well as
understorey plants, which could be considered
as indicators of the presence of P. cinnamomi
did not show any symptoms of decline.
P. cryptogea was recovered twice from
Q. cerris and Q. petraea trees at moist-wet
sites with clayey soil substrates in Vezirkdprii
(stand 38) and in Muncurlu (stand 15).

P. quercina was generally the most
common species and was recovered from soil
samples of 29 out of 51 sites (Table 1). It
occurred in every main forest ecological zone
and in each of the four climate zones
considered in the survey. Notwithstanding that
all stands in Anatolia were located on steep
slopes and are generally characterised by long
dry periods during the growing season,
P. quercina occurred frequently. This is
exemplified by the sites in Tokat (42, 43)
which have an annual rainfall less than 400
mm per year and shallow sandy soil layers.
These sites were among those with the highest
isolation frequencies of P. quercina. Because
of its slow growth, P. quercina was not easily
recovered at the first isolation attempts. All
soil samples with negative isolation resuits
were again tested a second or third time afer
storing them in dry conditions in the
laboratory. These repeated isolation attempts
often resulted in positive isolation of
P. quercina at sites where first isolations were
not successful. All isolated P. quercina
cultures showed the characteristic
morphological and cultural features as
indicated in the description of the species by
Jung et al. (1999a). However the optimum
temperature of 22.5°C was lower than that of
isolates from central Europe. With an average
of 4.66 mm/day (range 4.47 to 5.61 mm/day)
the growth rate of Turkish isolates at the



optimum temperature was faster than that of
the ex-holotype isolate (optimum 25 °C,
growth rate 3.7 mm/day).

The field collections to isolate
Phytophthora resulted in the lowest isolation
rate in late summer 2000 (data not shown),
when all soil samples were dry after an
unusually long hot and dry season. From these
soil samples P. quercina and the new species,
Phytophthora sp. 1, were commonly recovered
after repeated flooding, although the soil had
been dry at the time of collection. During the
other two years of field collections soil
samples were often moist or even wet and thus
many Pythium species occurred constantly in
the course of the isolation routines. Among
them, Py. undulatum and Py. annandrum were
the most frequently isolated species.

On infested sites, there was a
significant relationship between the crown
status and the occurrence of Phytophthora
species in the rhizosphere (logistic regression:
odds ratio = 0.594, P= 0.005). Oaks with
Phytophthora in their rhizosphere were 1.6
times more likely to exhibit decline symptoms
than oaks without Phytophthora (relative risk=
1.620, 95% CI: 1.184 - 2.216). As shown in
Fig. 2, Phytophthora spp. were less frequently
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isolated from healthy trees (group 1, 19 out of
88 trees) than from trees with crown status 2
(44 out of 100 trees). Phytophthoras were most
common on trees with deteriorated crown
transparency (groups 3 and 4; 54 out of 103
trees).

Discussion

The present study confirms that a
diverse ‘assemblage of Phytophthora species
occurs in the rhizosphere of oak ecosystems in
Turkey. A similar spectrum of Phytophthoras
was encountered in oak ecosystems in various
part of Europe (Jung 1998, Delatour et al.,
these proceedings). The suspected new species,
Phytophthora sp. 1 and Phytophthora sp. 2, as
well as P. citricola type C were only detected
in Turkey, but not in the European studies. In
contrast, we did not recover P.syringae,
P. cactorum, P. megasperma or P. europaea,
which were common in European oak forests.
The differences in the assemblages of
Phytophthora spp. encountered in Turkey and
in the European studies are probably due to
differences in site (topography), climatic and
biogeographic factors between Turkey and
Europe. It was somewhat surprising that
P. cinnamomi was only detected at one site in
Turkey (site 25, Belgrade forest). P.
cinnamomi was reported to be involved in the
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Fig. 2. Occurrence of Phytophthora spp. related to crown status.
Group 1: crown transparency < 15 %, group 2: crown transparency = 15 - 35 %, group 3 and 4: crown

transparency > 35 %.
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decline of O suber and Q. ilex in Spain and
Portugal (Brasier et al 1993) and we thus
expected to encounter it more frequently,
especially in parts of Tuwkey with a
Mediterranean climate. The isolation results
clearly show that P. cinnamomi does not
appear to play a role in the decline of oak in
Turkey.

It is noteworthy that P. eitricola {type
C), a species which is easily recognisable, was
only once recovered in the Asian part of
Turkey {site 38), while the other forms of
P. citricola (types A and B) were only detected
in the European part of the country. Types A
and B of P. citricola were also recovered in
oak forests in Austria (Balci ef al. in prep.).
Based on isozyme analyses, Oudemans et al.
(1994) showed that P. citricola can be divided
into five groups and some of these groups
show host specificity. Isolates of P. citricola
from Turkey could be divided at least into
three types which support the view that this
widespread species is  separated into
genetically and morphologically distinct types
which form a species or subspecies complex.
We  therefore  conclude that  further
investigations are needed to clarify the
taxonomy of P. citricola. P. cambivora was
commonly encountered in oak forests in
Germany (Jung ef al. 1996, 2000). In our study
P. cambivora was only once recovered from F.
orientalis in a mixed beech-oak forest (site 47,
Kepsut), but not from oak trees in the same
forest or from any other oak sites in Turkey
(Table 1). This is consistent with results of
Hansen and Delatour (1999) who did not
isolate P. cambivora in oak forests in north-
eastern France. However, in Italy Vettraino es
al. {(2000) encountered P. cambivora very
frequently from chestnut but only once from an
oak tree. Likewise, we rarely detected
P. cambivora in a survey of Phytophthoras
occurring in oak forests in  Austria,
notwithstanding similar sampling and isolation
procedures were applied in the studies in
Turkey and Austria (Balci et al. in prep.).
P. cambivora is mainly known from chestnut
and beech trees in Europe (Erwin and Ribeir
1996) and probably shows host specificity or is
only locally distributed. P. gonapodyides was
only once isolated from a wet site with puddles
which confirms that this species is common on
sites with higher water level or in streams and
where water accumulates in forest after heavy
rain (Hansen and Delatour 1999).

P. gquercina was the most common
species both in the Asian part of Turkey and in
Thrace. It was also the most frequently isolated
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Phytophthora species in the European studies
(Jung et al. 2000, Delatour this volume). Three
new hosts (Q. vulcanica, Q. hartwissiana and
0. frainetto) of P. quercina were detected in
the course of our studies in Turkey. Its
common occurrence even on the endemic
species Q. vuleanica which shows a local
distribution in a mountain climate zone at 1600
m asl is particularly noteworthy. The
widespread occurrence of P. guercina in oak
ecosystems in Turkey and even on oak species
with locally restricted distribution range
clearly confirms a strong association of
P. quercina with oak and suggests that this
species is naturally distributed in oak forests of
Europe and parts of Asia. It seems extremely
unlikely that P. quercina was introduced into
oak ecosystems in Turkey, because planting of
oak seedlings is not a common silvicultural
practice in Turkey. Furthermore, the high
frequency of P.quercina in natural oak
ecosystems that have not been influenced by
human activities as well as in unmanaged sites
support the view that P. quercina is a native
pathogen of oak. In addition, P. quercina
proved to be host-specific to the genus
Quercus in pathogenicity tests (Jung et al.,
1999%5).

P. quercina  showed  considerable
adaptations to site conditions, since it was
detected on steep upland areas with dry
climate, on wet sites as well as in different
forest ecological zones with very variable soil
conditions (data not shown). In contrast, other
species were detected only on moist or wet
sites. Furthermore, the repeated isolation
attempts one or two years after sampling and
initial isolation from soil samples that had been
dried for some weeks yielded only positive
isolation of P. quercina and Phytophthora sp.
1. This indicates that this species might be well
adapted to dry conditions and could survive for
a long time in the soil at unfavourable
environmental circumstances. The isolation
rate of Phytophthora species, especially of
P. quercina, was high during late dry summer
and autumn. This indicates that Phytophthoras
were probably more competitive during this
dry season because of less activity of microbial
antagonists such as bacteria and reduced
activity of other organisms {Malajcuk 1983,
Shearer and Tippett 1989). This became
apparent when soil samples taken from wet
sites or from soil profiles with a high portion
of organic material were air dried several times
in order to obtain pure cultures of
Phytophthora spp. Due to the high activity of
other organisms, initial isolation attempts of



Phytophthoras were often unsuccessful from
soil samples of such sites.

The decline of oak in Turkey could be
characterised as a progressive dieback. The
high isolation frequency of Phytophthoras,
especially P. quercina from ftrees with
progressing symptoms of dieback suggests that
Phytophthoras could possibly be involved in
oak decline in Turkey. Jung o ol (2000)
proposed that a Phytophthora-mediated oak
decline occurs in central Europe at stands that
are characterised by specific site factors {(pH
and soil type) which favour the development of
the disease. The host-pathogen interactions are
probably influenced by many predisposing and
triggering factors, as previously discussed in
the diverse literature on oak decline in Europe
{e. g Delatour 1983; Oleksyn and Przybly
1987; Hartmann et al. 1989; Brasier 1993;
Luisi et al. 1993; Dreyer and Aussenac 1996;
Yung ef al. 2000). Phytophthoras could be a
selective evolutionary factor in natural
ecosystems (Delatour ef al. these proceedings)
or under some circumstances be the main
cause of oak decline, interacting with many
other factors, as reported from Spain and
Portugal (Brasier e al. 1993). Nevertheless,
Phytophthoras could express their pathogenic
potential more effectively in combination with
other physical factors {e.g. lasting drought,
flooding) (Shearer and Tippett 1989; Hansen
and Sutton 1999; Delatour et al these
proceedings). This was recently shown in a
drought stress experiment in which damage of
roots caused by Phytophthora spp. was
significantly more severe on seedlings affected
by drought (Jung et al. this volume). At the
sites in Tokat which showed the most severe
symptoms of dieback and the highest isolation
rates of P. quercina drought might have
predisposed trees to infection by Phytophthora
and might have contributed to prolonge
disease succession. These sites were the driest
among those included in the survey.
Notwithstanding, at the sites in Dbrtyol (sites
44, 45) a possible influence of silvicultural
treatment on soil biology and stand
susceptibility is suspected. While P. guercina
was recovered from half of the oak trees at site
44 (untended stand) it was isolated from all
trees at the other stand (site 45) which was
thinned three years ago.

As already reported by Hansen and
Delatour (1999) and Jung et al. (2000)
P. quercina was isolated from the soil of oak
stands that usually do not favour the
development of Phytophthoras. Jung et al.
(2000) emphasise that P. quercina is the least

75

demanding species among the Phytophthoras
on oak with regard to site conditions. Our
isolation results indicate that Phytophthora
sp.1 is another species which occurs in natural
oak ecosystems and is adapted to thrive well in
a wide range of sites, including dry sites which
are usually not appropriate for most
Phytophthora  species. Therefore, natural
ecosystems and undisturbed forest areas should
be examined for the presence of
Phytophthoras, even if symptoms of disease on
trees or on the understorey vegetation are not
apparent. Such studies could greatly improve

our understanding of the behaviour of
Phytophthoras  in  natural  ecosystems.
Phytophthoras in natural and undisturbed

ecosystems could be considered as a biotic
factor contributing to negative selection of
genotypes displaying high susceptibility to the
pathogen. Other than viewed as serious
pathogens, Phytophthora species may have
contributed to genetic diversity in natural
forest ecosystems (Hansen 1999). As the
influence of human activities increases, forests
may become more susceptible to infection by
Phytophthora spp. and decline of trees may
become apparent. The P. quercina — oak
pathogen — host system may be a model to
study and compare the interactions between
Phytophthoras and their host trees in natural
and managed and other human-influenced
forests.
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Abstract  An approach to the study of decline processes in oak was developed, integrating long-term
ecological dynamics and short-term ecophysiological processes. Extensive forest surveys showed that
many Phytophthora species, P. quercina (41% of 58 positive sites); P. citricola (38%); P. cinnamomi
(17%); P gonapodyides (16%); P. cambivora (16%); P .europea (14%); P. megasperma (10%), P.
cactorum (1%); P. psychrophylla (2%); and P cryptogea (2%) were detected in the soil of European
oak forests. Phytophthora spp. were not detected at half the sites. These sites were usually located on
the most acid soils where, nevertheless, decline could be severe. In soil infestation experiments on 2
year-old oak seedlings, root reduction by P. cinnamomi and P. cambivora was up to approximately 50-
60% within 3-4 months; compared with P. guercina (up to 50%). Damage by other species was
generally lower, but occasionally high. Dramatic impairment in water relations of seedlings only
occurred when roots were very severely reduced. In central Europe where decline is more prevalent, P.
quercina could be involved in some atypical symptoms observed. In oak forest, Phytophthoras may act
as an important selective pressure parameter. Specific conditions are required for a significant disease
impact.

Introduction
Oak forest in Europe

Europe extends from the Arctic to the
Mediterranecan Sea, and from the Atlantic
Ocean to the Urals. High mountains such as
the Alps and the Carpathians are also present.
Thus the European continent has a variety of
climatic conditions and consequently a variety
of forest types. From the north to the south,
three principal forest ecosystems can be
identified. In the northern regions, the boreal

forest consisting primarily of conifers, covers a
wide area in Scandinavia and Russia. In the
middle regions there are large forests of
deciduous trees where oaks (Quercus robur
and Q. petraea) and beech (Fagus silvatica)
are prevalent. At the southern limits of Europe
there is the Mediterranean forest where holm
oak (Q. hex) and cork oak (Q. suber) are
prevalent. Broadleaved trees account for about
50 % with the exception of the boreal area
(less than 10%). In addition to the four oak



species mentioned above (Fig. 1), there are
about 10 other oak species, including Q.
pubescens (west, central and south), Q. cerris
(Utaly and Balkans), . frainetto (Iberian, south
Italy, Balkans). Another important Fagaceae
species is sweet chestnut (Casfanea sativa)
which grows in the Mediterraneans and west
France.

Management of oak forest

Like other European forests, oak
forest are regularly managed by foresters, and
have been for a long time. This is especially so
for the pedunculate and sessile oaks which
produce very high quality timbers at 150-200
years old {1 cubic meter = 600 EURO = 500 §;
100,000 $ per hectare). Other oak species are
less intensively managed but they are very
important for the landscape and environment.
Cork oak is specifically cultivated for cork
production. :

Oatk diseases

Not considering insect defoliations
which in some years can be very damaging,
oaks my suffer greatly from oak mildew. The
fungus (Microsphaera alphitoides) invaded
Europe at the beginning of the 20 century.
Root rot fungi may also impair oaks in specific
situations as it is for Collybia fusipes whereas
in comparison Armillarias do not seem to be
important. A number of stem rots can also
decrease the wood value (Fistulina hepatica,
Laetiporus  sulfurens, etc). In the
Mediterranean, oaks may suffer much from
Biscognauxia mediterranea.

Oatk decline

Decline of mature oaks was described
a long time ago in Europe {Delatour 1983 ;
Fig. 2). It occurred repeatedly during different
periods, and in different forests. It was a big
concern to foresters in regions where many
oaks in a forest declined and died within a few
years. Another situation is when oaks exhibit
chronic symptoms of decline with a few trees
dying. The latter situation is presently quite
frequent in Europe in mature oak forest, at
least in some places, as it can be seen through
the European monitoring program started in
1986 (Eichhorn and Pan 2000).

‘Oak decline’ is often a disputed
concept. Indeed, many very different
detrimental factors are usually present in the
declining forests. The symptoms of decline are
not helpful in identifying the cause because
they are very general and non-specific. They
basically consist of progressive dieback of
twigs and branches. Associated or additional
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symptoms can also be present and include
occurrence of epicormic shoots, leaf clusters,
reduced size and possible yellowing of leaves.

In the eighties a severe oak decline
that occurred on mature trees in the high forest
of Troncais {center of France) was analyzed.
Pedunculate oak died back, but not sessile oak,
even when they occurred in a mixed stand.
Decline and mortality developed most severely
on the poorest and acidic soils, and on
waterlogged soils. In 1980, dendro-
chronological analyses showed that the severe
drought that occurred in 1976 had reduced
much of the radial growth of both oak species.
Several situations were differentiated for radial
growth in the trees still present. Sessile oak
recovered in growth earlier than pedunculate
oak. Other pedunculates did not recover in
growth, some having very poor but even
increments, and some with increasingly poor
increments. Pedunculates with all these types
of reduced growth also displayed crown
symptoms. while any sessile oaks present
showed slight symptoms. Pathologists showed
that on non-waterlogged soils, oaks for which
growth did not recover suffered from severe
root tot by Collybia fusipes. Overall Levy ef
al. (1994s in Trongais, was induced by a
drought with the help of Collybia in some
places. This was the result of it being planted
on unsuitable sites and maintained artificially
by humans for more than 100 years (Becker
and Levy 1982). The ‘Trongais scenario’ was
considered quite general and valid for many
forests, at least in France where pedunculate

oaks are frequently grown beyond their
ecological range. It also illustrated that

different factors could participate in decline of
ozks. Since this time the ecological and
ecophysiological status of oaks, and Collybia
fusipes, has been studied more intensively in
France.

Phytophthoras — background.

The only damaging Phyrophthora
disease that has been present in European
forests for a long time is the ink disease caused
by Phytophthora cinnamomi or P. cambivora
(Grente 1961). It has killed many chestnut
trees since its introduction in  the
Mediterranean. A similar disease on red oak
(Quercus rubra) also caused by P. cinnamomi
was described in south west France (Barriety ef
&l 1951). It causes a very damaging stem bark
canker that grows upwards to several meters
height. No decline or death of trees is
associated with this disease. Other oak species
can be also infected. There has been a
considerable amount of research on P.



Pedunculate oak Sessile oak
(Quercus robur) (Quercus petraea)
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Holm oak Cork oak Sweet chestnut
(Quercus ilex) (Quercus suber) (Castanea sativa)

Fig. 1. Distribution of four oak species and of chestnut in Europe (from to Becker et al. 1982)
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Fig. 2. Occurrence of decline of Pedunculate and Sessile oaks throughout Europe until the 1960’s (from
Delatour 1983).

cinnamomi in France in the last decade (Robin Phytophthora cinnamomi in Iberia:
etal. 2001). Cork oak decline has been known in Portugal
for many years. However, an unusual intensive

Two more recent events have further decline and mortality occurred between 1980-
stimulated European research on the relation 90 in Portugal and Spain, in association with a
between Phytophthoras and decline of oaks. series of unusually dry years. Brasier (1992)

showed that P. cinnamomi was associated with
that decline. A European research project

80



(‘Phyode’) studied this question between 1995
and 1997.

Phytophthoras in central Europe: In
Germany, Blaschke (1994) hypothesized the
involvement of Phytophthora spp. in oak root
damage, based on histopathological evidence.
Subsequent work (Jung et al. 1996) showed
that a number of Phytophthoras, including the
new species P. quercina (Jung et al. 1999)
present in the soil of oak forest was associated

~ with decline of mature trees. A FEuropean
research project (‘Pathoak’) was launched in
1998. It was aimed at increasing understanding
of the role of Phytophthoras in oak decline in
France, south UK, Germany and Italy. The
main results obtained are presented here and
elsewhere in these proceedings.

Are Phytophthoras present in the soil of oak
forests?

Numerous sites were investigated
throughout Europe (i) 27 sites before 1996
(Jung et al. 1996); (ii) 107 sites between 1998
and 2001 (‘Pathoak’). Detection of
Phytophthoras was attempted by baiting soil
samples flooded with water with tender young
leaves of pedunculate oak. Phytophthoras were
detected in the soil at about half the sites
investigated (Table 1). Eleven species were
detected (including 3 new species P. europea,
P. psychrophila and P. uliginosa [Jung et al.
2001]), and some isolates were ‘unidentified’.
P. citricola and P. gquercina were the most
frequent species (Table 2). Several species of
Phytophthora were detected at individual sites,
or below individual trees, in some cases
abundantly (Hansen and Delatour 1999). When
sampled repeatedly, some sites were positive
or negative, or resulted in different species of
Phytophthora on different occasions. This

suggested fluctuation in the Phytophthora
species over time.

Phytophthoras were detected across a
wide range of ecological situations. However,
in the most acidic soils, Phytophthoras were
absent or infrequent (Fig. 3) and below a pH
(H,0) value of about 4 no Phytophthora was
isolated. As a rule, Phytophthoras were
widespread across a large geographical area
and no clear limits can be stated at present.
The only exception is P. cinnamomi which is
typically located in the south and west of
Europe (Fig. 4). It is worth to noting that no
stem bark symptoms were observed in the
forests investigated except where there was an
association with P. cinnamomi, or occasionally
P. citricola.

Pathogenicity of Phytophthoras

Damage to fine roots was assessed in
several soil infestation experiments performed
in different laboratories. Quercus robur
seedlings (2 years old) were common to all the
experiments; substrate was basically a peat-
sand mixture. Inoculum was added to the
substrate as millet seeds infected in the
laboratory. One to 6 floodings were applied
depending on the experiments which lasted 3
or 4 months. Assessment of root damage was
done visually or by measuring different root
parameters (dry weight, number and length of
roots, number of tips, and combination of that
parameters ; as detailed in Jung et al. [2000a,

b]).

No plants died and the seedlings
generally grew quite well whatever the
situation of the roots. As compared to the
controls, roots were usually reduced in the
seedlings in the presence of the Phytophthora
species tested. Results were quite variable

Table 1. Frequency of oak forest sites with Phytophthora present in the soil.

Reference Number of sites Positive sites (%)
Country _ total Phytophthora
present
Jung et al. 1996
Germany 18 17 94
Switzerland 1 1 -
Slovenia 1 1 -
Hungary 3 3 -
Italy 4 4 -
Pathoak 2001
France 60 30 50
Great Britain 17 19 53
Italy 30 19 63
Total 134 84 63




Table 2. Phytophthora species detected in the soil of oak forests

Country (No. of positive sites)

Phytophthora Germany Switzerland Slovenia Hungary Italy France Britain Italy  Total
species an o (€0 S ) SN ) € 10 M ) M 0 ) B 1)
citricola 13 1 2 1 11 3 13 41(49)
quercina 5 1 3 13 5 6 33(39)
gonapodyides 3 6 4 2 15(18)
cambivora 1 3 2 4 10(12)
cinnamomi 5] 5 10(12)
europaea 1 8 9(11)
cactorum ) 1 4 8(10)
syringae 6 2 8(10)
megasperma 1 6(7)
psychrophila 1 1 2(2)
cryptogea 1 1(1)
*Jung et al. 1996, "Pathoak 2001.
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Fig. 3. Distribution of forest sites with or without Phytopthoras according to the soil pH (number of

sites in parenthesis)

between the experiments but the Phytophthora
species were widely different in pathogenicity
as summarized in Fig. 5 for Quercus robur. As
expected, P. cambivora and P. cinnamomi
induced the highest root reduction. Similar root
reductions were also produced by P. quercina
and P. citricola. The other Phylophthora
species were less or only occasionally
damaging. In addition to the fine root
reduction, bark lesions were observed on
thicker roots and taproots associated with P.
cinnamomi and, occasionally with P. quercina.

Other experiments using stem bark
inoculation of seedlings or excised logs,
showed that P. cambivora and P. cinnamomi
were the most aggressive species to bark, P.
citricola was moderately aggressive, and P.
quercina not aggressive to bark (Brasier and
Kirk 2001; Pathoak 2001).

No major difference in susceptibility
was detected between the oak species tested,
including Quercus rubra, with the exception of

Q. ilex which was the most susceptible to the
aggressive Phytophthoras. This result agrees
with the earlier observations that Q. ilex is
more susceptible to P. cinnamomi than Q.
suber (Tuset et al. 1996 ; Robin et al. 1998).
However, it is important to note that the
susceptibility of oaks to P. cinnamomi was
much lower than that of Castanea sativa
(Robin ez al. 1998).

Are Phytophthoras associated with crown
symptoms and root damage of oaks in
forests?

Three types of relationships were
considered-
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P. cinnamomi P. cambivora
(% associated with Casrariea in

France)

ia France and Italy}

(% associated with Castanes

P. citricola P. quercina

P. gonapodyides

P. europaea

8P megasperma
OP. cactorum

Fig. 4. Distributions of Phytophthoras in oak forests in Europe. (Compiled from: Brasier 1992; Phyode
2™ report 1995; Jung et al. 1996 Robin etal. 1998; Levy 2000; Vettraino et al. 2000; Pathoak final

report 2001; Morel et al. 2001)
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Fig. 5. Root loss in Quercus robur seedlings in the presence of Phytophthoras in soil (% of the control;
mean values estimated from several experiments assessed in different ways. (Compiled by Pathoak
2001). CAM Phytophthora cambivora; CIN P. cinnamomi, QUE P. quercina; CIT P. citricola;
SYR P. syringae; GON P. gonapodyides EUR P. europaea

Health status of canopy was assessed
visually as the percentage of defoliation,
according to the European system (Anon.
1997). Trees rated below 25% defoliation
were rated as healthy, and those with more
than 25% defoliation as declining. Fine root
status was assesses on the roots present in soil
samples collected around each tree at a
distance of 40-150cm from the stem base, to a
depth of about 20cm. Only roots more than
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Smm in diameter were included. Fine roots
were quantified according to Jung et al.
(2000a,b)

Relation between health of canopy and
presence of Phytophthoras in soil
Considering all the Phytophthora
species together no general relationship was
found between their presence in the soil and
the health of the canopy. In Bavaria however



In Germany (Bavaria)
(Jung et al., 2000ab)
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In other countries
(Pathoak, 2001)

France : 433 oaks in 60
stands
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No relation was found
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Fig. 6. Distribution of healthy ( ®) and declining (v) oaks according to the presence of Phytophthoras
in the soil. In each pair of bars the left hand side is without the pathogen(s) and the right hand side in

the presence of the pathogen.
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Fig. 7. Fine root status in declining oaks in Bavaria, Germany, in stands infested or not infested with
Phytophthoras. (Compiled from Jung et al. 2000a b. Relative values as compared to healthy trees (16
stands with phytophthoras and 19 stands without; 47 healthy and 46 declining oaks, and 59 healthy and
65 declining oaks respectively; ‘root damage’ was assessed visually; ‘root reduction’ is the average
value of the 4 root parameters measured by the authors).

Phytophthoras were detected significantly
more often below declining oaks than

healthy oaks (Fig. 6a). In stands in Bavaria
where P quercina was present, a significant
relationship was found and there was a similar
trend in east France (Fig. 6b). Apart from this,
in France no relationship was found for P.
citricola (121 oaks in 11 stands), P. europaea
(106 oaks in 8 stands) and P. syringae (112
oaks in 6 stands).

Fine root status of declining oaks.

In stands where Phytophthoras were
present in Germany (Bavaria), fine root stratus
of declining oaks was consistently poorer than
that of healthy oaks (Jung et al. 2000a,b; Fig.
7). Results were similar in the stands
investigated in France and Italy, but with
erratic differences between declining and
healthy trees in some stands (Pathoak 2001).
In stands without Phytophthoras present in the
soil (only investigated in Germany), declining
and healthy oaks were not significantly
different for fine root status (Fig. 7).
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Fine root status of oaks with or without
Phytophthoras

In stands with Phytophthoras present,
fine root status was also poorer in oaks with
Phythophthoras than in those without, in
Germany (Jung et al. 2000ab) and in Italy
(Pathoak, 2001). In France, however, no
consistent differene was detected when
considering the situation of pedunculate oaks
with P. quercina, P. syringae or P. cinnamomi,
(Pathoak, 2001). In general it was clear that
presence of Phytophthoras in the soil of a
stand, or below individual trees, was often
associated with a reduced amount of roots.

How damaging is root reduction to oak
health?

This question was examined
experimentally on seedlings (3 years old) in
pots with P. cinnamomi added to the substrate.



Table 2. Effect of root infection by Phytaphthora cinnamomi on oak and chestnut saplings

Sweet Holm oak Peduncutate Hybrid
chestnut and red oak chestnut

Root loss 100 64 34-36 ~0

(% biomass)

Predawn leaf reduced not affected

water potential

Leaf nutrient Decreased not affected

content Nand P

Biomass Increased leaf not affected

partitioning mass ratio

Mortality Up to 100% None at 70% none none

root loss

Several, parameters were monitored for one
year after infection (Table 3). In addition to
oak species, sweet chestnut and hybrid
chestnut (Castanea crenata X C. sativa) were
included in the experiment as highly
susceptible and resistant species, respectively.

Results showed that pedunculate and
red oaks did not suffer significantly from root
infection, as compared to the highly
susceptible holm oak in which several plant

parameters were impaired, even if there were
no seedling deaths (Table 3).

Conclusion

The genera! concept of “Oak decline”
does not correspond to a unique phenomenon.
Indeed, in some stands decline consists of a
quick death of many trees within a few years.
In others, decline is chronic and develops over
many years or decades ; death of the defective

For a pathologist, it is important to be
aware that pathogens are only one of the
factors that may impair the oak ecosystem. An
example of a root pathogen involved in the
long lasting process of oak decline, in
interaction with site conditions, 1s with the root
rot fungus Collybia fusipes. In France, work of
Margais and colleagues showed that the
pathogen is widespread in oak ecosystems
where it may be responsible for the severe
reduction of root systems. It has been shown
that severity of infection and the subsequent
impact on tree health, including death, strongly
depends on the ecological site conditions, and
Collybia-cak-decline occurs mainly on O
robur (Marcais et al. 2000 ; Piou et al. 2001;
Camy and Margais 2001)

Another example of such an
interaction is with the littleleaf disease of
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trees is only occasional. In a number of such
cases of “oak decline”, caterpillar defoliation
or unusually severe droughts were clearly a
major cause. Especially in the case of drought,
decline severity was also strongly modulated
by other factors, such as soil conditions, and
was not consistent across oak species.

Not presented in the present paper,
recent results obtained by carbon balance
simulation showed that tree dynamics, then
death, are paralleled by decreases in stored and
remobilised carbon. Declining trees suffered a
large imbalance in carbon, and the hypothesis
put forward is that tree death occurs once
stored carbon decreases below the cost of new
early wood and leaf construction during spring.
In addition, the water use efficiency was lower
in O robur than in . petraea, showing their
different ecological behaviour (Pathoak 2001).

shortleaf pine {Pinus echinota) in the southern
United States (Hansen 2000). The disease
developed in a context of nutrient deficiency
on eroded soils with poor internal drainage
where stressed trees were unable to efficiently
replace rootlets killed by P. cinnamomi.

Reviewing the  evidence on
Phytophthoras on oaks in Europe- what is now
their status with regard to the oak decline
story? As several species of Phytophthora are
widespread in many oak forests in Europe,
whether declining trees are present or absent, it
is difficult to conclude that Phytophthora is a
general threat to all forests. However, the
situation of some particular species must be
examined more specifically.

The introduced species P. cinmamomi
and P. cambivora were detected in oak forests
and their pathogenicity to oak roots and bark



confirmed. Interestingly, P. cinnaniomi is
distributed only in the parts of Europe where
frost does not limit its development. There are
many arguments for its involvement for the
recent decline and death of the Mediterranean
oak species in the Iberian countries and some
parts of France. P. cambivora is present across
a large area. No evidence of decline of oaks
was obtained in association with P. cambivora
but this species is most often associated with
chestnut deaths in Italy (Vettraino ez al. 2000).

Among all the Phytophthoras, P.
citricola and P. quercina are the species most
frequently detected in a large part of Europe.
Both are pathogenic to fine roots of oaks, but
P. quercina is not pathogenic to stem bark.
There is evidence of an association in oak
forests between the presence of P. quercina, or
of Phytophthora in general, and a deterioration
of fine roots and the tree canopy. This type of
association, and the wide distribution of P.
quercina focuses attention on that species.
However evidence obtained from forest
conditions cannot be interpreted directly as
cause-effect relationships and many questions
remain.

The amount of root damage an oak
may suffer before showing a significant impact
on health is not known. Seedlings may bear
considerable root loss without major
disturbance of their development. Root loss in
mature oaks must be examined differently as
effects are cumulative over many years.
However we poorly understand the fine root
compartment in oak forests, together with its
associated soil microbes, Phytophthora and
other fungi including mycorrhizal species. It is
particularly important to understand how
parasites contribute to the fine root turnover
and to determine the level at which turnover
becomes detrimental for an oak in a given
environment. Information on the deep root
‘system of oaks is also lacking. In the case of
P. cinnamomi on Eucalyptus it was shown that
it was important to consider damage to the
vertical roots especially in relation to the tree’s
reaction to drought conditions (Shea et al
1983). P. cinnamomi and P. cambivora are
able to cause root bark damage. Thus those
species could be potentially more harmful to
trees than species such as P. guercina that are
able only to destroy fine roots. Finally we do
not know the relative importance of chronic
destruction of fine roots and increase of
turnover which concerns food management,
compared with destruction of part of the root
system concerned with transportation of
nutrients and water.
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For Phytophthoras to threaten the
health of oaks drastically, involvement of other
factors is probably required. Water relations
were investigated on oak seedlings inoculated
with P. cinnamomi. Despite root infection
resulting in effects resembling water stress,
limitations of water loss in leaves allowed
infected trees to survive root losses, even in
susceptible host species. In a forest however,
because of their reduced capacity to explore
the soil and extract water, infected adult trees
would be more vulnerable to drought. Such a
Phytophthora impact was probably illustrated
by the cork oak and holm oak decline and
mortality that occurred in Iberia in conjunction
with the severe droughts of the 80’s (Brasier
2000).

Climate change and anthropogenic
nitrogen in put are of concern (Jung et al.
2000a). When nitrogen input into forest soils
in Europe increases it is difficult to forecast the
balance between positive and negative effects,
and experiments suggest that the different
Phytophthora species could react differently.
Large differences can also exist between sites
and parts of Europe. Nitrogen emission varies
from more than 100 kg/ha in south Germany to
less than 40 kg/ha in most parts of France
(EMEP 1998). For climate change, forecasting
is similarly difficult. The only documented
effect is for P. cinnamomi. With rising
temperature there is the potential for
enlargement of its range to the north of Europe
(Brasier 1996).

Whether they are introduced or
endemic, Phytophthoras in the soil of oak
forests may bring a selective pressure on oak
ecosystems, especially in the reduction of the
amount of fine roots and contribute to a long
lasting process of health decline of oaks.
However it is difficult to draw a general
picture for Europe where oak forests are very
diverse in many respects: -the oak species
present, ecological situations, history of the
stands, silviculture etc. In many oak stands
trees are quite old, -more than 150 or 200
years, and derived from coppice with standard
stands transformed gradually in high forest,
and no oak forest can be considered as genuine
natural forest in Europe.

In the case of the Phytophthora
species involved in fine root reduction, but
harmless to main roots or stem bark, we can
conclude that they may contribute to the oak
decline process in certain circumstances.
Accordingly, foresters cannot consider that
oaks are resistant to everything. They will have



to grow and manage the different oak species
more cleverly than before taking in account the
respective ecological requirements and the
local site potentialities. That way, oak forests
in Europe will be in a better condition to
challenge the coming environmental change,
and many instances of decline of oaks may be
avoided.
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Abstract. P. quercina, P. citricola, P. cambivora and 3 other Phytophthora species in vitro produced
significantly higher numbers of sporangia with increasing nitrate concentrations in soil leachate with
nitrate concentrations of 2, 25, 50 and 100 ppm. The effects of different nitrate concentrations (0, 50
and 100 ppm) in the flooding water and drought stress on root damage of Quercus robur saplings by P.
cinnamomi, P. quercina, P. cambivora, P. citricola and P. syringae aff. were studied in two scparate
soil infestation tests. In both experiments non-inoculated control plants showed almost no root
damages, while P. cinnamomi and P. quercina were the most aggressive pathogens. Root condition of
oak was significantly more influenced by Phytophthora infection than by drought stress alone. All
Phytophthora species were able to survive and produce root damage under repeated drought stress.
Root damage caused by P. cinnamomi and P. quercina tended to be more severe when interacting
with drought. Increasing nitrate concentrations stimulated root growth of non-inoculated control
plants, and increased the difference in fine root length and number of root tips between non-inoculated
oak seedlings and those growing in Phytophthora-infested soil. The potential implications of these
results for the etiology of the disease in the field is discussed.

Introduction 1998). In Northern France, Galoux and
Since the beginning of the twentieth Dutrecq (1990) isolated a Phytophthora
century oak decline has been a serious and species from fine roots of declining oaks, and
frequently recurring disease of European oak Hansen and Delatour (1999) demonstrated a
forests (Delatour 1983; Oleksyn and Przybyl diverse Phytophthora population including P.
1987, Hartmann er al. 1989). Being an quercina in oak forest soils. In Bavaria, a
episodic phenomenon of local or regional survey was made on the occurrence of soil-
importance in the past, oak decline in its bome Phytophthora species and the fine root
current phase has been progressing since the status of 217 healthy and declining mature
beginning of the 1980's, and is widespread in trees of Quercus robur and Q. petraea in 35
Europe (Delatour 1983; Hartmann ez al. 1989; oak stands on a range of geologically diverse
Siwecki and Liese 1991; Luisi e al. 1993). sites (Jung et al. 2000a.b). The results showed
Above-ground symptoms include dieback of that depending on the site conditions at least
branches and parts of the crown, formation of two different complex diseases are referred to
epicormic shoots, high transparency of the under the name ‘oak decline’. P. quercina, P.
crown, yellowing and wilting of leaves and cambivora and P. citricola were common on
tarry exudates from the bark (Siwecki and sites with a mean soil-pH (CaCl,) = 3.5 and
Liese 1991; Luisi er al. 1993), all symptoms sandy-loamy to clayey soil texture and seven
indicative of water stress and poor nutrition. other Phytophthora species were infrequently
isolated from rhizosphere soil. In these stands

Several studies have observed highly significant correlations existed between
deterioration of oak fine roots in Central and crown transparency, fine root condition and the
Western Europe (Nidveke and Meyer 1990; presence of Phytophthora spp., especially P.
Vincent 1991; Eichhorn 1992; Blaschke 1994; quercina. In contrast, in stands with sandy to
Jung 1998; Thomas and Hartmann 1998). sandy-loamy soils and a mean soil-pH < 3.9,
Isolations from fine roots and rhizosphere soil Phytophthora spp. were not found, and
samples revealed the widespread occurrence of correfations between crown transparency and
several Phytophthora species including P. various root parameters were either less
cactorum, P. citricola, P. cambivora, P. significant or not significant. Jung et al
gonapodyides, and the new species P. quercina (20004) concluded that Phytophthora species
in 29 out of 33 stands investigated in 6 are strongly involved in oak decline on sandy-

European countries (Jung et al.1996; Jung

Q0



loamy to clayey sites with a mean soil-pH
(CaCl) = 3.5, and defined this widespread

decline type as ‘Phytophthora-mediated oak
decline’

In several soil infestation tests P. quercina
and P. cambivora were the most aggressive
species to root systems of young Q. robur plants
(Jung 1998; Jung et al. 1996 & 1999a). In
another test with various Phytophthoras and a
range of broadleaf tree species, P. quercina
proved to be host specific to the genus Quercus
(Jung er ol 19995).

The long duration and the wide geographical
range of the cumrent episode of oak decline
suggests that large-scale and long-term
environmental changes in Central and Western
Europe during the last decades might have
imbalanced the host-parasite  relationship
between oaks and the naturally occurring soil-
borne Phytophthora species. One major factor
certainly is an excess of anthropogenic nitrogen
input into forest soils which are now becoming
over-saturated with nitrogen (Nihlgard 1985;
Kreutzer 1991; Mohr 1994; Thomas and Kiehne
1995). Another potential threat is the continuous
increase in mean winter temperatures of 0.03K
per year combined with a significant seasonal
shift of 20-30% of the summer precipitation into
the cold season in Central Europe and parts of
Western and Northern Europe since the 1960¢s
(Rapp and Schénwiese 1995; Schénwiese ef al.
1994). Environmenta! constraints can increase
the susceptibility of a host to root pathogens, and
thus indirectly promote pathogen infection.
However, they can also favouwr a pathogen
directly. There are examples for both nitrogen
fertilization as well as prolonged drought periods
enhancing the severity of Phytophthora diseases
(Schmitthenner and Canaday 1983; Shearer and
Tippett 1989; Brasier 1993 & 1996; Erwin and
Ribeiro 1996).

The objectives of this experimental study are
focussed on the effect of (i) different
concentrations of nitrate on the formation of
sporangia, and the effects of (ii) different
concentrations of nitrate, and (iii} drought stress
on root growth and root damage produced by
various soil-borne Phytophthora species in a
defined pathosystern with Q. robur saplings.

Methods
Effect of nitrate on sporangial production

For this test 100 g nonsterile luvo-vertic
cambisol soil of a natural osk stand in Bavaria
was flooded with 1 L demineralised water, and
incubated at 19°C in the dark. After 24 hours the
soil suspension was filtered, and amended with
KNO; resulting in a concentration series of 2
(natural concentration), 25, 50 and 100 ppm
nitrate. The nutrient contents and the pH of the
test solutions are given in Table 1.

Two isolates of P. guercina and one isolate
each of P. cambivora, P. cinnamomi, P. citricola,
P. gonapodyides and P. syringae aff. were used.
All isolates execept P. cinnamomi (Castanea
sativa, Switzerland) and P. syringae (Fagus
sylvatica, Bavaria) were isolated from oaks in
Bavaria. Although P cinnamomi was never
recovered from Central European oak forests it
was included in this test because of its known
ability to occur in acidic soils {Shearer and
Tippett 1989). For each isolate two discs (10 mm
diam.), cut from the edge of a 5-7 day-old culture
growing on malt-extract agar (MEA) at 20°C in
the dark, were placed in a 5 cm Petri dish and
flooded with the test solutions just over their
surface. The petridishes were incubated at 19°C
and natural daylight, and the test solutions were
replaced after 24 and 48 hours. Measurements of
the pH of the discarded test solutions revealed that
within 24 hours changes of the adjusted pH values
were always less than 0.1. After 72 hours the
numbers of sporangia per field in the light
microscope at 80 x magnification (= 6.2 mm’)
were counted. For each isolate 10 fields (5 per
agar disc) were chosen st random. The
significance of differences between different
nitrate concentrations was tested using the
parametric Student’s t-test.

Effects of drought stress and different nitrate
concentrations on root damage by Phytophthora
spp.

Fungal isolates and soil infestation method

Surface sterilised acoms of . robur were
sown into JUMBO rootrainers ® (1 acorn per
rootrainer, cell depth 25 cm, volume 1000 mL;
Ronazash Ltd., Roxburghshire, Scotland) filled
with sterilized potting medium (mixture of
vermiculite — sand — peat 1/1/1 v/v/v) . When the
seedlings were 2 months old, a vermiculite-millet
seed- V8-Juice broth - inoculum of P. quercina
(2 isolates), and 1 isolate each of P. cinnamomi,
P. cambivora, P. citricola and P. syringae was



Table 1.

Mean contents (ppm) of selected minerals and mean pH of soil leachates used for the

sporangia test
NO; pH NOy Cr SO,y Ca¥ Mg® K Na* AP Fe* Mn*  Cu®
conc. (CaCl)
2 ppm 5.1 2.0 1.1 1.7 67 0.3 0.7 1.1 0.1 0.1 0.2 0.02
25ppm 5.1 248 1.2 1.8 40 0.3 157 09 0.2 0.1 0.3 0.02
50ppm 5.1 495 1.1 1.8 40 0.3 339 08 0.2 0.1 02 002
100 ppm 5.1 986 09 16 67 0.3 61.5 07 0.1 0.1 02 002

prepared and incubated at 20°C in the dark (Jung
et al 1996, 1999a). After 4-5 weeks, the
inoculum was carefully mixed, rinsed in running
demineralised water to remove excess nutrients,
and without manual disturbance of the root
system 30 mL of inoculum were added directly
sidewise into each JUMBO rootrainer ®.
Controls received rinsed uninfested vermiculite-
millet seed- V8-juice mixture at the same rate. In
both experiments 10 rootrainers per isolate and
treatment each containing 1 oak seedling were
placed in plastic tubs (40 x 30 x 20 cm) with
drainage holes to allow alternating episodes of
flooding and drainage. At the end of both
experiments reisolations were made from
necrotic root tissues, direct plating and baiting
soil samples with Q. robur leaflets (Jung et al.
1996, 19994, 20005).

Experimental design of the nitrogen
experiment

Plants were incubated in a growth chamber
for 3 months with a temperature regime of 20°C
during the day and 12°C at night, then 2 months
at a constant temperature of 10°C, followed by 4
months at 20°C / 12°C. Tubs containing the 10
rootrainers per isolate and treatment were
flooded once per month for 3 days with
demineralised water amended with 0, 50 and 100
ppm nitrate (applied as KNOs). Two weeks after
the flooding each oak was watered with 100 mL
demineralised water. After each flooding episode
mineral elements in the flooding water released
from each tub were analysed.

FExperimental design of the drought stress
experiment

The experiment was conducted over 6
months in a greenhouse at 18°C and 65% relative
humidity. The tubs containing the 10 rootrainers
per isolate and treatment were flooded once per
month for 3 days followed by drainage. While
drought stressed seedlings were not watered
between the flooding episodes, seedlings
growing under non-limited water supply
received 100 mL demineralized water 2 weeks
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after flooding. The soil moisture was measured
with a TDR probe (TRIME-FM, version P2,
IMKO Mikromodultechnik GmbH, Ettlingen,
Germany) once per week after the first two
flooding episodes, and from the third flooding on
in monthly intervals one day before the next
flooding episode.

Evaluation and statistical analysis

The percentage of root damage was
estimated visually after spreading the roots of
each oak seedling uniformly on trays (30 x 50
cm) etched with gridlines (2 x 2 cm squares). In
addition, the final evaluation of the fine root
system (parameters determined: mean total root
length and mean total number of root tips per
seedling, - referred to as ‘root length’ and
‘number of root tips’) was made using the image
analysis softiware WINRhizo, Version 3.9
(Regent Instruments Inc., Quebec, Canada).
Experimental data were statistically analysed by
one-way ANOVA using Prism 3 (GraphPad, San
Diego, CA).

Results
Effect of nitrate on sporangial production

The production of sporangia was stimulated
in vitro by different concentrations of nitrate
added to a nonsterile soil leachate of an oak
stand which naturally contained negligible
amounts of nitrate (2 ppm), and therefore was
used as control. All Phytophthora species, and in
particular P. quercina, P. citricola and P.
syringae, produced significantly higher numbers
of viable sporangia  with  increasing
concentrations of nitrate (Fig. 1, Table 2). No
stimulation was found with ammonium
irrespective of the concentration (Jung et al,
unpublished).

Effect of nitrate on root damage of Q. robur
seedlings caused by Phytophthora spp. ...

With all nitrate concentrations tested the
control plants showed almost no root damages
after periodic flooding (Table 3). Root growth of
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Fig. 1. Influence of different nitrate concentrations on the formation of sporangia of various soil-borne

Phytophthora species

“mean number of sporangia per field in the microscope (=6.2mm?) formed after 72 h at 20°C in non-sterile
soil leachate (pH 5.1). BCAM = P. cambivora, CIT = P. citricola, GON = P. gonapodyides, QUE = P.

quercina, SYR = P. syringae aff.

Table 2. Significance® of differences between the numbers of sporangia formed by Phytophthora

spp. at different nitrate concentrations

Nitrate concentrations (ppm)

Isolates® 2/25 2/50 2/100
CAM 5 kok Kok sk ok ok
CIN4 Lt Lo ns
GON 3 ns ns e
QUE 3 * dkk *
QUE 4 k% %k F kK
SYR 1 %k ok kksk *ok ok

25/50 25/100 50/ 100
ns *k kkk

ns * *%

ns ns ns

ns ns ns

kkk ns *

ns ¥ ns

ok sk ok ok *

A Student’s t-Test; ns = not significant, * P < 0.05, ** P <0.01, *** P <0.001.
BcaM =r. cambivora, QUE = P. quercina, CIN = P. cinnamomi, CIT = P. citricola,

GON = P. gonapodyides, SYR = P. syringae aff.

control plants was consistently stimulated by
increasing nitrate concentrations in the flooding
water as reflected by the increase of root length
and number of root tips (Table 3).

In contrast to the control plants, no such
stimulation was found in oak seedlings growing
in soil infested with P. quercina, P. citricola and
P. syringae. However, in oaks growing in soil
infested with P. cinnamomi and P. cambivora,
respectively, the condition of the fine root
system was improved by increasing nitrate
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concentrations even though it remained worse
than in the particular control plants.

Amongst all isolates tested both isolates of
P. quercina (mean root damage ranging from 26
to 38%) together with the P. cinnamomi isolate
P382 (21 - 30%) were most aggressive to Q.
robur seedlings.  All nitrate concentrations
resulted in significant differences in root damage
between P. quercina and the control, but the
parameters root length and number of root tips



Table3. Effect of different nitrate concentrations in the flooding water on root condition of 1-
year-old Quercus robur plants growing in Phytophthora - infested soil
Isolates™
Nitrate C QUE9 QUE67 CINP382 CAMI CIT58 SYR6
concentration
Root damage (%)°
0 ppm 5.0 32.5 26.0 30.0 25.5 16.5 19.8
24) (20.6) (15.3) (12.5) (14.0) (15.7) (16.4)
sk * %% *® ns ns
50 ppm 6.3 37.8 30.0 21.0 13.3 14.0 14.8
(4.0) (19.0) (20.2) 17.7) (10.5) (13.4) (15.7)
*x ok ns ns ns ns
100 ppm 6.3 36.5 35.0 28.3 17.8 21.0 16.0
4.0) (18.1) (23.7) (15.7) (15.2) (124) (15.3)
*ok ok * ns ns ns
Total root length (cm)®
0 ppm 1542 1270 1193 891.3 1123 1512 1443
{315.8) (335.1) (327.%) (128.9 (358.7) (408.8) (3311
ns ns *k * ns ) ns
50 ppm 1737 1165 1398 1444 1333 1515 1553
(314.8) (309.5) {380.4) (222.8) (317.8) (5062) (4011
** ns ns ns ) ns
100 ppm 1785 1195 1253 1177 1399 1253 1414
(428.5) {335.2) {382.4) (308.3) (387.9) (347.1) (3805
ok * *ok ns * ) ns
Number of root tips®
0 ppm 2866 2389 225 1468 2107 2620 2654
(494.6) (642.1) (640.2) (183.5) (722.7) (458.1) (507.9
ns ** * ns ) ns
50 ppm 3076 2214 2532 2624 2476 2558 2805
(499.0) (518.1) (687.5) (427.6) (449.1) (610.5) (6993
** ns ns ns )ns
100 ppm 3166 2361 2176 2315 2537 2072 2547
(727.7) (500.9) (713.1) (726.4) 453.3) (613.9) (643.7
* %% * ns K%k ) ns

Ac= control, QUE = P. quercina, CAM = P. cambivora, CIN = P. cinnamomi,

CIT=P.

citricola, SYR = P. syringae aff.

BMean, (standard deviation), significance of differences to the control calculated with One-Way
ANOVA combined with a Dunnett’s post test.

were only significantly different in the 50 and
100 ppm NO; treatment (isolate QUE 96), and
the 100 ppm NO; treatment (isolate QUE 67),
respectively.

When no nitrate was added to the flooding
water, P. cinnamomi (P 382) a similar proportion
of the root system as the P. gquercina isolate
QUE 96. However, root length and number of
root tips were markedly lower than in QUE 96,
indicating infections in an earlier stage of the test
and, as a consequence, an advanced root rot
process. Isolate P 382 produced significant
damages also with 100 ppm, but not with 50 ppm
NO;~.
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The P. cambivora isolate CAM 1 produced
significant root damages in the 0 ppm NO;
treatment, and was only slightly aggressive with
50 and 100 ppm NOy, respectively. In contrast to
isolate CAM 1, the P. citricola isolate CIT 58
caused a significant decrease in root length and
number of root tips only in the 100 ppm NO5
treatment as compared to the control. P. syringae
aff, (SYR 6) was only slightly pathogenic with

all nitrate concentrations.

Effect of drought stress and infection on root
growth

The volumetric soil water content decreased
in both treatments from 20% 3 days afier



flooding to 16% 14 days after flooding (Fig. 2).
At this time each oak seedling growing under
non-limited water supply received 100 mL
demineralised water, while seedlings subjected
to drought stress were not watered for 1 month
until the next flooding. Consequently, 4 weeks
after each flooding the mean water content was

treatment (7%) than in the non-limited water
supply treatment (14%) (Fig. 2).

As expected, root growth of the control
plants was slightly reduced by drought stress.
However, all root parameters were significantly
more influenced by Phytophthora infection

significantly lower in the drought stress (especially by P. gquercina and P. cinnamomi)
than by drought stress alone (Table 4).
30+

- —a— watered 14 days
£ after flooding
‘g ~ 20+ —a— drought stress

0 during 4 weeks
5>
BE
= 10+
A

C 4 L]
0 10 20 30
Days after flooding

Fig. 2. Development of mean soil water content under different water regimes

Table 4. Effect of different water regimes on root condition of 1-year-old Quercus robur plants

growing in Phytophthora-infested soil

Water regime Isolates®
C QUEY% QUE 67 CINP382 CAM1! CIT58 SYRG6
Root damage (%)°
water supply 6.3 29.0 27.3 42.8 25.3 24.3 15.8
not limited (4.0) 9.4) (15.5) (26.1) (12.8) (134 (13.5)
* * ki %* ns ns
drought stress 5.0 22.3 393 58.8 253 25.0 213
(1.4) (14.7) (18.3) (21.3) (120) (194) (13.5)
ns *% %% * * ns
Total root length (em)®
water supply 1956 1056 1116 1190 1447 1210 1338
not limited (688.4) (292.7) (315.2) (528.2) (461.2) (380.7) (399.1)
*k *% % ns &% *
drought stress 1646 1400 1092 890.5 1089 1100 1464
(650.2) (416.1) (377.9) (141.9) (387.9) (4324) (7694)
ns ns * ns ns ns
Number of root tips®
water supply 3375 1995 1886 2137 2760 2169 2092
not limited (1109)  (539.5) (551.9) (1094) (911.3) (738.0) (1038)
%k *% * ns * X%
drought stress 2654 2728 1675 1570 2084 1854 2553
(953.3) (832.6) (567.2) (228.1) (610.1) (562.8) (1260)
- ns * * ns ns ns

AC = control, QUE = P. guercina, CAM = P. cambivora, CIN = P. cinnamomi, CIT = P. citricola, SYR P. syringa aff.
BMean, (standard deviation), significance of differences to the control calculated with One-Way ANOVA combined

with a Dunnett’s post test.
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P. cinnamomi was the most aggressive species to
Q. robur followed by P. quercina, P. cambivora
and P. citricola. The drought stress experiment
demonstrated different infection strategies of P.
quercina and P. cinnamomi. While P. quercina
proved to be mainly a fine root pathogen, P.
cinnamomi was damaging both fine roots and
suberized cortical tissues, sometimes girdling the
taproots. All Phyfophthora species tested were
able to survive under repeated drought stress,
and caused root damage during reflooding.
Drought stress did not significantly increase root
damage by any of the Phytophthora species
tested. However, root damage attributed to the
infection by P. quercina (QUE 67) and P.
cinnamomi (P 382) tended to be more severe
under drought stress.

Discussion

In the last decade several studies have
demonstrated that a diverse population of soil-
borne Phytophthora species were associated with
declining oaks on a wide range of soil types in
Central and Western Europe (Galoux and
Dutrecq 1990; Jung 1998; Jung et al. 1996,
1999a,b, 2000a,b; Hansen and Delatour 1999;
Vettraino et al. 2001; Delatour et al. 2002). In
general, the effects of nitrogen on Phyfophthora
diseases vary with different host-pathogen
combinations and with the nitrogen form applied
(Huber and Watson 1974; Schmitthenner and
Canaday 1983). For instance the severity of
crown rot of apple trees caused by P. cactorum
(Utkhede and Smith 1995), root rot of citrus trees
caused by P. parasitica (Klotz et al.1958) and
little leaf disease of pines in New Zealand caused
by P. cinnamomi (Newhook and Podger 1972)
was increased by nitrogen fertilization especially
if the nitrogen/phosphate ratio becomes
imbalanced. However, there are also many
examples of nitrogen decreasing disease severity
(Schmitthenner and Canaday, 1983).

Sporangia production of P. quercina, P.
citricola, P. cambivora and 3 other Phytophthora
species in non-sterile soil leachate with nitrate
concentrations ranging from 2 to 100 ppm was
significantly stimulated by increasing nitrate.
This might at least partly be due to the observed
nitrate-based stimulation of bacteria and
protozoae in the soil leachate. In contrast, effects
of ammonium nitrogen on sporangia formation
were inconsistent and less pronounced (data not
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shown). Furthermore, it is known that the uptake
of nitrate by fine roots increases the rhizosphere
pH, thus indirectly stimulating the formation of
sporangia of most Phytophthora species (Jung ef
al. 2000a,b), whereas the uptake of ammonium
has the opposite effect. The primary nitrogen
form in the soils of 19 Phytophthora infested oak
stands in Bavaria was nitrate with a mean
concentration of about 36 ppm compared to
about 2 ppm ammonium, indicating favourable
conditions for sporangia formation in the field
(Jung ef al. 2000a,b).

Increasing nitrate concentrations in the
flooding water stimulated root growth of non-
inoculated oak seediings, and improved ait root
parameters of oaks growing in soil infested with
P. cinnamomi and P. cambivora. This
corresponds with Schmitthenner and Canaday
(1983) who report a recovery of pines in the
USA suffering from little leaf disease caused by
P. cinnamomi following nitrogen fertilization. In
general, increasing nitrate concentrations during
flooding did not significantly increase the root
damage caused by any Phytophthora species
tested. However, the differences between the
oaks growing in soil infested with P. quercina or
P. citricola and the control plants in the non-
infested soil as well as the significance of these
differences were increasing with increasing
nitrate concentrations. This was most probably
due to the observed nitrate-induced stimulation
of root growth in the control plants, and a
destruction of a high proportion of the
regenerated fine root system by P. quercina and
P. citricola in the infested soils.

The visual estimation of the percentage of
root damage was a better assessment of the
actual root status than the morphometric
parameters root length and number of root tips.
The reasons were most probably the relative
short duration (9 months) of the experiment and
the lack of saprophytic soil organisms at least at
the beginning of the experiment. Therefore, a
high proportion of infected and necrotic fine and
small woody roots were still attached to the

healthy root system, and included in the
morphometric measurements.
Being well aware that additional

experiments with more isolates per Phytophthora
species are required, and that the significance of



results from in vitro experiments on free
seedlings is generally rather limited with respect
to mature trees growing in the field, the results of
our nitrogen experiments could be interpreted as
follows:

Increasing nitrogen input into forest soils
(Nihlgard 1985; Kreutzer 1991; Thomas and
Kiehne 1995) leads to the observed decrease in
mycorrhizal frequency associated with lower
diversity of ectomycorrhizal morphotypes (Zare-
Maivan 1983; Meyer 1987; Blaschke 1994; Van
Driessche and Piérart 1995; Kovacs ef al. 2000).
On sites with low populations or absence of soil-
borne Phytophthora pathogens, a reduced
efficiency of root systems in absorption of water
and minerals can be compensated by a nitrate
induced stimulation of root growth. In soils
infested with P. quercina or P. citricola the
enhanced nitrogen input stirnulates sporangia
formation of the pathogens, and increases the
susceptibility of newly formed fine roots to
zoospore attacks due to the lack of protection by
ectomycorrhizae, which are known as an
effective mechanical and biochemical barrier
against infection by Phytophthora species (Zak
1964). As a consequence, the ratio between
rootlet death and replacement becomes
imbalanced, and the necessary compensation of
the reduced water absorption capacity by
enhanced fine root growth is prevented.
Furthermore, recent ecophysiological
measurements in the field indicate partial
stomatal closure, reduced CO, assimilation rate
and lowered water use efficiency in symptomatic
oaks (Heyne 2002). Over the decades the process
of steady inoculum build-up and a progressive
destruction of the fine root system leads to a
weakening of the oaks, thus predisposing them to
drought stress (Leininger 1998) and attacks by
secondary parasites e.g. Armillaria mellea sl
and/or Agrilus biguttatus (Jung et al. 20005;
Hartmann and Blank 1992, 1998).

Since the 1960‘s a significant climate
change has occurred in most parts of Europe.
The frequent occurrence of mild-humid periods
during wintertime and springtime of the last
decades indicated by a rise in mean winter
temperature of 0.03K per year and a seasonal
shift of precipitation from summer into winter
(Schonwiese ef al. 1994; Rapp and Schonwiese
1995) might have favoured the infection of non-
mycorrhizal roots by zoospores during the cool
season thus triggering an increasing population
of Phytophthora and a progressive destruction of
fine root systems from year to year. This is

96

confirmed by the fact, that the Phyrophthora
species occurring in oak stands are able to form
sporangia and to release zoospores in SEW at
temperatures between 2 to 8°C (Jung 1998).

Furthermore, the summer climate in
Central Burope shows a tendency to more
frequently occurring droughts and heavy rain
(Schonwiese et al. 1994; Rapp & Schénwiese
1995). During prolonged drought periods in
summertime oaks are suffering from their
degenerated fine root systems thus showing
aboveground symptoms of water stress and
malnutrition. During periods of heavy rain the
oaks are not sufficiently able to regenerate their
fine root systems because high proportions of
freshly formed fine roots are destroyed in the wet
soils by exploding populations of soil-borne
Phytophthoras. Such a pattern of interaction
between climatic perturbations and Phytophthora
fine root damage was demonstrated by Brasier
(1993 & 1996) for Therian oak decline caused by
P. cinnamomi, and is supported by the results of
our drought stress experiment. All Phytophthora
species tested were able to survive repeated
drought stress, and produced significant fine root
damages when soils were reflooded. P.
cinnamomi @nd one isolate of P. gquercing
isolated from a site with highly fluctuating water
tables and very dry conditions during
summertime caused even more root damage with
drought stress between the floodings than under
non-limited water supply, whereas another P.
quercina isolate isolated from a permanently
moist site produced less root damage under
drought stress. This might indicate adaptations to
site conditions in the P. guercina population.

Recapitulating, the results of our
experiments support the view that the two major
longterm  and  largescale  anthropogenic
constraints, nitrogen input into forest soils and
increase of frequency and duration of summer
droughts combined with a tendency to heavy
rain, might have favoured the build-up of
Phytophthora inoculum, thus imbalancing the
ratio between rootlet death caused by
Phytophthora infection and rootlet replacement,
weakening the oaks and predisposing them to
droughts and attacks by secondary parasites and
pathogens.
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Abstract. Root rot caused by Phytophthora species h
Juglans regia in Northern and Central Italy. Isolatio
presence of Phytophthora species. Symptoms of the
Chestnut. Morphological and molecular identificatio
them P. cinnamomi, whose presence in Italy has proba

as recently been recorded in several plantations of
n trials from soil and infected roots confirmed the
disease are very similar to those of Ink disease of
n indicated the presence of five species. Amongst
bly been confused with P. cambivora in the past;

P. cambivora, P. cactorum, P. citricola and P. cryptogea. This is the first record of the latter two
species on walnut in Italy. Pathogenicity tests carried out on 2-year old seedlings through soil
infestation, confirmed P. cinnamomi as the most aggressive species on J. reglia.

Introduction

English (Persian) walnut (Juglans regia L.) is
widely utilized in Ttaly for reforestation activities
in pure and mixed plantations of broad-leaved
species. Increasing decline of this tree has been
recently reported from several areas. Symptoms
resemble those typical of root and collar rot,
however decline and sudden death is not
uncommon.

In Europe P. cinnamomi Rands (1922) has
been frequently reported as the main cause of
walnut collar and root rot especially in France
(Gravatt 1953; Grente and Averseng 1966; Prunet
and Herman 1995). The presence of this species
on walnut in Italy still remains a matter of
discussion. In fact collar and root rot of walnut
was first described in Italy by Curzi (1933) and
then Petri (1937) and attributed to P. cambivora
(Petri) Buisman (1927). Such difference with the
European situation is not surprising since another
tree species, sweet chestnut, is mainly affected by
P. cinnamomi in France, Spain and Portugal and
by P. cambivora in Italy (Vettraino ef al. 2001a).

The aim of the present work was to investigate
the Phytophthora complex associated with walnut
decline and death in Italy.

Methods
Samplings

Nine declining walnut orchards and a nursery
in Northern and Central Italy were investigated.
Samples were collected in each site from collar,
roots, and soil at the base of symptomatic trees in
order to assess the presence of Phyfophthora spp.
After collection, tissue samples were sterilized in
ethanol and plated in PARBhy agar (per liter:
pimaricin, 10 mg; ampicillin (sodium salt), 250
mg; rifampicin, 10 mg; hymexazol, 50 mg;
benomyl, 15 mg; malt extract, 15 g; agar, 20 g).

Soil samples (200 ml) were moistened
and incubated at 20°C for 3 days and
flooded with 500 ml of distilled water. Five
fresh-picked leaves of Rhododendron spp.
were placed directly on the water surface
and incubated at 20°C until the
development of spots or leaf discoloration,
but not longer than one week. The leaves
were then blotted on filter paper, cut in
small pieces and placed on PARBhy agar
(Robin 1991). Phytophthora isolates were
maintained on carrot agar (CA) (Brasier
1969) at 20° in darkness and sub-cultured
at 4-week intervals.

Species identification

Isolates were identified by comparing
colony growth patterns and morphological
features of sporangia, oogonia, antheridia,
chlamydospores and hyphal swellings with
known isolates and  with  species
descriptions reported in literature (e.g.
Stamps et al. 1990; Erwin & Ribeiro 1996).
Colony morphology was described on 10-
day-old cultures grown on carrot agar
(CA), potato dextrose agar (PDA), malt
agar (MA), and V8 in 90-mm-diameter
Petri dishes at 20°C in darkness.
Identification of the isolates was confirmed
by comparing the total soluble proteins
patterns according to Laemmli (1970) and
the RFLP patterns of their ribosomal DNA
(rDNA) with those of known isolates of
Phytophthora  spp. according  to the
methodology of Vettraino et al. (2001a).
Sporangia were produced by placing a disk
of mycelium from a 7-day-old culture
grown on V8 in soil extract prepared
according to Chee and Newhook (1965).
Morphology ~was assessed by light
microscopy and length and breadth of 100
sporangia were measured for each isolate.
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Pathogenicity tests

Two field isolates of each Phyrophthora
species identified were used for pathogenicity
tests. Persian (English) bare root 2-year-old
seedlings were planted in 5L pots containing

steam-pasteurized potting mix (50% peat,
25% sand, 25% ground pumice). The
seedlings were randomly divided in 11
block of 10 individuals each. Plants in each
block were inoculated with one isolate of

Table 1. Phytophthora species isolated from different sources in walnut stands

_Species Locality Site Damage Source

P. cactorum Roma nursery sudden death collar
Rovigo orchard decline collar

P. cambivora L’Aquila orchard decline collar and root
Benevento orchard decline collar and root

P. cinnamomi Alessandria orchard sudden death and decline  soil, collar and root
Treviso orchard sudden death and decline  soil, collar and root
Cunec orchard sudden death and decline  collar and root
Venezia orchard sudden death and decline  collar and root

P. citricola Benevento orchard decline root
Napoli orchard decline root

P. cryptogea Alessandria orchard sudden death and decline  soil
Treviso orchard sudden death and decline  Soil
Viterbo orchard sudden death and decline  soil

Locality

1 Treviso

2 Venezia

3 Rovigo

4 Cuneo

5 Alessandria
6 Viterbo

7 Roma

8 Aquila

9 Napoli

10 Benevento

. P. cinnamomi
O P. cambivora

@ P. citricola
. P. cactorum

O P. cryptogea

TYRRHENIAN SEA

Fig. 1. Recovery of Phytophthora spp. from declining walnut trees in Italy.
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Phytophthora spp. Phytophthora inoculum was
prepared according to Vettraino et al. (2001a).
Phytophthora sporulation in the soil was started
by flooding for 24 h. One uninoculated block was
left as control.

Results
Survey and isolation activities.

Five species of Phytophthora were identified:
P. cinnamomi, P. cambivora, P. cactorum (Leb.
and Cohn) Schroeter (1886), P. citricola Sawada
(1927) and P. cryptogea Pethybridge and Lafferty
(1919) (Fig. 1). More than one species was
sometimes recovered from the same sample.

P. cinnamomi was associated with sudden
death events and recovered from collar, roots and
soil; P. cambivora was associated with declining
trees and isolated from collar and roots; P.
citricola was recovered in orchards from roots of
declining trees; P. cactorum was the only species
recorded in nursery on wilted walnut seedlings,
however it was also isolated from collar of
declining trees in an orchard; P. cryptogea was
recovered only from soil in heavily declining
stands (Table 1).

Pathogenicity tests.

After 30 days from inoculation mortality was
recorded only for the plants inoculated with P.
cinnamomi with a mortality of 80%.

Discussion

The results of this study confirmed the
presence of P. cinnamomi as the causal agent of
root and collar rot of walnut in Italy. However this
species was present only in orchards in Northern
Italy from where P. cryptogea in soil and P.
cactorum from collar necroses were also recorded.
P. cambivora is present as agent of collar rot on
walnut in Central and Southern Italy confirming
its better adaptation to a warmer climate.
Phytophthora citricola, another species
widespread in hardwood forest in Italy (Vettraino
et al. 200lab), was also isolated from root
necroses. Among the five species isolated, P.
cinnamomi was confirmed the most aggressive to
walnut, being the only species able to cause death
at high rate 2-year old plants within one month.

In conclusion a Phytophthora complex is
associated with walnut collar and root rot in Italy.
The recovery of more than one species from the
same stand and same sample could suggest a
synergic activity on the host. The later aspect
needs more studies in order to highlight the role of
different  Phytophthora species in disease
development.
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Abstract. The behaviour of four wild populations of Castanea sativa from Sicily (Southern Italy),
Pedmont (Northern Italy), A Corufia (Northern Spain), Malaga (Southern Spain) to Phytophthora
cambivora was tested on 4-month old half-sib progenies through soil infestation. A number of
qualitative and quantitative parameters were assessed including growth in height, number of leaves, dry
weight, length of the stem and root necroses, crown condition and mortality. Results showed a wide
variability in response to the pathogen challenge. Some progenies showed a resistance to P. cambivora
similar to that of the resistant hybrid Marsol used as a control. An additional experiment was carried
out through stem inoculation on 87 cultivars of Castanea spp., including French hybrids. In this case a
relatively wide variability in susceptibility was assessed among the Italian cultivars, some of which
showed comparable behaviour to the French hybrids.

Introduction

Studies aiming to select chestnut genotypes
resistant to ink disease have focused mainly on
hybridisation programs between Castanea
sativa L. and the Asiatic species C. crenata
Sieb. et Zucc. and C. mollissima BL
Interspecific  hybridisation programs were
carried out in the last century, especially by
INRA, in order to select hybrids tolerant to
Phytophthora cinnamomi Rands for use mainly
as rootstock for high quality fruit cultivars.
Among them the most utilised are 'Marsol
(CA07), Maraval' (CA74), 'Ferosacre' (CA90),
‘Marigoule' (CA15) and 'Marlhac' (CAI118)
(Salesses et al. 1993). These hybrids are C.
crenata x C. sativa or the reciprocal. However
genetic incompatibility of hybrid rootstocks
with clones of C. sativa has limited utilisation
of such resistant clones outside France
(Craddock et al. 1999).

In the last 15 years more hybridisation
programs have been conducted in France,
Spain and Portugal to select hybrids with
tolerance to Phytophthora and good vigour and
nut quality (Gomes-Pereira et al. 1993;
Fernandez-Lopez et al. 2001). Although inter-
specific hybrids are the most tolerant to
Phytophthora, wide variability has also been
found in progenies from intra-specific crosses
(Guedes-Lafargue and Salesses 1999).

A large screening of half-sib progenies of
C. sativa from different European countries,
including France, Italy, Spain, Greece and
United Kingdom, is on going under the EC
project CASCADE (EVK2-CT1999-00065) in
order to assess the variability in folerance to
Phytophthora cambivora (Petri) Buisman of
wild and domesticated populations of chestnut
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in Europe. A further study is ongoing,
sponsored by the Calabria Region, and aims to
test the resistance to ink disease of selected
cultivars of C. sativa.

The present study reports the preliminary
results of resistance tests to P. cambivora
carried out on C. sativa provenance from Italy
and Spain, and on cultivars selected from a
chestnut germplasm collection in Southern
Italy.

Materials and Methods
Study sites

For the provenances tests, two chestnut
sites localized at latitudinal extremes both in
Ttaly and Spain were chosen, In each site up to
three chestnut typologies were investigated:
coppice, orchard and naturalized forest. In
each typology 8 trees were selected along a
transect crossing the site. In October 2000, 40
nuts were collected from each tree and
considered open-pollinated progenies. The
sites in Italy were chosen in Pedmont (northern
site) and in Sicily (southern site). The sites in
Spain were chosen in Corufia (northern site)
and Gaucin (southern site).

Resistance tests

For resistance tests on cultivars, material
was obtained from a collection of chestnut
germplasm in Calabria that is managed by the
Regional Agency for Development and
Services in Agriculture of the Calabria Region
(ARSSA).

Resistance tests on half-sib progenies and
on seclected cultivars were performed
respectively by soil infestation and inoculation
of excised sprouts using a method described by



rowne and Mircetich (1986), with some
modifications (Vettraino et al. 2001). For the
soil infestation tests, C. safiva seedlings were
obtained from surface sterilised seeds planted
in 600 ml pots containing steam-pasteurised
potting mix (50% peat, 25% sand, 25% ground
pumice). Scedlings were grown in a
greenhouse until their lower stems were well
lignified and their average height was 20-30
cm. Phytophthora inoculum was prepared by
growing P. cambivora isolate P15FC2 for 4-6
weeks at 20°C on sterilised millet seeds
thoroughly moistened with V8 broth (V8 juice
200 ml; CaCOs;, 3 g; distilled H,O, 800 ml).

The inoculum was repeatedly rinsed with
sterile water to remove unassimilated nutrients
and then added to the potting mixture at the
rate of 10 mlL inoculum/600 ml potting
mixture. Phytophthora sporulation in the soil
was initiated by flooding for 24 h.

Each progeny consisted of 20 seedlings.
Plants were watered to field capacity every
second day. Two months afier the inoculation,
50 g samples of soil from each of 6 randomly
chosen pots were flooded with water and
baited separately with 15 rhododendron leaf
disks 1 cm in diameter.

For sprout inoculation tests, five, one-year-
old dormant sprouts, 2 cm in diameter and 1m
in length, were collected from each tree, placed
in test tubes with sterile H,0O and maintained at
20°C with a 12h photoperiod. Shoots were
inoculated as the buds started to open. A cork
borer was used to remove a 3 mm bark disk
from the excised shoot. The bark disk was
replaced by a 3mm plug of a 10-day-old
culture of isolate P15FC2 of P. cambivora
grown on PDA. Three inoculations for each
sprout were performed. Controls (one for each
sprout) were represented by inoculation with a
PDA plug. After inoculation, shoots were
incubated in a ventilated chamber for one week
at 20°C and 100% relative humidity. After
incubation the length of the bark necrosis was
measured on each shoot.

Statistical analysis of data was performed
with the software InStat 3 (GraphPad, San
Diego, CA, USA).

Results

Resistance tests on progenies

Percentage of mortality of provenances was
significantly higher than that of the control
French hybrids (Fig. 1). No significant
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differences in mortality have been found
among the four geographic provenances.
However a wide variability in mortality at any
given site was found among provenience
classified by typology (Fig. 2). Over all sites
there was no trend based on typology of
parents. Mortality was significantly different
from the French hybrids in only four
provenances out of the ten tested (Fig. 2).

Resistance tests on cultivars

Results of the resistance test carried
out through shoot inoculation on 75 different
cultivars including Euro Japanese hybrids, are
shown in Fig. 3. There was a high level of
variability in the response to the pathogen.
Most of the variability was in the cultivars
from Southern Italy and in particular those
from the Calabria region (Fig. 3).

Discussion

The results confirmed the existence of
high variability in chestnut populations in
regard to resistance/tolerance to P. cambivora.
Considering the strict condition under which
these experiments were carried out, it can be
concluded that a large part of this variability
has a genetic basis. Generally the lower
resistance of C. sativa individuals to ink
disease compared to the French hybrids was
confirmed, although some €. sativa
provenances showed a low percentage of
mortality. However mortality can be
considered just one of the measurable variables
to estimate resistance at progeny level.
Activities within the CASCADE project have
considered many  additional  variables
estimating resistance whose values for each
seedling and progeny are still under statistical
elaboration. It is impossible at the moment to
speculate on the origin of resistance. The
analysed progenies are half-sibs as chestnut is
an out-crossed species. Consequently each
seedling has to be considered a unique

genotype.

Orchards in Pedmont and Gaucin were
characterised by significantly lower per-
centages of mortality compared with other
regions. These two sites deserve more detailed
investigations. = Data shown for selected
cultivars, highlight the variability among
cultivars in their response to pathogen
challenge. It has to be considered that extent of
necrosis on lignified shoots estimates just one
aspect of the resistance to ink disease.
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Fig. 1. Percentage of mortality of inoculated seedlings from different geographic regions. Vertical bars

correspond to standard deviation.
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Fig. 2 Percentage of mortality of inoculated seedlings grouped at geographic origin and typology level.
Vertical bars correspond to SD. Different letters indicates significant differences from the French

hybrids at P<0.05.

These results are a first contribution to the
studies on the potential of resistance existing in
European  natural and  domesticated
populations of Castanea sativa.
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Abstract. The newly discovered Phytophthora ramorum canker disease of oak (Sudden Oak Death
Syndrome) threatens millions of acres of California woodlands where Quercus agrifolia (coast live oak),
Lithocarpus densiflorus (tanoak), or Quercus kelloggii (black oak) are dominant species. An important step
in controlling this disease involves understanding how it is spread. We provide evidence for an aerial
pathway of transmission for P. ramorum. The presence of diseased oaks at all elevations on hillsides and
the above-ground nature of the disease indicate an aerial component to the movement of spores. Although
viable spores have yet to be found on infected oak tissue, foliar hosts may serve as sources of inoculum that
are produced and aerially dispersed in rain. In the laboratory, abundant sporangia form on moistened
leaves of infected Umbellularia californica (bay) and Rhododendron spp. within 72 hours. These
sporangia are highly caducous and easily disperse in water. Chlamydospores were also observed on the
surface of moistened U. californica and Rhododendron leaves. Consistent with these results, P. ramorum
has been recovered from rainwater collected from woodlands with infected oak and bay trees. P. ramorum
has also been found in soil, litter, and streamwater. Laboratory experiments suggest that spores of P.
ramorum that land on oak bark could survive in moist conditions for at least one month. In addition, P.
ramorum can survive in living moistened U. californica leaves throughout the summer months. In a field
inoculation trial, spores did not need a wound to infect oak trunks. This mode of transmission, including
spore production on foliar hosts, aerial transport in rain, survival in moist conditions such as rain-moistened
trunks, and infection without wounds, may help explain the rapid spread of P. ramorum within a given
geographical site.

Introduction and leaves. On Umbellularia californica (bay),
The newly discovered Phytophthora P. ramorum is only found in the leaves. If
ramorum canker disease of oak (Sudden Oak infection is initiated on the aerial parts of plants,
Death Syndrome) threatens millions of acres of it follows that aerial movement of inoculum must
California woodlands where Quercus agrifolia occur. In addition, the observation of infected
(coast live oak), Lithocarpus densiflorus oak trees at all elevations on hillsides, not just
(tanoak), or Quercus kelloggii (black oak) are valleys or stream courses, further suggests aerial
dominant species (McPherson er al. 2000, spread of this pathogen. To explain this spatial
Garbelotto ef al. 2001). An important step in pattern of disease, we need to understand the
controlling this disease involves understanding transmission biology of P. ramorum, consisting
how it is spread, both on a small scale between of spore production, movement of spores, and
oak trees in an infected area, and over a larger infection of a new individual. Knowledge of the
scale from infected to uninfected woodlands. necessary conditions for each of these steps may
help us establish barriers to the spread of
On all known hosts to date, P. ramorum infection.

infects aerial parts of the plant. Infection on
Quercus and L. densiflorus occurs on the main Identification of sources of spore
trunk and branches. Cankers have been noted as production for P. ramorum in California oak
high as 20 m on the main trunk of L. densiflorus. woodlands is complicated by the presence of
On other hosts such as Rhododendron, Arbutus many host plant species in the forest. Currently,
menzesii (madrone), Manzanita, and Vaccinium the host list includes 10 non-oak plant species in
ovatum (huckleberry) P. ramorum infects stems five plant families (Rizzo et al. unpublished
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data). These other hosts may serve as sources of
inoculum and act as infectious links among oak
trees.

Production, movement, and survival of
spores is likely to be highly affected by seasonal
climatic changes in temperature and moisture in
central coastal California. The current range of
P. ramorum occupies areas with a Mediterranean
climate influenced by maritime weather.
Rainfall occurs during the cool winter months
from December to April. During the summer,
although morming fog is generally present,
drought and high temperature conditions prevail
in a significant portion of the range. Because
production and survival of spores usually require
very high humidity (Duniway 1983), abundance
of P. ramorum spores may be highly seasonal
and coincide with the winter rains. Rain splash
has been shown to move Phytophthora spores of
other species over several meters (Ristaino and
Gumpertz  2000), making this a potentially
effective means of local transport, especially for
spores requiring moisture for production and
survival. However, Phytophthora spores also
may survive adverse summer conditions as
dormant resting spores residing in host tissue.

Once spores are produced and
transported to oak trunks, suitable conditions are
needed for survival of spores and infection of
new host individuals. Phytophthora may infect
through pruning wounds or naturally occurring
wounds (Bostock and Doster 1985). However,
in many cases, Phytophthora species do not need
wounds to infect host plants.

In this paper, we provide data on a
possible aerial pathway of infection for P.
ramorum on oaks to explain the observed
patterns of disease. We report on the types of
spores produced by P. ramorum on tissue of

several important hests under |laboratory
conditions. We then monitor the abundance of

spores in rainwater, soil, litter, and stream water
in forest sites throughout the year. We test for
the survival capabilities of spores under dry and
moist conditions in the laboratory as a first
attempt to understand survival potential on oak
bark. We also test for survival of P. ramorum
throughout the summer in living leaves of a
wide-spread foliar host, If californica. Finally,
we perform a non-wounding inoculation on L.
densiflorus and Q. agrifolia to investigate the
potential of these spores to infect trees under
natural conditions.
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Methsds
Production of spores

Production of spores was monitored on
pieces of naturally infected host tissue collected
from forest and nursery sites within the 300 km
host range. Eight excised Q. agrifolia cankers, 9
infected U californica leaves, and 15 infected
nursery Rhododendron leaves were placed in
moist chambers at 18 — 23° C for 72 hours and
monitored for spore production. In addition, the
bleeding sap was collected when possible from
13 Q. agrifolia at weekly intervals from 22 April
to 16 July, 2001, and plated on PARP medium to
test for the presence of viable pathogens.

Movement of spores

Recovery of spores was attempted from
rainwater, soil, litter, and stream water in a time
series spanning the winter rains and the drying
summer months.

Raimwater:  Raintraps were used fo
collect rainwater in a coast live oak woodland at
Fairfield Osborn Preserve in Sonoma Co. Both
Q. agrifolia and U. californica trees were
infected with P. ramorum at this site. Raintraps
consisted of a 165 cm x 75 cm vinyl sheet
stretched over a pvc frame and folded into a
funnel with a 4 liter collecting jar at the bottom.
Traps were set up on 2 February, 2001 and used
to collect rainfall though winter, and for one
unusually late rain on 27-28 June. Two traps
were placed 0.5 m in front of cankers on each of
7 oak trees, for a total of 14 traps. Previous
isolations confirmed that the cankers were
caused by P. ramorum infection. Two “distant”
traps were placed at a distance of 5 m from all
infected oak trees. Four additional “distant”
traps were installed on March 15, 2001. Rain
water was collected at approximately 2 day
intervals during a storm event. Rainwater was
stored overnight at 4-5° C to allow spores to
settle. One liter of water was suctioned off of the
bottom of containers and filtered through a
Millipore 3 um cellulose esterase filter to capture
all spore types. The filter was then cut into strips
and placed filtrate side down on selective
medium plates. After 7 days strips were
removed, and colonies of P. ramorum were
counted.

Soil: Beginning in March, 2601, soil
and litter were collected on a monthly basis from
around the base of 15 diseased oak trees at the
Fairfield Osborn Preserve to test for the presence
of P. ramorum. Previous isolations confirmed



that all trees were infected by P. ramorum. At
the base of each tree on the infected side, soil
was collected in zip-lock bags from three
separate spots and pooled to equal 500 g. Litter
was collected at three spots to fill 1/4 the volume
of a gallon zip-lock bag. A green d’anjou pear
was pressed into the soil or litter in each sample
so that 1/3 of the pear was immersed, and diH20
was added to the sample until 1/2 of the pear was
immersed in water. Samples were allowed to
remain for 6 days at 18 — 23 C. Pears were then
removed, washed, and monitored for signs of
Phytophthora lesions. Tissue from likely lesions
was plated on PARP selective medium to verify
P. ramorum presence.

Stream water: Water was collected
from Bean Creek, Santa Cruz Co., on a bi-
monthly basis from April through June, 2001 in a
forested area with infected Q. agrifolia and L.
densiflorus trees. Sampling ended in June when
the stream dried up. For each sample, 8 liters of
stream water were stored in plastic bins at 18 —
23 C. Two d’anjou pears were added to each bin
so that pears were half immersed in stream
water. After 5 days, pears were removed and P.
ramorum infection was assessed as for soil
baiting (see above).

Survival of spores

Laboratory:  To assess survival of
spores under various moisture regimes,
suspensions of zoospores and chlamydospores of
P. ramorum were each added to water, moist
filter papers, or dry filter papers (Fisherbrand P4
425 cm) and monitored for viability for one
month. The suspensions for both types of spores
consisted of a pool of spores from fifteen
isolates. Approximately 200 spores in 100 pl of
suspension were added to either (1) 100 ul of
diH20; (2) a filter moistened to saturation with
100 pl diH20; or (3) a dry filter. The moistened
filters were kept in closed screw-cap tubes. An
additional 150 ul dH20 was added to the moist
filler at two week intervals to maintain
saturation. The dry filters were allowed to dry
completely at room temperature (23° C, 30 % rh,
30 minutes) and placed in a crisper. All
treatments were stored at 15 ° C. Five replicates
of each treatment were plated on selective
medium at 0, 3, 7, 15, and 30 days for
chlamydospores, and 0, 7, 15, and 30 days for
zoospores. Colonies were counted at 36 and 72
hours to assess viable spores.
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Living U. californica leaves: To test for
survival of P. ramorum inoculum in attached
leaves of an important foliar host during the hot,
dry summer, three infected leaves from each of
14 U. californica trees at the Marin Municipal
Water District, Marin Co. were collected for
isolation of P. ramorum. P. ramorum was
isolated on pimaricin-ampicillin-rifampicin-
PCNB agar (PARP). Collections began in July
and occurred monthly. The number of positive
leaves from each tree was recorded.

Non-wounding inoculation of Q. agrifolia and L.
densiflorus

To test for the ability of spores to infect
Q. agrifolia and L. densiflorus without an
apparent wound in the bark, a non-wounding
inoculation with spore suspensions of P.
ramorum was carried out on the Marin
Municipal Water District on 5 April 2000. For
Q. agrifolia, 5 trees each were inoculated with
spore suspensions from either isolate O-13 (from
L. densiflorus) or O-16 (from Q. agrifolia), and 5
controls were inoculated with agar suspensions.
For L. densiflorus, 4 trees each were inoculated
with spore suspensions from either of the two
isolates and there were 4 controls. The L.
densiflorus trees were located in a coast redwood
forest. The Q. agrifolia trees were located in a
closed canopy, mixed-evergreen forest. Each of
the inoculated trees received a sporangia
suspension on one side and a chlamydospore
suspension on the other side. Sporangia
suspensions were made by placing 5 V8 agar
mycelial plugs in 5 ml soil extract water at 18 —
23 ° C for 24 hours to induce sporangia
production. (For methods, see Rizzo ef al. 2002)
The sporangia solutions averaged 180 spores /
ml. Each chlamydospore solution was formed
by blending a 6 cm diameter mycelial disk from
isolates grown on CMA in a 100 x 15 mm petri
dish for 6 weeks. Abundant chlamydospores
were noted on the cultures before blending in
100 ml diH,O. The chlamydospore solutions
averaged 173 spores / ml. For the inoculation on
each tree, the trunk was first wet with tap water.
Treatments (O-13, O-16, control) were assigned
at random to trees and 5 ml of sporangia
suspension (or mock) and 100ml of
chlamydospore suspension (or mock) were then
applied to opposite sides of the tree in a 15 cm’
patch. The inoculated area was then wrapped in
plastic and sealed with duct tape at the top and
bottom to maintain moisture. Gaps in the taped
end were sealed with wet cotton. Plastic was
removed after a week. Trees were checked on a



monthly basis for bleeding sap and canker formation.

Results
Production of spores

Spore production was observed on
tissue of some host species. Sporangia were
present on the surface of 3 of 9 infected U.
californica leaves and all 15 Rhododendron
leaves within 72 hours. Chlamydospores were
also observed on the surface of one bay leaf. No
spores were observed on the surface of oak bark
cankers. Sporangia were observed micro-
scopically in the bleeding sap of one oak tree.
However, none of the 81 plating attempts of
bleeding sap from the 13 trees'resulted in colony
formation.

Movement of spores

Raintraps: Rainwater contained viable
spores of P. ramorum (Fig. 1). At some point
during the sampling period, P. ramorum was
recovered from rain captured at all 7 of the Q.
agrifolia trees. Propagule counts were low, but
they were present in rain water at each of the
collection periods except for the brief summer
storm in late June (13mm rainfall). Spore counts
were variable from tree to tree and in positive
samples ranged from 0.25-7 spores per liter. Of
the six traps placed 5 m away from infected oak
trees two were positive for P. ramorum during
the sampling period.

Soil Baiting:  Soil and litter also
contained viable propagules of P. ramorum.
During March, 3 of 15 soil samples and 1 of 15
litter samples tested positive. During April, no
soil samples tested positive, and only 1 of 15
litter samples tested positive. During May, no
litter samples tested positve, and only 1 of 15
soil samples tested positive. The positive May
sample was from the same tree as the positive
April sample. In June and July, all samples were
negative.

Stream Baiting: The April sample from
Bean Creeck was positive for P. ramorum.
Samples from May and June were all negative.

Survival of spores
Laboratory: A portion of both the
zoospores and chlamydospores survived in the
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water and moist filter treatments (Fig. 2). Both
types of spores were Killed by the drying process
at 30% rh at room temperature in the ‘dry filter’
treatment (data not shown). Chlamydospores
survived better than zoospores in both the water
and moist filter treatments. Zoospore survival
averaged less than 20% at the end of the 30 day
period while chlamydospore survival at 30 days
in water and on moist filters still averaged 75%
and 41% of starting values, respectively.

Living U. californica leaves: Inoculum
of P. ramorum survived 4 months of hot, drying
conditions in U. californica leaves. Inoculum
levels did not decrease with time. The number
of positive leaves for P. ramorum were 15, 17,
and 20 out of 42 for July, August, and
September, respectively.

Non-wounding inoculation of Q. agrifolia and L.
densiflorus

Five weeks post inoculation, one 0.
agrifolia and one L. densiflorus exhibited
bleeding symptoms. Five months after the
inoculation, two Q. agrifolia and two L.
densiflorus showed bleeding symptoms. Other
L. densiflorus may also be positive, yet not
initially show bleeding, as determined by an
earlier wound inoculation experiment (Rizzo et
al. 2002). On all four infected trees, bleeding
symptoms appeared on the side of the tree
inoculated with sporangia. Three of the positive
inoculations were caused by O-16 (from Q.
agrifolia) and one by O-13 (from L. densiflorus

Discussion

Rapid production of spores on foliar
hosts, such as U. californica and Rhododendron,
may be the key to the spread of P. ramorum
within a locality, and perhaps between different
geographic locations.  P. ramorum produced
sporangia on moistened leaves of both U
californica and Rhododendron, the two foliar
hosts tested. Chlamydospores were also noted
on infected U. californica leaves. In addition,
we have observed chlamydospores on infected
Rhododendron leaves in moist chambers for
other experiments.
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Fig. 1. Mean number of P. ramorum spores per liter of rainwater (+ standard error) for storms occurring
from February through June, 2001 at the Fairfield Osborn Preserve, Sonoma Co. Means were based on the
average from two collecting traps at each of seven Q. agrifolia trees.
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Fig. 2. Survival over time of P. ramorum chlamydospores and zoospores in water and on moist filter paper
at 15 C. Each datum represents the spore count of one of five treatment replicates plated to agar at a given
time point. Spore count data is scaled as a percent of the highest spore count at time (0) to facilitate
comparison among graphs.
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While rhododendron species are not
major components of most California forests, U.
californica is a dominant species in many coast
live oak forest types. Consistent with laboratory
results on spore production, evidence from the
field suggests that inoculum from U. californica
leaves may be very important in vectoring P.
ramorum to oaks. Swiecki (2001) found a
significant association between infected oaks and
the presence of U californica trees. Rainwater
traps in this study placed 5 m from infected Q.
agrifolia contained viable spores that may have
come from overstory infected U californica
trees. Furthermore, we often observe an increase
in Phytophthora-like leaf spots on U. californica
growing within oak infection centers. To further
investigate the importance of U. californica as an

inoculum source, studies are underway to
determine  temperature  requirements  for

sporangia production on U. californica leaves,
the viability of P. ramorum in leaves attached to
trees or fallen in litter, and the distance spores
can travel from U. californica leaves.

The negative results of spore production
on oak bark cankers or in bleeding sap require
further investigation. Rapid contamination of
oak cankers by fungal species may have
prevented sporulation of P. ramorum. In
addition, the seasonal state of the bark may not
have been conducive to spore production at the
time of the test (Brasier and Kirk 2001).
However, successful amplification of P.
ramorum DNA from bleeding sap (Garbelotto,
unpublished data), suggests the presence of
propagules and underscores the need for
additional isolation attempts from sap.

Viable spores of P. ramorum were
shown to be carried in rainwater, soil, litter and
stream water. The abundance of viable
propagules in these media exhibited a distinct
seasonality, peaking in March and early April of
2001, a low rainfall year. Production of
sporangia by other Phytophthora species
depends on high moisture levels (Duniway
1983). Hence, the presence of moisture from
rain on infected plant tissue is likely necessary
for production of spores that eventually fall
down to soil, litter or stream water. Generally
increasing levels of inoculum in rainwater in
early April, and the lack of spores in the isolated
2-day June rain, may suggest that a time of
prolonged moisture is needed for inoculum
buildup. Warming temperatures in early April
during the period of consistent rainfall may also
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have contributed to the peak in spore production.
Failure to recover P. ramorum from soil and
litter in the summer months may indicate that
seasonal drying is sufficient to reduce viability of
spores in these substrates. '

Survival of P. ramorum spores also
depended on moisture levels. In laboratory tests,
both chlamydospores and zoospores placed in
suspension on filter paper were killed by drying
for one-half hour at 30% relative humidity.
However, with moist conditions, zoospores and
chlamydospores of P. ramorum can survive for
at least a month, and this study suggests that
chlamydospores probably survive much longer.
Thus spores transported to the trunks of oak trees
may survive for significant periods of time
during the wet winter months. Because moisture
loss appears to be one way to kill spores of P.
ramorum, we are initiating studies to determine
survival times for spores under a range of
humidity levels. airing laboratory data on
moisture requirements for spore survival with
climate data from forests may help us predict
how long spores are present in litter and soil after
rains cease, and hence, when closure of areas to
the public or logging may be warranted.

Survival of P. ramorum in leaves of U.
californica trees throughout the hot, dry summer
may allow relatively high levels of inoculum to
persist in forests even though soil, litter, or
ephemeral streams may no longer harbor viable
spores. The presence of inoculum may allow for
rapid spread of P. ramorum from many leaf
surfaces once winter rains begin, and lead to an
exponential spread of infection among the
numerous host plants.

P. ramorum does not need wounds to
infect Q. agrifolia and L. densiflorus trees. If
trunks stay wet during winter months with rains
occurring every few days, spore survival times of
up to 30 days in moist micro-habitats such as
grooves in bark or beds of moss would allow for
a long window of opportunity to initiate
infection. Although some L. densiflorus in this
experiment may be infected yet fail to show
bleeding symptoms, it appears that not all trees
became infected in this trial even though
inoculum levels were quite high. This raises the
hope that some type of resistance is present at the
onset of infection. '

Given the ability of P. ramorum to
produce spores on foliar hosts which can then be



carried in wind-blown rain, survive on oak
trunks in moist conditions, and infect oak trees
without a wound, it is understandable how P.
ramorum could readily spread among oaks
within a given location. It is harder to explain
long-distance jumps between known sites with
oak disease such as the 300 km gap between
Mendocino, California and Brookings, Oregon.
Aerial dispersal of spores in wind without rain
can move spores up to a kilometer (Ristaino and
Gumpertz 2000). However, only two of the 60
species of Phytophthora are known to have this
kind of dispersal (Duniway 1983). Although
anthropomorphic spread of infection cannot be
ruled out, it remains a primary research priority
to investigate forested corridors between oak
disease sites for the presence of infected foliar
hosts serving as infection pathways.
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Abstract. Our conceptions of the genus Phytophthora, its systematics, ecology, and pathology, are in flux.
Recent work, much of it reported in the Proceedings of the 1% international meeting of this IUFRO
Working Group (Hansen and Sutton 2000), challenges old conceptions, suggests new paths of inquiry, and
offers hope to those dedicated to disease management in forests and wildlands around the world. Indeed,
this group itself has triggered some of the important advances, by fostering communication between
previously isolated research groups, and contributing to a sense of activism in Phyfophthora research and
forest protection. In this review I want to highlight some of the key changes in our understanding,
including new diseases and new and evolving knowledge and commitment, as well as outline some of the
new research and disease management challenges as I see them.

New diseases

Two newly described and dangerous
forest tree diseases with aerial epidemiology
challenge our preconceptions about the
capabilities of Phytophthora. Sudden oak death
(SOD), caused by the newly described P.
ramorum (Werres ef al, 2001), is killing
Lithocarpus, Quercus, Rhododendron, and
Arbutus species in areas of California and
Oregon, and causing foliar blight and dieback on
numerous other woody hosts in affected areas
(Goheen ef al. 2002; Rizzo et al. 2002). This
Phytophthora kills oaks with girdling stem
cankers, but the main avenue of spread seems to
be rain splash, with important inoculum
(deciduous sporangia) produced on infected
foliage and twigs high in the crowns of trees and
shrubs. The pathogen has been isolated from
soil and streams, but it is not yet clear whether
these sources are important in the disease cycle.
Root infection is not evident, and stem cankers
seldom extend to the roots.

SOD has already caused dramatic
damage in the San Francisco Bay area of
California, and its broad and seemingly
unpredictable host range makes it a threat to
many other forest ecosystems as well. The
emergence of this disease in a heavily populated
and generally affluent area has created both
problems and opportunities for disease
management, and revealed weaknesses in the
pathology infrastructure in the United States.
Tremendous political pressure for a “cure” has
been generated as trees died in the back yards of
rich and influential people. As a result,
unprecedented amounts of money have been
allocated to research and disease management.
But forest pathology research programs in the
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Forest Service and at the University of California
at Berkeley had atrophied, so there was no
chance for a quick response. Dave Rizzo, U.C.
Davis, and Matteo Garbelloto, U.C. Berkeley
Extension, have risen to the challenge, but Forest
Service research is still invisible.

Despite the obvious danger posed by
this new pathogen, the California and Federal
regulatory systems have proven incapable of
timely, useful response. There is still no Federal
quarantine. Calls for quick action were met by
demands for more information about the
pathogen. It seems that only well known
organisms can be regulated through quarantine.

Direct efforts at disease control in
infested areas of California are difficult because
of lack of knowledge to support control actions,
shortage of research personnel to develop the
disease control strategies, and the headstart the
pathogen had before the true cause was
diagnosed. Affected lands are largely privately
owned, or managed by local agencies. So far,
timber industry lands and National or State
Forests are unaffected, with the consequence that
there is no clear administrative responsibility for
action. The State and Private branch of the
Forest Service has lead the charge in gathering
and disseminating information, raising financial
resources, and in survey and monitoring, but has
attempted no direct control. A SOD Taskforce,
comprised of more than 70 organizations and
hundreds of individuals, keeps the pot stirred,
but is too cumbersome for effective disease
management.

The recent detection of new SOD
infections in a confined area of SW Oregon



forests presented a fresh opportunity for disease
management. Oregon led in establishing a state
quarantine to try and prevent transport of the
pathogen, and in establishing an effective survey
and detection effort. The Oregon infections
appear to not be associated with human activity.
Because the infections appear to be new, and
affected areas are small, and because we are not
encumbered by the California SOD Taskforce,
Oregon has mounted an eradication effort. Only
time will tell the success, but given the evident
danger of P. ramorum, and the short window of
opportunity to have any chance of eradication,
we chose to act.

At this meeting, another new, foliar
Phytophthora was reported.  Margaret Dick
described the disease on eucalyptus in New
Zealand. The species is still undescribed, but
ITS sequence analysis places it with P.
macrochlamydospora in a rather poorly
understood clade of specics, linked most
obviously by their geographic ties to Australia
and New Zealand. Here, the epidemiology is
still unclear since the sporangia are not
deciduous, but the damage is real, and because of
the importance of eucalyptus in many countries,
the disease must be considered very dangerous.
It will be interesting to see if the southern
hemisphere response is any more effective than
the frustrating regulatory efforts against SOD.

New knowledge
Significant new understandings in the
areas of Phytophthora systematics, biogeography

and ecology, and pathogenesis have been
achieved in recent years. Perhaps most
fundamental, and with the most diverse

ramifications, is the new molecular phylogeny of
the genus based on ITS DNA sequence,
presented by Cooke and colleagues (2000). For
the first time we have an objective presentation
of the evolutionary relationships within the
genus. The authors grouped the species into 10
clades, or clusters of closely related species,
based on sequence similarity. This architecture
is already serving as the basis for new, and
testable, hypotheses about evolutionary and
speciation processes, ecology, and pathogenesis.
For example, the new P. ramorum, with
deciduous sporangia, is very close in ITS
sequence to P. [lateralis, but appears to be
misplaced among species with non-caducous,
non-papillate sporangia and soil-based ecologies.
Does this indicate a unique speciation process?
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The ITS data base has already proved
invaluable in isolate identification. It is clear
that there are many undescribed species already
in hand, and surely more to be found in nature.
As new species are recognized, especially within
old morpho-species such as the P. megasperma
complex now seen to contain at least 6 distinct
species (Hansen and Maxwell 1991; Cooke ef al.
2000), it is evident that we need new species
concepts to guide our taxonomy. It is also
evident that we need to improve our
understanding of speciation processes to support
the new taxonomy. How do we explain the very
close relationships between homothallic P.
megasperma ss, sterile P. gonapodyides, and
morphologically similar heterothallic isolates?
Is the polyploidy evident within P. megasperma
ss an important clue?

Our concept of the genus must change
as well. Peronospora is in readlity a
Phytophthora, at least by ITS sequence.
Halophytophthora seems to be a legitimate
segregate, and other groups, perhaps including P.
macrochlamydospora and the new species on
eucalyptus leaves in New Zealand, should be
segregated as well. The line between Pythium
and Phytophthora needs to be reexamined
(Cooke et al. 2000).

At a very practical level, the new
phylogeny and sequence data base greatly
facilitate the design and testing of new molecular
diagnostic tools. Unique ITS sequences can be
directly detected, and specificity of primers can
be rationally tested against other species of most
similar sequence. Diagnostics based on other
parts of the genome, or other molecules, can also
be tested for specificity more efficiently, with
this new knowledge of which species are most
likely to be similar.

It has only recently become evident that
Phytophthora species are widespread, diverse,
and locally abundant in soils and waters of
reasonably undisturbed forests. This was first
highlighted in Germany, in work by Jung and
colleagues (1996), and has been confirmed and
expanded through the efforts of the E.U.
PathOak project coordinated by Claude Delatour
(Hansen and Delatour 1999; Robin er al., this
Proceedings). A similar situation evidently holds
in North America (Sutton and Hansen, this
Proceedings). New species are being described
(Jung er al. 1999; Hansen er al. 2002), and there
certainly are more to follow. With a few



dramatic exceptions, these “forest Phyto-
phthoras” are not associated with any recognized
disease of surrounding vegetation.

Some species are clearly of exotic
origin, but most give every appearance of being
indigenous in forest soils. What are they doing
there? At least the most widespread and most
abundant species, P. gonapodyides, is capable of
a saprophytic lifestyle in streams, colonizing
leaves as they fall after insect attack or normal
autumn defoliation. Is this truly a “genus of
plant pathogens,” as so often stated, or does it
include a diverse array of life styles? Some well
known agricultural pathogens, such as P.
cactorum, P megosperma, and even P
cinnamomi, are also being found in forest soils,
seemingly not causing disease of mature plants
at least. Some are seemingly ephemeral
damping off pathogens of newly emerged
seedlings ( P. cactorum, P. hevea in some topical
forests; }. Davidson et al. 2000). Probably some
represent scattered and short lived introductions
by birds or other animals, but it seems likely that
many if not most are living as fine root
pathogens of forest plants. Populations, and
damage, are perhaps kept low by coevolved
tolerance and resistance of the associated plants,
generally well drained soils, a numerous and
diverse competing soil microflora, and variable,
generally unfavorable, soil environments.

Developing trends
It is exciting to me to come to these
meetings and learn that Chamaecyparis

lawsoniana is not the only host tree being
successfully bred for resistance to a dangerous
Phytophthora species. We learn of developing
programs with European alder and chestnut, but
also the advanced and successful programs for
resistance to P. cinnamomi in jarrah eucalyptus
and radiata pine. Increasingly, resistance is real,
useful, and available. The challenge is now not
so much to find and develop resistant trees, but
to intelligently propagate and deploy them in
forest and plantation settings. Under what
circumstances is it appropriate to use clonal
material or major resistance genes, and when is
the chance of altered pathogen virulence too
great? This in turn demands new knowledge

about pathogen variability and population
structure, dispersal mechanisms and clonal
lineages.

How can deployment of resistant trees
be integrated with an overall forest management
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operation, especially in situations where diverse
ecosystem attributes are valued over timber, as in
Oregon with Port-Orford-cedar (Hansen ef al.
2000), or where the pathogen attacks many
species in addition to the dominate tree, as in the
jarrah woodlands of Western Australia? And
how can we keep managers from seeing
resistance as a panacea and excuse to drop other
disease management efforts such as hygiene and
road closures.

The important role of infested nursery
stock in the epidemiology of Phytophthora
diseases is increasingly recognized, and
concerted actions are being organized. Nurseries
seem to have played an important role in both the
generation and the dissemination of the alder
Phytophthora in Europe. Even with pathogens
that are already widely dispersed, such as P.
cinnamomi, nursery infection can lead to more
damaging disease and local epidemics in
previously uninfested microsites.

Demanding Phytophthora-free planting
stock of the nursery growers is the obvious
solution. Quality control, however, is a
challenge, especially with the widespread use in
nurseries of fungistatic compounds, such as
metalaxyl and phosphonate and its allies, that
limit infections and keep plants appearing
healthy, but don't eliminate the pathogen. If
fungistatic compounds are not allowed, it will
force nursery managers to adopt rigorous
programs of hygiene, soil water and organic
matter management, and inspection. It is entirely
possible to grow healthy planting stock without
reliance on Phytophthora suppressing chemicals,
and this would be a major step forward. It must
be understood, however, that Phytophthora
species may still be present without causing
dramatic losses, just as they are present in many
well-drained forest soils without causing visible
disease. The only assurance of Phytophthora-
free planting stock is strictly regulated nursery
production in soil-free, containerized production
systems.

New emphasis is also being placed on a
number of other areas that can be loosely
grouped as “pathogen ecology.” The complex
interactions between Phytophthora species and
climatic fluctuations are increasingly recognized
as important to understanding disease in the
forest, but they remain very poorly understood.
Just why is it that so many Phytophthora
diseases occur in plant communities that at least



on average are very dry? The Mediterranean
cork oak woodlands, and the Jarrah forest of
Western Australia are dramatic examples. Is the
flare-up of disease in the year or two following
unusually heavy rains predictable enough to be
used in disease forecasting, and perhaps trigger
forest protection measures?

New knowledge and communication
opportunities foster active disease management
efforts. The challenge of halting, even reversing
Phytophthora diseases in forests and wildlands is
daunting, but all over the world people keep
trying. The importance of Phytophthora diseases
in forests is evident in the large cooperative
efforts that are underway to combat them. The
multifaceted,  multi-partnered  Phytophthora
dieback research and disease management
program here in Western Australia, involving the
productive collaboration of ALCOA, CALM,
CSIRO, Murdoch, and local groups, has been a
mode!, providing inspiration, as well as new
research, to the rest of us. The practicality and
efficacy of phosphonate in forests and wildlands
was demonstrated here. It provides a valuable
new research and disease management tool that
will be used on several disease systems around
the world.

several  multinational
information projects focused on
are sponsored by the European
Union. The PATHOAK project looking at
Phytophthora and oak decline presented ifs
results at this meeting. Sudden Oak Death has
engendered a huge consortium of organizations
in California, while in neighboring Oregon, a
much smaller group emphasizes speed and
agility over mass and political clout. In each
case, pathologists from different organizations
are coming together to get the job done.

In Europe
research and
Phytophthora

One product of these efforts is strategic

planning for future research and disease
management. In Australia, Phytophthora
cinnamomi was addressed in a national

assessment, spurred by its national recognition as
amongst the “top 57 threats to the environment.
California has produced a “risk matrix”
summarizing information relevant to quarantine
decisions. In Oregon, a new “Range Wide
Assessment” of the status of Port-Orford-cedar
and P. lateralis will soon be available, including
risk assessment and disease management
options. It isn’t all talk and paper. Operational,
on the ground (and in the air), disease
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management programs are at work in Australia
with P. cinnamomi, in Oregon with P. ramorum,
in Oregon and California with P. lateralis, and in
Bavaria with the alder Phytophthora.

The special challenge of exotic pathogens

Prof. Ha! Mooney, Stanford University,
titled a recent talk: “Fight Them on the Beaches,
or Let the New World Order Begin.” He was
referring to the worldwide ecological crisis
perpetrated by invasive organisms of all Kinds.
Blocking the initial establishment of an exotic
pest is indeed the one best chance to stop its
damage. This is widely recognized, and an
elaborate (and cumbersome) international system
of quarantine and regulatory authority is in place.
The weaknesses and outright failures of the
system are all too obvious, and successes are
difficult to document. In the current political and
economic climate of globalization, the task only
gets more difficult.  Nevertheless, we must
support and strive to improve the system, to
protect our forests. At the same time, however,
we must support and improve the national survey
and monitoring programs that give us a chance to
respond to exotic pests early enough to have a
chance of eradication. And there must be the
will to act, when given the chance.

It is a bold step to attempt an
eradication. ~ You must act on incomplete
knowledge. You can’t afford to wait for all of the
answers, because the pathogen won’t wait. You
must act on faith, because most often a rational
assessment of the odds for success, or a vote
among your colleagues, will suggest you will
fail. Fear of failure is often misplaced, however.
“Eradication” sounds too much like extinction.
Eradication need not be forever; it doesn’t need
to be a “once and final” success to make it worth
while. In western North America, we
“eradicate” gypsy moth from our forests again
and again, seemingly annually. The program is
not a failure just because new introductions
continue-- the repeated eradications mean that 20
or so years on and gypsy moth is still not
established in western forests. That is a colossal
achievement. = And in those 20 years, a
generation of westerners has grown up able to
enjoy a healthy forest -invaluable, even if the
record is broken next year. But entomologists
have not only bought time. They have used that
time and now there are new, promising
biocontrol agents that may make a difference in
the future.



Piptophthora cinnamomi has presented
a daunting challenge to generations of
pathologists. There was no chance for
eradication—- it had been spread worldwide
before most people new such organisms existed.
It has destroyed ecosystems. But it is not
everywhere! Here at this meeting, we have
stood, literally straddling the dieback front. It
advances, seemingly relentlessly, but at a finite
speed, when left to its own devices. The sense of
an “unstoppable epidemic” comes largely from
human-abetted spread. The skilled efforts of the
dedicated corps of “Phytophthora interpreters”
have created opportunities for control by
delimiting infestations, monitoring spread, and
highlighting failures in contro! efforts, so they
can be remedied.

There has been in the past a major effort
to limit the human vectoring of P. cinnamomi in
western Australia. That effort may have waned
recently, but it is, 1 think, because of those past
efforts that there are still uninfested forests and
wildlands to protect. And in the intervening
years, a new tool, phosphonate, has been
developed.  Phosphonate  won’t  eradicate
Phytophthora, at least not quickly, but it does
protect plants from infection and death, and it
does stop advance of the pathogen. The 20 years
saved by old fashioned road closuand they have
bought the chance for a new tool to give new
energy to the campaign.

It is very true that continuing political
and public support is necessary for control
programs that depend on human cooperation.
But with few exceptions, pathologists are lousy
politicians. And politicians and the public are
fickle -their attention wanders, or is yanked away
by events that transcend even Phytophthora. A
long-term strategy for disease management must
look for systems and processes that will stay
effective through times of neglect.
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Potential pathogenicity of four species of Phyfophthora to twelve oak species
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Abstract  Four species of Phytophthora were recovered from soil or roots around declining urban oak trees
in the states of South Carolina, Florida, Texas, USA and Colima, Mexico: P. cinnamomi, P. citricola, P.
citrophthora, and P. megasperma. Relative pathogenicity of individual isolates was determined by
inoculating stems of potted seedlings of 12 species of Quercus, measuring lesion lengths, and then
calculating lesion expansion rates. After 40 days, it was apparent that oaks were differentially susceptible to
Phytophthora spp. Lesion expansion rates varied among species of Phytophthora on any one oak species
and among oak species inoculated with any one species of Phytophthora. The range of lesion expansion
rates per day were: 0.5 mm on Q. ellipsoidalis to 11.0 mm on Q. muehlenbergii for P. citrophthora; 1.1
mm on Q. phellos to 9.8 mm on Q cerris for P. cinnamomi; 0.1 mm on Q. phellos to 3.0 mm on Q. prinus
for P. citricola; and 0.0 mm on Q. cerris to 1.1 mm on Q. borealis for P. megasperma, which was the least
virulent species in these tests. These four species of Phytophthora have potential to attack a variety of oak

trees in urban landscapes.

Introduction

Nursery, landscaping, and urban
forestry businesses have become a multi-billion
dollar industry in the United States Trees are
purchased and planted in a variety of sources and
places, some of which may contain infested plant
material and/or soil. Because of the increased
movement of potentially contaminated plants
and/or soil, many pathogens, especially
Phytophthora species, have the potential to
devastate native plants where the pathogens or
susceptible hosts have been introduced. Thus it is
increasingly important to understand the role of
pathogens in tree decline.

Phytophthora spp. are amopg the most
serious soilborne pathogens found in both forest
ecosystems and urban landscapes and are
becoming increasingly recognized as important
pathogens of oaks. P. cinnamomi Rands has
proven to be a serious root-destroying pathogen
to over 1,000 plant species worldwide (Erwin
and Ribeiro 1996), especially in regions where
soils have a high clay content or are saturated
periodically. These environmental conditions
favor the development of Phytophthora spp. and
may compromise roots of Quercus spp. The
fungi invade and colonize stressed feeder and
taproots, causing a decline and premature
mortality of trees of all ages. The objective of
this study was to determine the pathogenicity of
four species of Phytophthora, which had been
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recovered from soil and roots around declining
mature oak trees, to species of Quercus that are
commonly used in landscapes.

Materials and Methods
Seedlings of Quercus spp.

Acomns of twelve oak species
commonly planted in the United States were
obtained from commercial sources: sawtooth oak
(Quercus acutissima Carruthers), white oak (.
alba L.), jack oak (Q. ellipsoidallis E. J. Hill),
bur oak (Q. macrocarpa Michx.), chinquapin oak
(Q. muehlenbergii Engelm.), northern red oak
(O. rubra L), willow oak (Q. phellos L.),
chestnut oak (Q. prinus L.), European turkey oak
(Q. cerris L.), and English oak (Q. robur L.
fastigata). Acoms of Mexican red oak (Q.
peduncularis Bello 509) and Mexican willow
oak (Q. salicifolia Bello 1562) were obtained
from personnel of SEMARNAP in Mexico City.

Acorns were stratified in  moist
sphagnum peat at 5-10°C for several months and
then planted in a peat-based soilless mix. In
February 1998, after seeds had germinated,
seedlings were transplanted into the soilless mix
in 10-cm diameter pots. Seedlings were grown
in a greenhouse with natural light at a
temperature range of 15-30°C. Seedlings were
watered and fertilized as needed until June 2000.
At the time of inoculation, the seedlings were 25-
75 cm tall and 4-7 mm in diameter. The number



of seedlings within each species that were
available for inoculation was different.

Isolates of Phytophthora spp.

Eight isolates of four species of
Phytophthora were used in this study—P.
cinnamomi, P. citricola, P. citrophthora, and P.
megasperma. All but one isolate of P.
cinnamomi were recovered from soil around
declining oak trees in diverse geographical
locations. Isolates of P. cinnamomi were: MX-
12 from Colima, Mexico, which previously was
shown to be pathogenic to three species of
Mexican oaks (Tainter et al. 2000); FL-97 3059
recovered from roots beneath a declining oak
tree in Florida, USA provided by Emie Ash,
Florida Forestry Commission; AF-027 from field
soil in an oramental crop nursery in South
Carolina, USA; and three isolates from Texas,
USA; P. citricola (TX-15 and TX-16), P.
citrophthora (TX-3), and P. megasperma (TX-1
and TX-RP). Isolates were maintained on
acidified potato-dextrose agar (aPDA) medium.
Agar plugs 5 mm in diameter from 10-day-old
cultures were used for inoculation.

Inoculation of oak stems

Stem inoculations were conducted over
a period of several days in June 2000. A total of
15 seedlings of each oak species were selected
for stem inoculations. Individual seedlings were
used as replicates. For each oak species, there
were three replications of each fungal isolate
used and three controls. For Q. muehlenbergii
there were two controls and two replications for
each fungal isolate. = Due to the limited
availability of some seedlings of oak species, not
all isolates were tested on every oak species.

A sterile razor blade was used to make a
downward-slanting wound through the bark and
just into the xylem 15 cm above the soil line on
each seedling. The bark flap was hinged
outward, an agar plug from the selected isolate
was placed in the wound, and the wound was
covered with Parafilm and aluminum foil to
prevent desiccation. A control consisted of
inoculation with a sterile agar plug. After
inoculation, the seedlings were maintained in the
greenhouse and watered as needed. Seedlings
were observed daily and symptom development
was recorded.

A seedling was harvested when all of its
leaves had wilted, which was between 20-42
days after inoculation. The length of necrosis in
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phloem tissues was measured as an indication of
pathogenicity. To measure lesions, the Parafilm
and foil were removed and the outer bark was
carefully shaved with a sterile razor blade from
the inoculated area. The length of discoloration
in the phloem and xylem was recorded. To
attempt to re-isolate causal agents, tissue was
removed from the upper and lower edges of each
lesion and plated on pimaricin- chloramphenicol-
hymexazol (PCH) (Shew and Benson 1982) or
PARPH/CMA selective media (Jeffers and
Martin 1986). Isolation plates were incubated at
room temperature (21-24°C) for seven days and
then observed for presence of Phytophthora spp.
Seedlings that developed no foliage symptoms or
stem lesions were maintained in the greenhouse.
Afier 42 days, they were harvested and examined
for lesion development as described above.

Soil infestation

For comparison, 35 seedlings each of Q.
peduncularis and Q. salicifolia were grown in
infested soil. All isolates of Phytophthora spp.
were used except for the Florida isolate of P.
cinnamomi. Inoculum was grown in V8-Juice
vermiculite medium (Tuite 1969) for 28 days at
room temperature.

To infest the soil, 5 to 7 1-cm-diameter
holes were evenly distributed across the surface
of the medium in each pot. A 1-cm’ aliquot of
inoculum from a 28-day-old culture was placed
in each hole. The holes were made to a depth of
approximately half the pot height to maximize
soil and root contact. Five seedlings were used
for each isolate for each of the two oak species.
The seedlings were grown in the greenhouse and
were harvested after 3 months.

Statistical Analysis

For the stem inoculation, lesion length
data for each oak species were analyzed using
one-way analysis of variance (ANOVA) to
determine if significant differences (P=0.05)
among isolates occurred. If there was a
significant treatment effect, all isolate means
were compared to the mean of the non-
inoculated control treatment using Dunnett’s test
(P=0.05). Data were analyzed in Minitab
statistical software (version 12.0). Lesion length
data for each of the two oak species planted in
infested soil were analyzed using ANOVA and
Duncan’s multiple range test (SAS 1989).



Results
Inoculation of oak stems with different isolates

All isolates produced a measurable
lesion compared to the controls (Table 1)
Therefore, each isolate exhibited some degree of
pathogenicity within most of the oak species
tested. Upon harvesting the seedlings, it was
apparent that oaks were differentially susceptible
to Phytophthora spp. and lesion lengths varied
among oak species inoculated with different
isolates of Phytophthora.

All oak species, compared to the
controls, were susceptible to P. cinnamomi
except for Q. acutissima (P=0.075) and Q.
muehlenbergii  (P=0.664). There was no
significant difference in lesion lengths between
these two oak species inoculated with species of
Phytophthora. Both P. citrophthora and P.
citricala produced significant lesion lengths on
4/12 species of oaks. Q. phellos and Q. rubra
were susceptible to all four species of
Phytophthora and produced significant stem
lesions compared to the controls (P<0.001).

After 40 days, it was apparent that oaks
were differentially susceptible to Phytophthora
spp. Lesion expansion rates varied among
species of Phytophthora on any one oak species
and among oak species inoculated with any one
species of Phytophthora. The range of lesion
expansion rates per day were: 0.5 mm on Q.
ellipsoidalis to 11.0 mm on Q. muehienbergii for
P. citrophthora; 1.1 mm on Q. phellos to 9.8 mm
on Q. cerris for P. cinnamomi; 0.1 mm on Q.
phelios to 3.0 mm on Q. prinus for P. citricola,
and 0.0 mm on Q. cerris to 1.1 mm on Q.
borealis for P. megasperma, which was the least
virulent species in these tests.

Soil infestation with different isolates

The extent of root lesions on the two
Mexican oak species following the soil
infestation is shown in Table 2. Q. peduncularis
was more susceptible, with 18/34 (53%) of the
seedlings showing lesion formation, compared to
Q. salicifolia, with only 3/34 (9%). Each fungal
isolate was associated with at least one, or more,
lesions on taproots. P. cinnamomi, isolated in
South Carolina, was associated with root lesions
of up to 32mm on Q. peduncularis and was

Table 1. Mean stem lesion lengths (mm) exhibited by oak species inoculated with isolates of

Phytophthora species.

Oak Species®
o 0 O 0 O B 0 v © © © ©
8 8 Q 3 3 3 ? b~ = @ 3
g = 3§ ¢ ¥ § § & § 4 °
5 & 5 3§ £ s 8
2 = = ] 8 B 0%
g 8 o & s
= S
Phytophthora sp  Isolate
P. cinnamomi AF-027 152 29% 139* 154*
FL-97 &7 34* 42* 126*
MX-12 69 41* 251 74* 58+ 176 44* 171* 160* 139* 194* 196*
P. citricola TX-15 16 25 16 27 78 40  A8*
TX-16 31 26 33 25 29 58 5 4 77 35 43 34
P. citrophthora TX-3 34 46* 17 21 220 22¢ 41 104* 34 48 4T*
P. megasperma TX-1 10 i3 20* 0 67 18 37
TX-RP 7 28 0O 20 135 14 16 20 36 10 10 43¢
Control 0 0 0 0 0 0 0 0 0 0 0 0

ANOVA: P value

0.075 0.004 0.004 0.004 <0.001 0.664 <0.001<0.001 0.001 0.009 <0.001<0.001

®Means within a column with a significant ANOVA P value (s0.05) were compared to the control
treatment by Duncan’s Test (£=0.05); means significantly different from the controls are followed by an

asterisk (¥).
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Table 2. Root lesion length (mm) in two Mexican oak species planted in Phytophthora-infested soil.

Oak Species®

Phytophthora Species Isolate Q. peduncularis Q. salicifolia
P. cinnamomi AF-027 35* 15

MX-12 32* 3
P. citricola TX-15 7 0

TX-16 4 0
P. citrophthora TX-3 2 0
P. megasperma TX-1 8 0

TX-RP 2 0
ANQVA P value 0.0177 0.063

*Means within a column with a significant ANOVA P value (<0.05) were compared by Duncan’s Multiple
Range Test (P=0.05); means significantly different from each other are followed by an asterisk (*)

significantly different (P=0.018) from the
remaining isolates of  Phytophthora  spp.
excluding the Mexican isolate of P. cinnamomi
with a P-value of 0.063. Lesion lengths were
both more abundant and longer on Q.
peduncularis than on Q. salicifolia. 90% of the
seedlings of Q. peduncularis exhibited root
lesions produced by the two isolates of P.
cinnamomi, whereas only 3 of 10 seedlings of Q.
salicifolia produced visible lesions. Each of the
remaining isolates of Phytophthora  spp.
produced at least one measurable root lesion on
Q. peduncularis.

Discussion

Ten out of the twelve oak species were
susceptible to P. cinnamomi, primarily the
Mexican isolate. P. citricola and P. citrophthora
were pathogenic to four of the ten of the oak
species inoculated. Of all the oak species
inoculated, only Q. phellos and Q. rubra were
susceptible to P. megasperma.

The apparent difference in susceptibility
of the two Mexican oaks to P. cinnamomi to root
" infection reflects readily visible differences in
susceptibility seen in the field (Tainter et al
2000). The incidence of root lesions associated
with the other Phytophthora species tested,
although low, suggests a similar differential
susceptibility. This preliminary study suggests
that these four species of Phytophthora have the
potential to attack a variety of oak trees used in
landscapes.
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Phytophthora palmivora, the cause of red foot in balsa (Ochroma pyramidalis).
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Abstract. Red foot, a lethal canker disease of plantation-grown balsa (Ochroma pyramidalis) in Ecuador, is
described. Red foot is first visible as a triangular-shaped sunken area at the base of the tree. The most
striking symptom is exudation of bright reddish watery sap that runs down the stem and dries to produce a
rusty powdery residue. Removal of the bark revealed a watery gray lesion in the phloem that quickly
changed to dark red-brown. Phytophthora palmivora was consistently isolated from margins of active
cankers. Artificial inoculations of healthy balsa trees produced cankers in 90 days identical to those on
naturally infected balsa trees. P. palmivora was re-isolated from these cankers, thus fulfilling Koch’s
Postulates and identifying a new host for this pathogen. There was no apparent effect of site quality on
canker initiation or subsequent development. The fungicide fosetyl-AL (Alliette ®) reduced the width of
phloem lesions by about 50% but had no effect on lesion length.

Introduction

Balsa, Ochroma spp., is the lightest of
commercial timbers and because of this attribute,
the wood has value for a very unique mixture of
products (Record and Hess 1943). In order to
produce a product of uniform quality and assure
its availability, much of the balsa entering the
market is now grown in carefully managed
plantations. On well-drained sites with deep,
rich soils, balsa may attain commercial harvest
age at from 4 to 6.5 years with a height of 18-25
m and a trunk diameter of 25-40 cm. Until age 6
years or so, balsa develops a shallow, spreading
root system.

In Ecuador, balsa plantations are
established on former agricultural lands. As a
result, plantations have experienced a variety of
pest problems, some of which have not been
recognized in natural forests where balsa is a
relatively minor component. The condition
known as Apata roja®, or red foot, may appear
at any time during a rotation (Fig. 1A). Red foot
is first visible as a triangular-shaped sunken area
at the base of the tree. A striking feature is
exudation of a bright reddish watery sap that
runs down the stem, accumulates on the lower
stem, and dries to produce a rusty powder-like
residue. On small trees (ca. 20 cm diameter at
1.4 m above ground) the externally visible
canker and bleeding area may extend upward
only 0.3 m or so. On larger trees (ca. 70 cm or
larger) the canker may extend upward more than
2 m. The canker appears to originate from the
lower stem area between two major roots. The
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canker extends vertically up the tree stem but
also develops at a slower rate circumferentially
around the root crown, eventually girdling the
cambium, and this causes death of the tree.

Although not devastating to net wood
volume production of the rotation, red foot
requires constant attention throughout the
rotation to maintain optimum stem density and
maximum wood production. Occurrence and
incidence of red foot is predictable only to the
extent that it is more prevalent in low-lying areas
where water accumulates during the summer
rainy season. It may also occur where the soil
has a hard pan at a depth of 30cm or so.

Inspection of cankered trees during the
past two decades suggested that Phytophthora
might be involved. In October/November, 2000
two of us (WDK and FHT) examined red foot
cankers in balsa plantations which ranged in age
from 6 months to 4 years. Chips were removed
from the leading edge of phloem lesions of
several cankers and plated into tubes containing
slants of pimaricin-chloramphenicol-hymexazol
(PCH) selective medium (Shew and Benson
1982). In addition, phloem and xylem tissues
from the cankers were collected and razor blade
sections were prepared. These were examined at
the field station with a light microscope at 200X
magnification.  Discolored vessel elements,
adjacent companion cells, and phloem cells
contained large coenocytic hyphae and structures
which resembled chlamydospores.



Methods

Each of 36 isolation tubes yielded
Phytophthora palmivora (Erwin and Ribeiro
1996). One of the isolates was arbitrarily
selected for subsequent field inoculations and
maintained on modified PARPH-V8 medium
(Ferguson and Jeffers, 1999). To prepare for
field inoculations, the isolate was transferred to
acidified potato-dextrose-agar medium.

Four sites were selected on land owned
by Plantaciones de Balsa, Guayaquil, Ecuador.
Two sites were of site quality among the best for
growth of balsa. Two other sites were of much
lower productivity. In December, 2000 on each
site eight trees were wounded and inoculated
with P. palmivora. Inoculations were conducted
at a height of 1.4 m on the stem for ease of
inoculation and subsequent observations and to
minimize  contamination  from  possible
undetected natural infections. An additional 8
trees on each site were wounded and inoculated
only with a sterile agar plug. Inoculations were
as previously described (Tainter et al. 2000).
The duct tape wrappings were removed after 2
weeks in order to not restrict diameter growth of
the trees. At the time of inoculation, 4 of the
inoculated trees at each of the sites were
arbitrarily selected for treatment with fosetyl-AL
(Alliette®) fungicide at a recommended
maximum dosage of 1 1b. fungicide/1 gal. water.
This treatment was performed by spraying to
runoff the lower 2 m of stem.

At the time of inoculation, several trees
afflicted with natural infections of red foot were
inspected and tissue samples collected from
various portions of the canker. In addition, the

morphology of the cankers was examined in
detail and internal symptoms recorded.

The tissue samples were fixed in non-
chilled 3.5% glutaraldehyde/cacodylate fixing
buffer as previously described (Tainter et al.
1999). Sections 8-10 pm thick were affixed to
glass microscope slides and viewed either
unstained or following staining with either
0.05% aqueous toluidine blue-O or 2% ferric
chloride in 95% ethanol to  identify
polyphenolics, or with iodine (0.5%) in 5%
aqueous potassium iodide to identify starch, as
previously described (Tainter et al 1999).
Sections were viewed at 100X and 200X
magnification and representative photomicro-
graphs taken.

In March 11 - 16, 2001 each inoculated
tree was inspected and the height above and
below the inoculation point, and total width, of
phloem lesions were measured. From each tree a
single set of three chips was removed from the
upper lesion edge and plated into a tube of
PARPH-V8 medium. Date were analyzed using
Duncan’s Multiple Range Test (SAS Institute
Inc. 1989).

Results
Inoculations

In every tree, inoculation with P.
palmivora produced a bleeding canker with
phloem lesions identical with those observed in
natural infections. Some phloem lesion statistics
are shown in Table 1. Mean phloem lesion
length above the point of inoculation was 37.4
cm, significantly greater (P = 0.05) than the
mean length of 23.8 cm below the point of
inoculation. Total lesion length of 61.7 cm on

Table 1. Canker growth in balsa trees 90 days after inoculation with Phyfophthora palmivora

Canker Dimensions (cm)

Treatment  Site No. DBH (cm) Above/Below  Total Width % Stem Girdled
N*+AY Good 16/16°  20.8a** 37.6a*/24.1a 61.7a*  20.8a*  32.4a**

N+A Poor  13/12 11.5b 37.2a/23.5a 58.1a 23.6a 65.0b

All N=s 13 62.1a 30.9a

All A=s 15 58.4a 13.5b

¥ Trees inoculated with P. palmivora.

¥ Trees inoculated with P. palmivora followed by a basal spray of fosetyl-AL (Alliette ®).

Y Sixteen trees within each treatment were inoculated, but some succumbed before end of experiment.
* Means within a column followed by the same lowercase letter are not different at P = 0.05.

** Means within a column followed by the same lowercase letter are not different at P = 0.01.
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the good sites was not different from total lesion
length of 58.7 cm on the poor sites (P = 0.05).
Mean diameter of the trees at 1.4 m was 20.8 cm
on the good sites and 11.5 cm on the poor sites,
significantly greater at P = 0.01. The proportion
of the stem circumference girdled by P.
palmivora was 324 % on the good sites
compared with 65.5 % on the poor sites, this
difference being highly significant. While there
was no difference in lesion width on trees
growing on the two qualities of sites, these
results suggest that the smaller trees on the
poorer sites are probably girdled quicker because
of their smaller diameter.

Each of the inoculated trees treated with
fungicide at the time of inoculation also
developed a bleeding canker similar to those
observed in natural infections and the phloem
lesions were similar to those in natural infections
although they appeared somewhat lighter in
color. For the trees treated with fungicide, mean
lesion length of 58.4 cm on treated trees was not
significantly less than the mean lesion length of
62.1 cm on untreated trees (P = 0.05). However,
there was a highly significant difference (P =
0.01) in lesion width between treated (= 13.5 cm)
and untreated {=30.9 cm) trees.

P. palmivora was re-isolated from 74
% of the P. palmivora-only inoculated trees and
from 81 % of the P. palmivora-inoculated-
fosetyl-AL.  (Alliette ®)-treated trees, thus
successfully completing the fourth, and final,
step in the confirmation of Koch’s Postulates.

Internal symptomatology

Removal of bark on the canker face
revealed a triangular-shaped mass of affected
inner phloem tissues (Fig. 1B). Three distinct
zones were visible. Zone 1 appeared to be the
youngest part of the canker, consisting of light
brown patches delimited by a dark brown zone
line. These patches were initially small,
separate, and distinct at the advancing edge of
the canker but increased in area as the zone line
delimiting each patch migrated. As the patches
increased in area, they coalesced to form a
contiguous patchwork which was designated as
zone 2. The patches in zones 1 and 2 were
initially a watery gray color just after the bark
was removed but this oxidized within a few
seconds to a light brown color. The patches in
zone 2 continued to be delimited by a dark zone
line but it was red to maroon in color. Zone 3, or
what is interpreted as the oldest part of the
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canker, appeared as a similar series of irregularly
shaped dark brown patches each of which was
delimited by a narrow, dark maroon border, with
the only differences being a darker color and
visible disintegration of the tissues.

Histology

The exact mode of entrance into the
balsa tree by P. palmivora was not determined,
but after penetration of living tissues is achieved,
fungal colonization was concentrated in a layer
of inner phloem cells (mostly sieve elements) of
10-20 cells thick just exterior to the cambium
(Figs. 2A, 2B, 2C) and almost all of the fungal
colonization was upward and almost exclusively
intercellular. There was very little invasion of
rays and no growth within the alternating bands
of fibers. From these hyphal clusters, individual
hyphae then ramified upwards within the inner
phloem to initiate the satellite infection patches
and, thus, continually formed new zone 1's.
Bach of the satellite patches then appeared to
have subsequently expanded in area, somewhat
more so in a vertical direction, and then ceased
expansion as it met its neighboring patches.

The presence of P. palmivora was
associated with the deposition of large quantities
of polyphenolic materials in axial and ray
parenchyma cells, and in any other living cells
within the inmer phloem that had not yet
differentiated. Although scattered starch
granules were encountered within phloem cells,
the histochemical stains revealed that most of the
discoloration forming the red to brown color of
the visible phloem lesion was due to the
deposition of polyphenolics. The polyphenolics
appeared either as small-, to medium-sized
droplets which partially filled each cell, or as a
single droplet which almost completely filled
each phloem cell.

As the hyphae of P palmivora
colonized the inner phloem, the phloem cells
were partially displaced and crushed (Figs. 2A,
B). Phloem cell contents also became
disorganized and were less visible. Localized
areas within the phloem became desiccated,
appeared shrunken, and small cavities formed
which were filled with a reddish watery liquid.
Presumably this material then leaks out and runs
down the bark exterior to produce one of the
most visible external symptoms of red foot.
Tissues within zone 3 of the canker had lost their
structural integrity and the bark split and cracked



Fig. 1. Red foot canker on eighteen-month-old baisa tree. A. External view; B. With outer bark removed

to show the three visible internal zones.

open. At this advanced stage of development it
was difficult to isolate P. palmivora.

There was little histological evidence
that P. palmivora invaded the xylem to any great
extent, although large, coenocytic hyphae were
sometimes visible in vessel openings. As fungal
colonization proceeded within the phloem to
form zone 1, ray parenchyma and axial
parenchyma within the xylem several cm beyond
the visible margin of that zone had also begun to
form polyphenolics (Fig. 2D). Also, walls of
adjacent vessel elements were a brownish color
and their companion cells were filled with
polyphenolics. In the earliest visible stages of
zone 1 in the phloem, the cambium was a
uniform brown in color with discolored rays
extending inward several mm. As one moved
from zone 1 into zone 2, the brown discoloration
within the xylem extended deeper and the area
nearest the cambium was a darker brown as most
of the axial and ray parenchyma cells and some
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of the axial tracheids became filled with
polyphenolics (Figs. 2E, 2F).

Discussion

P.  palmivora is a notorious tropical
pathogen, attacking at least 158 plant species
(Erwin and Ribeiro 1991). Because most of the
present balsa plantation lands were formerly
used to grow some of these hosts, there should
be no mystery as to the source of inoculum.

The reddish color of the exposed canker
face, presumably due to the oxidation of large
quantities of polyphenolics within the phloem
cells, is similar to a response observed in three
species of Mexican oaks infected with
Phytophthora cinnamomi (Tainter et al. 1999).
In the Mexican oaks, the possible toxicity of
polyphenolics may force the invading pathogen
to colonize host tissues in an advancing front
with a uniform leading edge. In balsa, the
polyphenolics may force P. palmivora to invade
the healthy phloem in an advancing front consist-



Fig. 2. Inner phloem in zone 1 of red foot canker. A. Transverse section, showing bands of fibers (f) and
intercellular fungal hyphae (arrows) among sieve elements and axial parenchyma; B. Magnified view of
portion of A, showing fibers (f) and fungal hyphae (arrows); C. Radial view through same area, showing
same features as in A and B. Secondary xylem associated with phloem lesion of red foot canker. D.
Transverse section 2 cm above visible xylem discoloration, showing limited presence of polyphenolics
(arrows) in ray parenchyma; E, transverse section, and F, tangential section, showing polyphenolics
(arrows) in ray and axial parenchyma adjacent to zones 1 and 2 of phloem lesion. Horizontal bar=60 pm.
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ing of a series of circular patches, with each
patch representing a local invasion of tissues and
a host response to it. There is little evidence that
the invading pathogen is slowed very much by
the polyphenolics, because it then colonizes
adjacent healthy tissues where it initiates similar
reactions.

Except for high-valued balsa trees, such
as those in seed orchards or those nearing
rotation age, chemical control of red foot using
fosetyl-AL (Alliette ®) is probably not justified.
However, the low degree of chemical control in
the present study may have resulted from the
inability of the fungicide to readily pass the
layers of fibers in the bark. Further research
could clarify whether fungicidal application is
possible.

A degree of practical control is already
achieved by avoiding low-lying areas where
water is lable to stand for several weeks. On
sites with a hard pan, some experimental effort is
being done to mechanically break the hardpan to
improve internal drainage. Sanitation during the
entire rotation is vigorously implemented and
diseased trees are thinned out as soon as red foot
is detected. The felled trees are left lying on the
ground. What effect this has on maintaining or
increasing inoculum levels in the soil is not
known.
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Abstract. Operational phosphite applications in autumn 1997 were monitored at the Bell Track in the
Fitzgerald River National Park and on Bluff Knoll in the critically endangered Eastern Stirling Range
Montane community. The Montane community, which is extensively infested by Phytophthora
cinnomomi, is notable for 11 threatened plant taxa, four of which are critically endangered. Aerial
phosphite application at 24 kg a.i. ha' resulted in significantly higher percentage survival of
Phytophthora-susceptible species in sprayed compared With non-sprayed quadrats on a dieback front at
the Bell Track for up to two years post-spray. Similar observations were made at Bluff Knoll after
phosphite application to uniformly infested vegetation. Sphenotoma sp. Stirling Range sampled from
Bluff Knoll had considerably higher phosphite concentrations at two weeks and five months post-spray
than Lambertia inermis sampled from the Bell Track. Phytotoxicity symptoms in terms of foliar
necrosis and defoliation post-spray were generally mild although selected species showed greater
sensitivity. Growth abnormalities were observed in a small percentage of species assessed at the Bell
Track site. Concerns regarding potential phytotoxic effects of phosphite on plant health must be
balanced by the threat posed to the survival of critically endangered species and plant communities by
Phytophthora cinnamomi.

Introduction (Walker 1989; Anderson and Guest 1990; de
The soil-borne pathogen Phytophthora Boer and Greenhalgh 1990; Wicks and Hall
cinnamomi Rands is a major threat to 1990; Seymour et al. 1994) and native species
Australia’s native flora (Shearer and Tippett (Komorek et al. 1997; Pilbeam et al. 2000;
1989; Wills and Keighery 1994; Barrett and Barrett 2001). Aerial phosphite application
Gillen 1997). Application of the fungicide rates must ensure a balance between achieving
phosphite, by stem injection or foliar spray has adequate phosphite concentrations for disease
been shown to control P. cimmamomi in a control while avoiding phytotoxicity symptoms
number of native species (Shearer and Fairman in the range of species present.
1991; 1997a,b; Komorek ef al. 1997; Aberton
et al. 1999; Pilbeam et al. 2000). Operational This paper investigates i) the
aerial phosphite applications have now been effectiveness of phosphite in controlling the
conducted in natural plant communities to spread of the P. cinnamomi to non-infested
protect threatened flora and communities vegetation in the Bell Track area of the
(Gillen and Grant 1997; Barrett 1999). Aerial Fitzgerald River National Park, ii) the
phosphite application at 24 kg a.i/ha has prevention of further species decline in
achieved disease control for up to two years infested areas on the summit of Bluff Knoll in
(Komorek et al. 1997), however, this may vary the Stirling Range National Park, iii) in planta
in different plant communities and in phosphite concentrations in selected species
vegetation of different ages. Faster growing post-spray and subsequent decline in phosphite
young plants may lose their resistance to P. levels and iv) and symptoms of phosphite
cinnamomi after phosphite application at 24 phytotoxicity in the plant communities
kg/ha within three years (Komorek and Shearer sprayed.
1998). In planta phosphite concentrations may
also vary between species and decline at Methods
different rates (Barrett 2001). While phosphite The two study sites occur within the
has been found to increase the survival of south coast region of Western Australia which
selected susceptible native species along a experiences a  Mediterranean  climate
dieback front, the ability of phosphite to characterised by mild wet winters and hot dry
enhance plant survival in infested areas in the summers. The Bell Track site (S 33°54°31”, E
long-term is unclear. 119° 29°26”) is in the Fitzgerald River
Natjonal Park, a UNESCO Biosphere Reserve
Although phosphite is considered to located between Albany and Esperance. The
have low toxicity to plants (Guest and Grant area is significant for an extensive P.
1991), foliar phytotoxicity has been reported in cinnamomi infestation (175 ha) in the centre of
selected horticultural and ornamental species a reserve which is otherwise relatively free of
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P. cinnamomi and noted for the richness of its
flora. The vegetation is thicket and scrub over
heath on deep sand, last burnt in 1986.

The Bluff Knoll site (S 34 22° 327, E
118 °15°17) is located on the summit area of
Bluff Knoll (15 ha), the highest peak in the
Stirling Range National Park and is within the
critically endangered Eastern Stirling Range
Montane community which is extensively
infested by P. cinnamomi (Barrett and Gillen
1997). The community is notable for 11
threatened plant taxa; nine of which are
endemic to the area and four of which are
currently —ranked critically endangered.
Vegetation is dwarf scrub on skeletal sandy
clay loam regenerating after a fire in 1991. The
Bluff Knoll site experiences considerable
orographic precipitation.

Six 5 x 5 m plots were established at
the Bell Track in non-infested vegetation on a
dieback front within the spray target area and
another six control plots in an area which was
excluded from phosphite application. On Bluff
Knoll, six 5 x 1 m monitoring quadrats were
established within the target area, another six
contro}! quadrats were covered with clear
plastic during phosphite application. Target
areas were aerially sprayed using a Cessna
Agwagon 1 88B, equipped with a Micronair
Rotary Atomiser spray system that resulted in
a droplet size of between 300-500 pm with
coverage of approximately 60 droplets/cm’
The spray formulation was applied from an
altitude of 10 m above the plant canopy in 15
m wide swathes, at a rate of 30 L/ha using 40
%  phosphite  (Foli-R-fos 400, UIM
Agrochemicals Pty 1L4d.). One application of
40% product applied at a rate of 30 L/ha
resulted in an output of 12 kg/ha. The initial
aerial application was followed up by a second
application six weeks later to achieve a final
output of 24 kg/ha. Synertrol Oil, a vegetable
oi! concentrate, was added as a surfactant at a
rate of 2% of total volume.

In May 1997, at two weeks post-
spray, numbers of selected Phytophthora
susceptible species were counted in monitoring
quadrats. These were Banksia baxteri R. Br.
and Lambertia inermis R. Br. at the Bell Track
site and Sphenotoma sp. Stirling (P.G Wilson
4235}, Andersonia echinocephala (Stschegl)
Druce and A. axilliflora (Stschegl) Druce on
Bluff Knoll. Due to the difficulty of reliably
distinguishing Andersonia axilliflora seedlings
from A. echinocephala seedlings, data from
these two species were combined. Recruitment
of seedlings in these three species from the
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family Epacridaceae occurred over the study
period on Bluff Knoll and the original counts
were amended to reflect this. At two weeks
after the second spray in May 1997 and at five
months post- spray in October 1997, shoots of
L. inermis (Bell Track), and Sphenotoma sp.
(Bluff Knoll) were sampled for phosphite
analysis. Sphenotoma sp. was also sampled at
three years post-spray from Bluff Knoll.
Samples were washed, oven dried at 37°C,
ground and weighed to 0.5 g + 0.002 g.
Phosphite content was analysed by the Western
Australian State Chemistry Centre by gas
chromatography using a P-sensitive column
(D.B-Wax) and a phosphorous-specific flame
photometric detector (Hewlett Packard). The
limit of phosphite detection was 1 pg/g dry wt
material.

At two weeks post-spray all species
within monitoring plots were assessed for signs
of phytotoxicity taking into consideration any
foliar necrosis that was present pre-spray.
Control plots were assessed for changes in
plant health at the same time. Phytotoxicity
was rated using a phytotoxicity rating system
where 0 = zero necrotic foliage, 1 = 1 - 20% of
foliage affected (mild), 2 = 21 - 40% of foliage
affected (moderate), 3 = 41 - 60% of foliage
affected (moderately severe), 4 = 61 - 80% of
foliage affected, 5 = 81 - 100% of foliage
affected. A further three assessments were
conducted in October 1997, March 1998 with
the final assessment in November 1998 at 18
months post-spray. By the second assessment
defoliation, growth abnormalities and chlorosis
were evident in some species and these
symptoms were incorporated into the rating
system. Phytotoxicity was also scored in
additional monitoring quadrats at the Bell
Track site, in mallee-heath vegetation on
gravel-loam-sand.

Percentage survival of Phytophthora-
susceptible species were analysed by means of
Analysis of Variance (ANOVA) with spray
treatment as the independent variable and
percentage survival as the dependent variable.
Data were transformed by arcsin square root
(x/100) and tested for meeting the assumptions
of ANOVA prior to analysis. Homogeneity of
variances was assessed using Bartlett’s
univariate test, scatter plots were used to assess
correlation of means and variances, and the
distribution of the dependent variable was
assessed by the Chi-square test of normality
and histogram of the distribution. Data which
failed to meet the assumptions for ANOVA
were analysed using a Kruskal-Wallis test.



Data for each species were analysed separately
for each assessment period.

Results

Mean percentage survival of B.
baxteri from Bell Track was significantly (P <
0.05) higher in sprayed, compared with non-
sprayed quadrats at 12, 18 and 24 months post
spray (Fig 1la). For L. inermis, mean
percentage survival was significantly (P <
0.05) at 12 months post-spray (Fig. 1b). While
percentage survival continued higher in
sprayed quadrats at 18 and 24 months post-
spray, the difference between sprayed and
control quadrats was not significant (P > 0.05),
although at the final assessment percentage
survival was higher (78.9%) in L. inermis
compared with B. baxteri (68.5%).

Mean  percentage  survival of
Sphenotoma sp. and Andersonia ssp. in
sprayed quadrats on Bluff Knoll was not
significantly (P > 0.05) higher in sprayed
compared with non-sprayed quadrats at 12
months post-spray (Fig 2a,b). There were
considerable numbers of plant deaths in
sprayed as well as non-sprayed quadrats.
However, mean percentage survival for both
species was significantly (P <0.01) higher in
sprayed compared with control quadrats at 18,
24 and 36 months post-spray. From 12 to 36
months post-spray, mean percentage survival
increased slightly in sprayed quadrats for
Andersonia spp. while for Sphenotoma sp.
there was a slight increase at 18 and 24 months
post-spray.

In planta phosphite concentrations in
shoots sampled at two weeks post-spray were
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more than six times higher in Sphenotoma sp.
Stirling Range from Bluff Knoll Site than in
Lambertia inermis from the Bell Track (Table
1). At five months post-spray, levels had
dropped to almost 25% of initial levels in L.
inermis while those in Sphenotoma sp. were
over 60% of initial concentrations. Low levels
(3.9 pg/g) persisted in Sphenotoma sp. at three
years post-spray.

Phytotoxicity was expressed initially
as foliar necrosis which ranged from tip and
marginal necrosis to full leaf necrosis
depending upon the severity of the symptoms.
Phytotoxicity was observed in 88 (60%) of the
146 species assessed however, ratings at any of
the four assessments were mild (ratings < 1) in
69 of these. No symptoms were observed 58
(40%) of species assessed. Moderate to
moderately severe symptoms (1 to <3) were
observed in 19 (13%) species which were from
the families Myrtaceae (7), Epacridaceae (5),
Proteaceae (5), Papillionaceae (1) and
Mimosaceae (1) and these were predominantly
from the Bell Track site. By the final
assessment symptoms persisted in 20 (13.6%)
of species and these were mild in all but one
species. Growth abnormalities were apparent
in 15 (10%) of the 146 species assessed. These
were most common in the Proteaceae (8)
followed by the Myrtaceae (5), Epacridaceae
(1) and Dilleniaceae (1). The most common
growth abnormality was ‘little leaf® with or
without rosetted foliage. Little leaf was
accompanied in certain species by spindly,
elongate shoot growth. Chlorosis of foliage, in
particu (6.8%) of species in the Proteaceae (3),
Myrtaceae (4), Epacridaceae (2), Dilleniaceae
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Fig. 1. Mean percentage survival of a) Banksia baxteri and b) Lambertia inermis plants in monitoring
quadrats on a dieback front, Bell track, from May 1997 to April 1999 after phosphite application at ¢ 0
kg/ha, and w24 kg/ha. Values are the means of data from six quadrats + standard error.
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Fig. 2. Mean percentage survival of a) Sphenotoma sp. Stirling and b) Andersonia plants in monitoring
quadrats within a dieback infestation, Bluff Knoll, from May 1997 to April 2000 after phosphite
application at ¢ 0 kg/ha, and m 24 kg/ha. Values are the means of data from six quadrats + standard
error.

Table 1. Mean in planta phosphite levels in Lambertia inermis and Sphenotoma sp. Stirling two
weeks after phosphite application at 24 kg/ha and five months later, and 36 months later for
Sphenotoma sp. Data are the means of 24 L. inermis and 20 Sphenotoma sp. samples = standard
€rrors.

Species Phosphite concentration (ng/g)
May 1997 Oct 1997 April 2000
Sphenotoma sp. (Stirling) 2429+313 154.0+25.2 39+09
Lambertia 38.2+ 4.6 10.5+ 1.7 -
Inermis
(1) and Papilionaceae (1). Chlorosis also years post-spray, the reduction in percentage
occurred in combination with growth survival from 18 months to two years post-
abnormalities. Growth abnormalities and spray, suggested that individuals were
chlorosis were most frequent in species from becoming more susceptible to the pathogen
the Bell Track site particularly in those and re-application of phosphite was required at
growing on deep sands. An abundance of new this point to maintain disease control. This is
growth was apparent in B. baxteri in sprayed supported by anecdotal observations of plant
compared with non-sprayed plants which was deaths in sprayed quadrats at three years post-
mainly normal in appearance. However, some spray (M. Grant pers. comm.). In the case of L.
individuals had small leaves with spindly new inermis, reduced disease control was apparent
shoots. On Bluff Knoll, only one species even earlier at 18 months post-spray. At the
(Calothamnus crassus (Benth.) Hawkeswood) Bluff Knoll site percentage survival rates were
showed some stunting of new growth while significantly higher in Sphenotoma and
three demonstrated chlorotic foliage. By the Andersonia in sprayed compared with the
final assessment at 18 months post-spray, these control quadrats from 12 months to three years
three species had recovered with the exception post-spray. While there was still a considerable
of Kunzea montana (Diels) Domin. which decline in numbers in the sprayed plots in this
continued to show chlorosis. dieback-infested site, most of this decline took
place in the initial year post-spray and many of

Discussion these individuals were likely to have been

At the Bell Track site, there was infested at the time of spraying. Phosphite
minimal decline in numbers of plants of B. application ~ post-inoculation ~ with ~ P.
baxteri and L. inermis sprayed with phosphite cinnamomi is considerably less effective than
at 24 kg/ha for up to 12 months post- spray. application pre-inoculation (Davis 1989;
While mean percentage survival continued Marks and Smith 1992). It is also possible that
significantly higher in B. baxteri for up to two some of the plant deaths observed in
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Sphenotoma may have been related to
naturally  thinning of dense seedling
populations. While percentage survival rates of
the Bluff Knoll species were lower at each
assessment post-spray than for those at Bell
Track, there was little decrease in percentage
survival in sprayed plants from 12 to 24
months post-spray in contrast to the Bell Track
species. The higher initial  phosphite
concentrations achieved in Sphemotoma and
presumably in Andersonia spp. from the
Epacridaceae compared with the Proteaceous
species L. inermis may have led to longer
disease control. Differences in phosphite tissue
concentrations may be related to species
specific factors such as leaf characteristics
(Barrett 2001), although the more open canopy
cover on Bluff Knoll may also have influenced
spray retention and uptake. In addition, the
Bluff Knoll vegetation, although burnt more
recently in 1991, was very slow growing due
to  extreme  environmental  conditions
encountered at this site. Therefore, there may
have been less dilution of phosphite
concentrations with growth compared with
individuals of L. inermis and B. baxteri which
were still growing strongly at 11 years post-
fire. Fast growing plants may lose their
resistance to P. cinnamomi after phosphite
application at 24 kg/ha within three years
{Komorek and Shearer 1998). There is likely
to have been considerable dilution of in planta
phosphite concentrations in these larger shrub
species which is supported by the results of
phosphite analysis at five months post- spray.
As phosphite levels in L. inermis had dropped
almost four-fold by five months post spray it is
likely that phosphite concentrations were
negligible by the last assessment at 24 months
post-spray. In contrast low levels of phosphite
were recorded in Sphenotoma sp. Stirling at
three years post-spray.

At the application rate of 24 kg/ha,
40% of species assessed showed no symptoms
of phytotoxicity and the majority of the
remainder species had mild symptoms.
However, more severe phytotoxicity in a small
percentage of species suggests the need for
caution where the sensitivity of target species
to phosphite is unknown, particularly in the
case of rare species. Further research is
required to clarify the causes of the growth
abnormalities and chlorosis observed and the
relationship between soil type and the
incidence of these symptoms. As well as
vegetative impacts, effects on reproduction
must be considered. Reduced flowering
(Pilbeam ef al. 2000) and fruiting Barrett
(2001) has been recorded in selected native
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species after phosphite application. Reduced
flowering in spring was observed in the two
species from the Myrtaceae (C. lechenaultii
and B. preissiana) after autumn application at
24 kg/ha at Bell Track (Barrett 1999). Tip
defoliation may reduce bud set and flowering
or phosphite may exert a hormonal or
nutritional influence (Barrett 2001). This
should be taken into consideration when
selecting application rates, particularly where
there are concerns about the seed banks of
target species.

In conclusion, the results of these
operational sprays in terms of species survival
rates suggest that phosphite proved effective in
reducing the spread of P. cinnamomi to non-
infested vegetation for up to two years post
spray in the Bell Track shrubland community.
Phosphite was also effective in increasing
plant survival rates in  Phytophthora-
susceptible  species in  dieback-infested
vegetation on Bluff Knoll. If sufficient juvenile
plants can be kept alive until the onset of
flowering, fruiting and seed set, phosphite may
be an effective tool in maintaining and
rehabilitating this critically endangered plant
community. Selection of phosphite application

rates needs to consider the phosphite
concentrations necessary to prevent plant death
in target species as well as potential

phytotoxicity in phosphite-sensitive target and
non-target species. :
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Control of Phytophthora cinnamomi by the fungicide phosphite in relation to in
planta phosphite concentrations and phytotoxicity in native plant species in Western
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Abstract.  Low volume aerial phosphite applications has been used in recent years at rates of up to 24 kg
ha” to protect native plant species and communities threatened by Phytophthora cinnamomi while the
recommended rate for spray to run-off phosphite application is 5 g L. Phosphite uptake and in planta
phosphite concentrations in native plant species may vary considerably between species and with
application rate as may the effectiveness of disease control and the duration of this control. Phytotoxicity
symptoms post-spray include foliar necrosis, defoliation, growth abnormalities and chlorosis, reduced root
growth and reproductive effects and these may also vary considerably between species. Phytotoxicity
symptoms increase with increasing application rate but are generally mild at recommended rates. However,
a percentage of species in the plant communities assessed show greater sensitivity to phosphite. Aerial
phosphite application rates for native plant communities aims to maximise in planta phosphite
concentrations in Phyfophthora-susceptible species for disease control while minimising phytotoxicity
symptoms in the species present.

Introduction 1990; Guest and Grant 1991). Increasing
The  soil-borme  plant  pathogen phosphite concentrations have been generally
Phytophthora cinnamomi Rands is recognised as found to correlate with better disease control (El
a key threatening process to Australia’s Hamalawi and Menge 1995) however the
biodiversity (Commonwealth Environmental presence or absence of phosphite in stem tissue
Protection and Biodiversity Conservation Act may not strictly correlate with inhibition of 2.
1999). Its impact is particularly devastating in cinngmomi growth (Hardy er al. 2001a). The
the southwest of Western Australia (Wills and ability of phosphite to control P. cinnamomi in
Keighery 1994). The fungicide phosphite has native plant species may vary considerably
been used regularly in Thorticulture and between species, season of application and
agriculture for the control of plant pathogens community (Hardy ef al. 2001a). Plant tissue
from the genus Phytophthora. Research in recent phosphite levels and control of P. cimnamomi
years has shown that application of the fungicide decline over time and this rate of decline varies
phosphite, by stem injection or foliar spray, can between species. Phosphite application aims to
control Phytaphthora cinnamomi Rands in a achieve optimal in  planta  phosphite
number of native species (Shearer and Fairman concentrations for the control of P. cinnamomi
1991; 1997a; 1997b; Komorek ef al. 1997, Ali while minimising phytotoxicity symptoms in
and Guest 1998; Aberton et al. 1999; Tynan et target plant species. Although phosphite is
al. 2001, Wilkinson et al 2001). The term considered to have low phytotoxicity (Guest and
phosphite refers to the salts of phosphonic acid Grant 1991), symptoms including foliar necrosis
(H;PO;). Phosphite is a systemic fungicide have been recorded in a number of native species
translocated both in the phloem and xylem following its application (Komorek e al. 1997;
(Ouimette and Coffey 1990). In the phloem it is Aberton et al 1999; Ali and Guest 1998;
translocated through the plant along typical Pilbeam et al. 2000; Barreit 2001, Hardy et al
source-sink pathways (Ouimette and Coffey 2001h;). In evaluating fungicides it is important
1990). to balance phytotoxic effects with the degree of
control provided. Current low volume aerial

Phosphite exhibits a complex mode of application rates in Western Australia range from

action, acting directly on the pathogen and 12 to 24 kg ha™ with disease control anticipated
indirectly in stimulating host defence responses for approximately two years post-spray at these
to inhibit pathogen growth (Guest and Bompeix rates. The recommended rate for high volume
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spray to run-off applications and for trunk
injection is 5 g L. This review investigates
factors, which may influence the selection of
appropriate phosphite application rates for use in
native plant communities.

Phosphite concentrations and control of
Phytophthora cinnamomi

Phosphite may act directly on P
cinnamomi to inhibit growth or alternatively
indirectly to enhance host defence TeSponses.
The concentration of phosphite in the plant may
determine the relative importance of each mode
of action (Afek and Sztejnberg 1989). At low
levels phosphite may increase the host defence
mechanisms but at higher levels act in a
fungistatic mode. Mode of action may also be
related to whether target plants have well
developed or poor dynamic defence systems
(Smillie et al. 1989) Control of P. cinnamomi in
native plant species has been achieved with fohar
phosphite concentrations of 4.24 and 17.7 ug g’
dry weight. These concentrations reduced
colonisation by P. cinnamomi of inoculated
Adenanthos barbiger and Daviesia flexuosa
stems, respec .vely following high volume
applicatlon at2 g L™ (Pilbeam ef al. 2000).

Control of P. cimmamomi in plant
species in native plant communities following
low volume aerial phosphite application has been
achieved with in planta levels in the order of 5-
50 ug g dry weight. However, the duration of
control varied from one year at low levels to two
years at higher concentrations (Komorek ef al
1997). Thus the longevity of disease control
depends upon the initial phosphite concentrations
achieved in plants post-spray. Faster growing
young plants may lose their resistance to P.
cinmomomi  more quickly after phosphite
application, presumably due to dilution of the
chemical with increased plant biomass (Komorek
and Shearer 1998). Low volume phosphite
application at 12 kg ha™ to Banksia telmatia A S
George seedlings resulted in leaf concentrations
of 1154 ng ¢ two weeks post spray, one year
later this had decreased to less than 7 ug g and
then to a undetectable level at two years
{Komorek ef al. 1997).

In planta phosphite concentrations after
low volume or spray to run-off applications may
vary considerably between species sprayed at a
fixed rate. Phosphite analysis of shoot samples
from five shrubland species (Adenanthos
cuneatus Labill, Banksia coccinea R.Br,
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Jacksonia spinosa (Labill) R.Br, Lysinema
ciliatum R.Br., and Melaleuca thymoides Labill.)
five weeks after low volume phosphite
application at rates of 36, 72 and 144 kg ha’
showed a significant (P < 0.01) difference in in
planta phosphite concentrations between species
(Barrett 2001). J. spinosa had phosphite
concentrations some 20 times higher than those
of A. cuneatus at these rates. Similar differences
in species uptake have been recorded in other
native plant communities after high volume
applications at recommended rates (Hardy et al.
20015). For example the jarrah forest species
Leucopogon verncdlatus R.Br. had
concent'atxcm of 26 ug g’ compared with 299
ug g in Hibbertia furfuracea (DC) Benth after
application at 5 g L' (Tynan et al. 2001).
Concentrations in Daviesia decurrens Meissner
were generally 10 times higher than those of
Adenanthos barbzgerus Lindley sprayed at 2, 5
and 20 g L' (Pilbeam er al 2000).
Comparatively high in  planta  phosphite
concentrations and low phytotoxicity have been
recorded in plants grown in glasshouse
conditions compared with those of the same
species growing in native vegetation (Hardy et
al. 2001a). Stem phosphite levels in glasshouse
grown Banksia grandis Willd. were 750 and 380
times greater than field-grown plants treated with
5 or 10 g L, respectively (Wilkinson ef al.
2001).

Colonisation by P. cinnamomi generally
decreases with increasing phosphite application
rate (Smith 1994; Wikkinson 1997; Jackson et al.
2000, Pilbeam et al. 2000; Barrett 2001).
However, there is not always a clear relationship
between application rate and disease control. In
A.  barbigerus, control of P. cinnamomi
colonisation was similar when sprayed at 5 and
20 g L " despite a 11-fold difference in in planta
phosphite concentration while fungal
colonisation decreased significantly as the
application rate increased from 2 to 5 g L’
despite small  differences in  phosphite
concentrations (Pilbeam of ol 2000). Control of
P. cinnamomi in five native species, stem-
inoculated and sprayed with 5 and 10 g L™ in a
glasshouse study did not consistently correlate
with  phosphite  concentrations in  stems
(Wilkinson et al. 2001). Extremely phytotoxic
concentrations may  alse  decrease  the
effectiveness of phosphite. For example, Shearer
(pers. comm.) observed an increase in disease
severity and plant mortalities in B. coccinea after
trunk injection with 100 g L phosphite.



Similarly, colonisation of roots of Xanthorrhoea
preissii Endl. by P. cinnamomi sprayed at 20 g
L' was more extensive than in plants sprayed
with 5 g L while foliage showed extensive
foliar necrosis {Pilbeam et &l 2000). It is
possible that excessive phytotoxicity may inhibit
phosphite translocation in the phloem (Groussal
et al 1986).

The duration of control of lesion growth
in five native species in a glasshouse trial
sprayed at 5 and 10 g L™ ranged from 6 to 18
months indicating that a single plant species
cannot be used to determine the time for
reapplication of phosphite (Wilkinson er al
2001). Foliar application at 5, 10 and 20 g L to
species growing in two native plant communities
that were stem-inoculated post-spray, reduced
colonisation for between 5 and 24 months
depending on species and rate (Hardy et al
2001a). Loss of control was associated with a
marked decline in phosphite concentration
between 6 t012 months post-spray. Afier high
volume phosphite application of 10 g L' in
autumn to B. grandis growing in jarrah forest, in
planta phosphite was not detectable after 12
months although P. cinnamomi was controlled
up to 24 months (Tynan er al. 2001). However,
as the limit of phosphite detection was less than
50 ug g, low levels of phosphite may still have
persisted. At 12 months post-spray, phosphite
was detected in inoculated stems of Leucopogon
verticillatus  growing in the same plan
community but P. cinnamomi growth was no
longer contained (Tynan er al 2001). After
phosphite application to B. grandis in spring at
10 and 20 g L™, phosphite was detected for up to
24 months post-spray but P. cinnamomi was only
contained at 20 g L™, In contrast, trunk injection
at 50, 100 and 200 g L to naturally growing
wound inoculated plants of B. grandis and E.
marginata resulted in disease control for up to
four years (Shearer and Fairman 19975).
Phosphite applied at 6 g L' controlled P.
cinnamomi for at least two years in
Xanthorrhoea australis R .Br. growing in infested
vegetation. Percentage survival of Sphenotoma
sp. Stirling (P G Wilson 4235) growing in
infested vegetation following aerial application
at 24 kg ha' remained higher than in non-
sprayed plants for up to three years post-spray
(Barrett unpublished).

Phosphite concentrations and phytotoxicity
symptoms in vegetative growth
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Phytotoxicity symptoms may also vary
considerably between species and application
rate (Barrett 2001). In a study of 207 species
sprayed at rates ranging from 24 to 144 kg ha’,
plant families sensitive to phosphite included the
Epacridaceae, Myrtaceae, Anarthriaceae,
Proteaceae and Papillionaceae. However, trends
within families and genera were not consistent
(Barrett 2001). At the operational rate of 24 kg
ha™, 92% of species showed either no symptoms
or only mild symptoms over a 15-month study
period. In a study of 18 plant species in the
Northern Sandplains of Western Australia most
species were unaffected by an application of 5 g
L but applications of 10 and 20 g L" caused
damage to as much as 50 to 70% of foliage
(Hardy et al. 2001a). Application of 5 g L!
generally caused less than 25% damage to the
canopy in most species in E. marginata forest
(Tynan et al. 2001). Necrosis of leaves was
observed in 9 of 36 native plants in Victoria
sprayed at 6 g L but in none sprayed at 2 g L'
{Aberton et ol 1999). High volume foliar
application of phosphite at 5 g L' caused
burning of leaf tips in Xanthorrhoea minor R.Br.
and X, australis {A)i and Guest 1998).

Recovery from foliar necrosis and
defoliation also varies with application rate and
species. At 7 months and 2 years after
application, there was very little evidence of
gross phytotoxicity symptoms remaining in
Northern Sandplain species sprayed at 10 and 20
g L. Following aerial application at rates above
24 kg ha, Nuytsia floribunda rapidly shed and
replaced foliage within a few months whereas
other species had not fully replaced necrotic
foliage by 15 months (Barrett 2001). Leaf
regeneration in defoliated stems of Banksia
marginata Cav. sprayed at 6 g L did not occur
for up to two years post-spray (Aberton et al.
1999). Phosphite stimulated new growth in
individuals of the resprouter species A.
barbigerus, D. decurrens and X. preissii with
high phytotoxicity ratings particularly at
application rates of 5 and 20 g L (Pilbeam et al.
2000).

Plant deaths were recorded in
Astroloma  xerophyllum (DC) Sond and
Trymaktium ledifolium Fenz} sprayed at 5 and 10
g L ! (Hardy et al 2001a). Phosphite applied at 5
and 10 g L also killed individuals of the annuals
Pterocheata pariculata F. Muell. Ex. Benth,
Podotheca gnaphalioides R. A Graham and
Hyalosperma cotula Benth with up to 60% and



90%, respectively of P. gnaphalioides plants
dying (Fairbanks e al. 2001). The incidence of
plant deaths in species from four plant
communities sprayed at 24, 36 and 48 kg ha’
ranged from 0 to 10% (Barrett 2001).

Growth abnormalities, in particular
rosetting of foliage, a reduction in leaf size,
chlorosis and stunted or spindly growth were
recorded after low-volume phosphite application
at rates ranging from 24 to 144 kg ha" (Barrett
2001). Of 207 species assessed, 32 % showed
growth abnormalities and 36 % chlorosis. At the
lowest rate applied of 24 kg ha™, the incidence of
growth abnormalities ranged from 2 to 11 % in
four plant communities. Growth abnormalities
were more apparent in members of the plant
family the Proteaceae while there was a trend
towards a greater incidence of growth
abnormalities in communities growing on low
nutrient deep sandy soils (Barrett 2001). This
may be due to an inverse relationship between
plant nutritional inorganic phosphate levels and
phosphite uptake (Carswell et al. 1996). Further
research may reveal whether soil or plant
nutrient levels influence phosphite uptake and
metabolism.

Phytotoxicity symptoms general show a
linear relationship with application rate. In
planta phosphite concentrations in nine species
sprayed at 36, 72 and 144 kg ha'  were
significantly correlated with  phytotoxicity
symptoms {Barrett 2001). Even at the extremely
phytotoxic rate of 144 kg ha” (six times the
recommended rate) certain species such as A.
cuneatus showed minimal symptoms and
relatively low phosphite concentrations while J.
spinosa showed necrosis of more than 80% of
canopy cover. Similarly, phosphite
concentrations in the jarrah forest species, A.
barbiger and D. decurrens showed a positive
correlation with phytotoxicity symptoms after
high volume application at 2, 5 and 20 g L'
(Pilbeam et al. 2000). Mild phytotoxicity was
evident in 4. barbigerus and D. decurrens with
foliar dry weight phosphite levels in the order of
10 ng g’ however more severe symptoms
occurred with concentrations in the order of 100
ug g or higher (Pilbeam et al. 2000). Komorek
et al. (1997) reported severe phytotoxic
symptoms in Lambertia multiflora  Lindl.
following low volume phosphite application at
18 and 36 kg ha™ that resulted in phosphite levels
in plant tissues several weeks post-spray ranging
from a few hundred to several thousand pg g’
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Mild phytotoxicity symptoms occurred with in
planta phosphite concentrations in the order of
100 pg g in D. tenuifolia, A. cuneatus and M
spathulata sprayed at 36 L ha”, the severity of
symptoms increased above this concentration
(Barrett 2001). In B. coccinen, concentrations of
up to 200 pg g resulted in mild symptoms in the
majority of individuals (Barrett 2001). In
contrast, shoots of Corymbia calophylla Lindley
grown in a glasshouse showed only mild
phytotoxicity (0 to 20% necrosis of the canopy)
despite in planta shoot phosphite concentrations
of 731 pg g in plants sprayed at the ‘phytotoxic®
rate of 96 kg ha” (Barrett 2001). High phosphite
concentrations of 1534 pg g were recorded in
fine root material although shoots showed
minimal foliar necrosis in glasshouse grown

C. calophylla after low volume application of 24
kg ha (Barrett 2001). This data suggests that
water deficit and osmotic stress may affect
phosphite uptake in native vegetation and
exacerbate foliar necrosis. Phosphite
concentrations in necrotic foliage of Eucalyptus
redunca were approximately four times higher
than that of healthy foliage (Barrett 2001).
Excessive foliar necrosis in target species is
likely to result in direct loss of phosphite through
defoliation or phosphite retention in necrotic
foliage. In either case, a reduced quantity of
phosphite may be available for translocation to
root tissues.

Investigation of the relationship
between phosphite phytotoxicity and selected
plant characteristics showed that plant height,
leaf shape, leaf hairs, the distribution and
position of stomata relative to leaf surface and
the presence of oil glands influenced
phytotoxicity ratings (Barrett 2001). Growth
form, leaf size, leaf orientation, fire response and
the position of veins relative to the leaf surface
were not related to phytotoxicity symptoms. This
suggests that phosphite uptake may be
influenced by species specific macroscopic and
microscopic plant characteristics and this may
explain some of the variation in in planta
phosphite concentrations recorded in native
species. Ultra-microscopic characteristics such as
wax composition may also influence pesticide
retention and uptake, as may cuticle thickness or
a combination of all these factors.

Discussion

This review demonstrates the wide
variation in initial phosphite uptake, phosphite
decline post-spray, control of P. cinnamomi and



the duration of this control which may occur
between species and plant communities.
Phytotoxicity symptoms may similarly vary
between species. While there is not always a
clear relationship between in planta phosphite
concentrations and disease control, in general
contro} increases with increasing application
rate. Phytophthora-susceptible target species
such Dryandra and Banksia may have relatively
low phosphite uptake compared with other
members of the same plant community. To
achieve optimal in  planta  phosphite
concentrations for control of P. cinramomi wi
aerial or high volume phosphite application in
such species, plant health may be compromised
in other non-target species. More frequent
phosphite application at lower rates may
optimise in planta phosphite concentrations
while minimising phytotoxicity. However cost of
application increases with more frequent
application while potential phytotoxic effects on
plant reproduction {Barrett 2001; Fairbanks
2001) may be exacerbated by, for example,
annual application. Phosphite applied at current
recommended rates may result in mild symptoms
in the majority of species however some may
show more severe symptoms. A test application
with a hand-held sprayer prior to application is
recommended to assess the range in sensitivity of
the species present to phosphite and to assist in
the selection of an appropriate rate. Timing of
application should consider soil moisture levels
and temperature to avoid undue osmotic stress.

Short-term phytotoxicity in non-target
species may be acceptable as long as there are no
long-term consequences for plant health and
reproductive ability. Current aerial applications
on the south coast of Western Australia target
plant communities containing declared rare flora,
which are  ‘critically  endangered”  or
‘endangered’ as a direct result of P. cinnamomi
(Barrett pers. comm.). Management options are
limited at the majority of these sites as most or
all populations of these taxa are currently
infested by the pathogen. Aerial phosphite
application may maintain viable populations or
allow time for other management actions to be
undertaken such as the collection of seed or other
germplasm. While enhancing plant survival is
the primary consideration, phytotoxicity must
not compromise disease control, cause plant
death, or reduce the seed store. Monitoring of
target species is recommended to ensure that
seed banks and the maintenance of viable
populations are not compromised. Further
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research is required to determine the impact of
repeated spraying in terms of phytotoxicity, the
long-term efficacy of phosphite in enhancing
plant survival and to develop optimal application
methodologies in terms of plant phenology and
environmental conditions. Research into its
mode of action may hopefully lead to other more
effective treatment options in the future. In
conclusion, phosphite application remains the
only method currently available to control P.
cinnamomi in native plant communities, in
particular those that are uniformly infested and
contain threatened species. It can continue to be
valuable tool in the overall management of P.
cinnamomi provided it is used with caution.
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Variation exhibited by isolates of Phytophthora megasperma causing seedling and
tree decline in south-west Australian coastal National Parks
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Abstract.  Phytophthora megasperma is an active plant pathogen in National Parks directly to the north
of Perth, and along the south coast in the Fitzgerald River National Park. Where active, P.
megasperma has high impact on species contributing to habitat structure, e.g. Banksia attenuata in the
northern sandplain and B. speciosa on the south coast. Eighty three isolates of P. megasperma
retrieved from diseased native plants exhibiting foliar dieback symptoms were assessed for
morphological and isozymic variation. Isozyme analysis of P. megasperma isolates from s-w
Australia, three from South Australia, and six isolates from overseas representing the six putative taxa
within the P. megasperma complex were undertaken. Genetic distances were determined according to
Rogers (1972), and unweighted pair groupings with arithmetic averaging (UPGMA) phenograms were
constructed using the computer program BIOSYS-1 (Swofford and Selanger 1981).

Introduction Our study aimed to quantify some of the
Phytophthora megasperma is an active, variability in form and function of the isolates
primary, non-specific plant pathogen causing retrieved from s-w Australia, the six protein
seedling root-rot and tree decline in the coastal groups identified by Hansen ef al. (1986) and
national parks of s-w Australia. This disease some isolates from South Australia.
poses a threat to the conservation status of
various geographically restricted plant taxa. P. megasperma impacts throughout WA
Within the Proteaceae family, Banksia and To the north of Perth, intermittent
Dryandra were the two genera from which the infections of P. megasperma extend over a
pathogen was most often retrieved. This range of 160 km in the Moora District.
introduced  soilborne  pathogen, changes Commencing in the Moore River National
community structure following infestation Park (NP), the infections extend through areas
because virtually all species susceptible to P. adjacent to Badgingarra NP and Nambung NP
megasperma are woody perennials to Eneabba (CALM 1990). P. megasperma
contributing to the plant community structure. has also been identified as an active primary,
non-specific plant pathogen in the Fitzgerald
The plant pathogen  Phyrophthora River National Park (FRNP) particularly
megasperma has earned a reputation as a very around East Mount Barren, lying to the east of
variable and diverse plant pathogen (Hansen Hopetoun (CALM 1991). P. megasperma has
and Hamm 1983). Stamps er al (1990) also been recovered from the Esperance area
revised the well-used key of Waterhouse and east to Cape Arid NP .
(1963). Two subspecies of P. megasperma
were described on the basis of oogonium size Visual symptoms of disease impacts
and cardinal temperatures for colony growth. The  diagnostic  disease  symptoms
The accumulation of knowledge of non- commence with a chlorosis in the lower leaves.
morphological characters and host specificity The plants lose vigour and the leaves die. This
of P. megasperma has seen a revision of the has been observed in seedlings and adult trees.
taxonomy of the pathogen. Biochemical and In the majority of cases, the highest disease
molecular techniques have provided another impacts were associated with sites that were
tool to augment traditional morphometric either water gaining, water-logged and/or
approaches to discriminate sub-groups within associated with impeded drainage.
the taxa. Together, these techniques have been
used to discriminate three new species: P. Plant community simplification as a result
sojae, P. medicaginis and P. trifolii (Hansen of infestation
and Maxwell 1991). On the basis of numerical At two diseased sites in Cape Arid NP,
analysis of mitochondrial DNA restriction (i.e. Thomas Fisheries Gravel Pit and Ranger’s
fragment length polymorphisms, a further six Residence at Thomas River), species/area data
distinct “molecular groups” have been were collected in both diseased and contiguous
identified (Forster and Coffey 1993). healthy plots of vegetation. New species were
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recorded in quadrats increasing in area, i.e.
0.25, 1.0, 4.0, 16.0, and 64 square meters.

In all instances, the cumulative number of
species in diseased plots was less than the
healthy counterparts. The most susceptible
plant species belonged to the Proteaceae and
Myrtaceae, as found by Wills and Keighery in
their 1994 survey of the Stirling Range NP.
This pathogen apparently acts to reduce the
biodiversity of the floristic assemblage by
eliminating the dominant plant taxa. With the
loss of plant species, there is also a decline in
vegetative cover and an increase in bare
ground. This concomitant change in
vegetation structure has been associated with
degradation of wildlife habitats and food
availability (Wilson er al. 1994).

Pathological variation

A gravel pit infested with P. megasperma
9.5 km along the Point Ann Road (FRNP) was
the site for the in situ field inoculation.
Banksia baxteri plants were selected from
along the edge of one of the northern pits. Six
isolates of P. megasperma were screened in
this trial (all isolates being retrieved from
within the FRNP). The experiment was a
Randomised Complete Block design, with
individual stems of B. baxteri receiving a
single isolate of P. megasperma. Control
stems (within each block) received an
uncolonised agar plug. After three and six
weeks, stems were retrieved from the field and
lesion extension assessed and the fungus re-
isolated from the lesions developed in the stem
tissue.

Table 1. Mean lesion area (%s.e.m.)
developed on B. baxteri after six weeks by
six isolates of P. megasperma from the
FRNP

Isolate Mean lesion areas
(sq. mm)

SEB 250 470 (120)a

SEB 251 690 (125)a

SEB 201 1375 (230)b

SEB 242 765 (125)a

SEB 209 1000 (135)b

SEB 234 925 (100)b

The data presented in Table 1 summarises
the total mean lesion area quantified after six
weeks. The ANOVA identified that there were
significant  differences between isolates.
Isolates SEB 250 and 251 produced
significantly smaller lesions that either SEB
201, 209, and 234.
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Variation in radial growth rate

A 6 mm mycelial plug was taken from the
actively growing edge of each fungal culture
and placed at the center of five replicate CMA
plates containing 12 ml of agar. Colony
diameter was measured on 4-day-old plates
grown at 25°C in the dark and converted to
radial growth (mm/day). This experiment was
repeated three times. The data was analyzed as
a Randomized Complete Block design using
ANOVA. Post-hoc comparisons to identify
significant differences between means was
carried out using Fisher’s Protected LSD test.

For the P. megasperma isolates examined,
the mean radial growth rate varied between 2
and 7 mm/day. The majority of the isolates
tested had growth rates between 3 and 5
mm/day. Only two isolates had growth rates
faster than 6.0 mm/day, and the slowest
growing isolates both had growth rates
between 2 and 2.5 mm/day.

Variation in oogonium diameter

Mean  oogonium  diameters  were
determined from measurements of 30 mature
oogonia from 10-day-old cultures growing on
10% V8 juice® agar (uncleared) incubated at
19°C in the dark (Fig. 1). From our studies, it
is apparent that radial growth rate varies
continually within this species complex

Patterns of isozyme variation

We undertook isozyme analysis (using
Cellulose Acetate Plate Electrophoresis of
mycelium) of 79 P. megasperma isolates from
diseased plants from s-w Australia, three from
South Australia, and six isolates from overseas

24 29 34 39 44
Qogonium Diameter Size Classes (um)

Fig. 1. P
diameters

megasperma mean oogonium

which represent the six putative taxa within the
P. megasperma complex (Hansen ef al. 1986).
On each tesultant zymogram, each allozyme
band was given a designation relative to the
fastest anodally moving band. In this way
multi- locus genotypes (so called ‘isotypes’),
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Fig. 2. Phenogram comparing P. megasperma isolates from south-west Australia with overseas

isotypes and P. medicaginis and P. sojae

for each isolate were constructed. Twelve
putative loci were identified, and genetic
distances were determined according to Rogers
(1972). Unweighted pair groupings with
arithmetic averaging (UPGMA) phenograms
were constructed using the computer program
BIOSYS-1 (Swofford and Selanger 1981).

Twelve discrete Isotypes were
characterised among the P. megasperma
isolates retrieved from diseased s-w Australian
bush. The majority of the isolates screened
(approx. 70%) belonged to Isotype 1. Isotype
IT was the next most represented: comprising
6% of the isolates. Six of the Isotypes were
monotypic, i.e. we had only one representative
of Isotypes: III, VI, VIII, IX, X and XI. Eight
of our s-w Australian isolates of P.
megasperma had the same zymogram as that
of P 471 (from apple, California, USA). One
of the South Australian isolates from soil had
the same zymogramn as P 452 from Brassica
(UK). The remaining overseas isolates (i.e. P
450 = Il = P. trifolii, P 439 = IX = Douglas
Fir, P 484 = X = P. medicaginis, and P 445 =
XI = P. sojae), did not have any homologues
from the native bush of s-w Australia.

Fig. 2 describes the association between
WA and overseas isolates. The isolate
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representing P. medicaginis (ie. P 484),
designated as Isotype X, was a genetic distance
of 0.90 from the other 78 isolates, and formed
a convenient out-group. The overseas isolates
from Douglas Fir, P. sojae, Apple and
Brassica sp. segregated from the bulk of the
WA isolates (Figure 2). Recent evidence from
Cacciola et al. (1996) and Costa et al. (1996)
suggest that there may be at least two discrete
taxa amongst these four overseas Isotypes.
WA isolates belonging to Isotypes I, II, XII,
and VI segregated-out from the other
isolates.

Oogonium diameter varies
within an Isotype?

Kuan and Erwin (1980) argued for a broad
species concept of the species P. megasperma
complex, interpreting oogonial size
distribution as a continuum within a single
taxon. The frequency line of oogonium size
classes graph presented in Fig. 1 roughly
equates to a normal “bell-shaped” curve. From
our results, it is suggested that within the P.
megasperma complex, morphological variation
is continual within a genotypically-defined
taxon, and conversely, a morphologically-
defined taxon, may encompass a number of
genotypically discrete taxa.

continuously



Conclusions

It is now well established that P.
megasperma comprises a species complex (e.g.
Cooke et al. 2000). The recent works of
Cacciola et al. (1996) and Costa et al. (1996)
suggests  that further  dissection and
reclassification be being proposed. Our
present study would have benefited from a
larger sample set. In this way, we could have
quantified more of the variation that exists
within the “populations” of P. megasperma
sub-groups. As it stands, we have found that
radial growth rate and mean oogonial diameter
vary continuously within isozymically-defined
taxa of the P. megasperma biological species
complex.
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Pathogenicity of Phytophthora species on Quercus seedlings
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Abstract. Phytophthora species are soilborne pathogens often associated with several declining oak
woods in Europe and Mediterranean regions as well as in most temperate forests of North and South
America and in a few tropical forests. Some Phytophthora species associated in Halian oak woods
were tested for pathogenicity by inoculation at the collar, on seedlings of Q. ilex. Q. Jfrainetto, Q.
pubescens, . cerris and Q. robur. The following ten isolates were used: 1 of P. cactorum, 1 of P.
cambivora, 2 of P. cinnamomi, 1 of P citricola, 1 of P. gonapodyides, 3 of P. quercina and 1 of
Phytophthora sp. The evaluation of infection was based on stem lesion length, and Phytophthora re-
isolation, 3 months after inoculation. The Phytophthora species were differently aggressive towards
the five oak species. P. cambivora and P. cinnamomi were the most pathogenic, P citricola and P.

gonapodyides moderately pathogenic and P. quercina generally not pathogenic. In addition the five
oak species showed a differential susceptibility towards the Phtyophthora species : Q. ilex was the
most susceptible, followed by Q. robur, while the other three oak species were similar.

Introduction

Since the early 1980s a severe oak decline
has been reported in different European and
Mediterranean regions (Siwecki and Liese
1991; Luisi er al. 1993; Jung et al. 1996;
Gallego et al. 1999). Oak decline is a complex
syndrome characterised by a gradual, general
loss of vigour of the plants, due to the
interaction of a number of biotic and abiotic
factors, which often ends in the death of trees
(Manion 1981; Manion and Lachance 1992).
Two types of biotic aggressors are often
thought to play an important role in this
syndrome: leaf aggressors (herbivore insects
and leaf pathogens) able to completely
defoliate trees, and soilborne root pathogens
(Guillaumin et al. 1985; Brasier 1996),
Among the soilborne root pathogens several
Phytophthora species, frequently occurring in
the soil of oak stands, were considered as
contributing factors or responsible for tree
decline (Jung ef al. 1996; Jung et al. 2000). In
order to evaluate the relationship between the
presence of Phytophthoras in soil and the
damage on host, it is important to know their
pathogenicity on oak. Pathogenicity of some
of the Phytophthora species present in oak
ecosystems is quite well known as
demonstrated om many occasions, i.e. P.
cinnamomi Rands on many host species
(Zentmyer 1980; Robin er al. 1998). Recent
studies carried out in Italian oak woods
revealed the occurrence of  several
Phytophthora species (Vettraino et al. 2001).
The aim of this research was to evaluate the
pathogenicity of some Phytophthora spp.
isolated in Italian oak woods and the
susceptibility of different oak species to those
Phytophthora isolates.

Materials and Methods

Pathogenicity tests were carried out in
greenhouse conditions (temperature 251 °C,
relative humidity 75 = 5 % and natural
lighting) on 3 year-old plants of Q. ilex L., Q.
frainetto Ten., Q. pubescens Willd., Q. cerris
L. and Q. robur L. in two different
physiological stages: swollen and open buds.
Before the inoculation, seedlings were kept in
greenhouse conditions for about 20 days.

Eight isolates of Phytophthora spp. from
Italian oak woods and 2 reference isolates of P.
cinnamomi (P382) and P. quercina sp. nov.
(QUE67) were used in these pathogenicity
tests (Table 1). Ten-day-old cultures grown on
multivitamin agar were used as inoculum.

For each oak species and physiological
stage, 66 plants were inoculated (6 for each
isolate and 6 as a control; 660 plants in total).
The inoculation technique was the following:
an U-shaped cut (about 0.5 x 2 cm) was made
aseptically at the collar, removing the bark,
and a piece of agar culture (about 0.5 cm®) was
inserted between the bark and the cambial zone
(sterile agar medium was used as a control)
and fixed with tape. The inoculation site was
covered with a sterile wet wad of cotton (to
avoid rapid dehydration of the pathogen),
Parafilm and aluminium sheet, all of which
were removed 20 days later (Robin 1992) (Fig.
1). The evaluation of infection, based on the
length of stem discoloration on the cambial
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Table 1 - Isolates of Phytophthora spp., from different species and locations, used

for pathogenicity tests

Phytophthora species Isolated from

Site

P. cinnamomi (P 382)

P. quercina (QUE 67) Quercus petraea
P. cinnamomi (CIN) Q. frainetto

P. cactorum (CAC) 0. cerris

P. cambivora (CAM) Q. frainetto
Phytophthora sp. (PHY) Q. robur

P. quercina (QUEN) Q. ilex

P. quercina (QUE 2) Q. ilex

P. gonapodyides (GON) Q. cerris
P_citricola (CIT) Q. cerris

Nothofagus procera

Surrey (UK)

Bavaria (Germany)
Ferrandina (South Italy)
Deliceto (South Italy)
Campana (South Italy)
Cornuda (North Italy)

Cala Violina (North Italy)
Colognole (North Italy)
Monte Rufeno (Central Italy)
Monte Rufeno (Central Italy)

Fig. 1. Inoculation technique: U-shaped cut at the collar of Quercus seedling (top left),inoculum
secured with tape (top right} and covered with aluminium foil (bottom).

surface after removing the bark (Robin and
Deprez-Louston 1998).

Results

During infection assessment, besides cambial
discoloration, other symptoms were also
noticed: partial or total wilting of the crown
and sprouting of epicormic shoots, at times
partially or totally wilted as well. Moreover,
some (. ilex scedlings inoculated with the 2 P.
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cinnamomi isolates (P 382 and CIN) and with
the P. cambivora (Petri) Buisman isolate were
dead, since the infection completely girdled the
stem. On some (). cerris plants inoculated by
the 2 P. guercing Italian isolates (QUEL and
QUE2), the infection was limited at the
inoculation site (Fig. 2).

Pathogenicity of the  different
Phytophthora species on the five tested oak



Fig.2. Symptoms observed on oak seedlings, 3 months atter moculation with Phaytophthora species.:
wilted crown and sprouting epicormic shoots on (. pubescens inoculated with P. cinnamomi (top left),
healed inoculation wound on control oak seedling (top right), stem discoloration on Q. robur inoculated
with P. cinnamomi (bottom left and centre), dead Q. ilex seedling inoculated with P. cambivora

(bottom right).

Table 2 - Mean length of stem lesion on Quercus spp. seedlings inoculated with 10 Phytophthora

isolates in two different physiological stages

Oak species Physiological

Phytophthora isolates

stage of buds P 382 QUE 67 CIN CAC CAM PHY QUE 1 QUE 2 GON CIT
Q. cerris Open 442 A' 0.00 A 6.67 A LOOA 242 A 0.00 A 0.00 A 0.00 A 1.58A 1.83 A
Swelled up 417 A 0.67 A 1.67 B 342A 258 A 1.92A 0.00 A 0.00 A 32K 267 A
. frainetio Open 4.50 A 042 A 383 A 1L.17 & 325 A 050A 042A 0.50 A 183 A 225 A
Swelled up 333 A 0.00 A 267 A 283 A 4.00 A 1.58 A 250 A 2.08 A 408 A 3.83A
Q. ilex Open 11.75 A 0.00A 1342A 125A 1750 A 000 A 0.00 A 142 A 2174 1392A
Swelled up 17.67 A 058 A 14,50A 358A 11LOSA .83 A 0.00 A 175 A 6.75 A 375 A
Q. pubescens  Open 392 A 1.08 A 333 A 0.75 A 375 A 050 A 0.00 A 0.50 A 317A 4.00 A
Swelled up 692 B 2504 442 A 350 B 450A 092A 042 A 108 A 2.83 A 383 A
Q. rabur Open S.08A 125 A 4.08 A 1.17A 4.00 A 250A 1.08 A 033 A 2.004A 408 A
Swelled up 567 A 0.58 A 4.50 A 3504 583 A 1.60 A 1.75:A 217 B 233A 6.00 A

1) On each column. for each oak species, means followed by the same letter do not differ significantly at P = 0.05, according

to the Duncan's test
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Fig. 3.Mean length of stem discoloration on Quercus spp. seedlings inoculated with 10 Phytophthora

isolates

Table 3 - Percentage of Phytopthora spp. reisolated from oak seedlings 3 months after

inoculation

Oak species Mean
Phytophthora spp. Q. cerris O. frainetto Q. ilex Q. pubescens Q. robur
P. cactorum 25 15 30 25 30 25.0
P. cambivora 28 32 90 55 60 53.0
P. cinnamomi 73 50 95 60 65 68.0
P. citricola 90 85 75 70 85 81.0
P. gonapodyides 61 62 70 43 70 61.2
P. quercina 0 0 0 0 0 0.0
Phytophthora sp. 6 4 0 0 10 4.0

species was as follows: P. cinnamomi and P.
cambivora: high; P. citricola Sawada and P.
gonapodyides (Petersen) Buisman : mean; P.
quercina: generally none. In addition, among
oak species Q. ilex proved to be the most
susceptible. Data of the remaining species do
not allow difference  distinction in
susceptibility (Fig. 3). Sizes of discoloration
obtained in the 2 different physiological stages
(swelled up and open buds) were submitted to
variance analysis and their mean values
compared with Duncan's test (SAS, 1996), but
no statistically significant differences were
observed except in four out of fifty
combinations (Table 2).

The most frequently reisolated
Phytophthora species were: P. cambivora and

P. cinnamomi (both the most pathogenic as
well), and P. citricola and P. gonapodyides
(both moderately pathogenic). Phytophthora
quercina, generally not pathogenic in stem
inoculation, was never reisolated (Table 3).

Discussion

The results concerning the symptoms
observed in this experiment on the
pathogenicity of 7 different Phytophthora spp.
and on the susceptibility of 5 oak species to
them, agree with those reported by other
authors (Robin and Deprez-Louston 1998;
Jung et al. 1996). Moreover, differences in
pathogenicity of Phytophthora species on oaks
found in this study, seem to match very well
with those obtained by Brasier and Kirk (2001)
on Q. robur, though they inoculated live logs
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instead of young stems. Conversely, some
authors (Jung et al. 1996; Jung et al. 1999;
Delatour 2001) reported P. quercina to be the
most aggressive species on Q. robur, inducing
more than 50% of root damage, though they
inoculated the fungus at the soil; this may
indicate that the aggressiveness of P. guercina
is more specific on fine roots rather than on
wood tissues. The high susceptibility of Q.
ilex compared to other tested oak species, was
also observed by Paoletti (see Delatour 2001),
even though she inoculated (at the soil) only Q.
ilex and Q. robur.

On the basis of their high pathogenicity on
different oak species, assessed by various
authors, P. cinnamomi and P. cambivora were
indicated as "primary” agents in the decline of
pure and mixed oak woods in various Countries
(Brasier 1993; Brasier ef al. 1993a; Robin ef al.,
1998). Moreover, Brasier ef al. (1993b) assumed
that P. cinneznomi can be associated with the fast
mortality of oaks occurring in Italy and also in
Tunisia and Morocco. Phytophthora citricola
and P. cactorum (Leb. E Cohn) Schrieter,
instead, resulted variously pathogenic on
Quercus spp. (Mircetich et al. 1977). The
pathogenicity of P. gonapodyides has been
demonstrated on oak seedlings (Jung et al. 1996)
and on other hosts species (Erwin and Ribeiro
1996), but little is stil known about its
pathogenicity on oaks in wood. However, since
the aggressiveness of Phytophthora species is
strongly influenced by environmental conditions
and other biotic factors, the only occurrence of
Phytophthora species in soils of declining woods
and their assessed pathogenicity on Quercus
spp., in controlled conditions, seem not to be
sufficient to define their role on decline.
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Abstract. Soil moisture and the type of organic matter colonised by Phytophthora cinnamomi significantly
affected long-term survival of the pathogen. Banksia grandis stem pieces, and root tips of Eucalyptus
marginata (jarrah) colonised with P. cinnamomi were placed into pots filled with soil from the jarrah forest
or an adjacent rehabilitated bauxite mine site in the south west of Western Australia. The soil was either
maintained at container capacity, or allowed to dry-out slowly from container capacity. Samples were
harvested over a 210-day period and assessed for P. cinnamomi survival. P. cinnamomi was recovered
after 210 days from banksia stems (98% colonisation) and eucalypt root tips (45% colonisation) from both
soil types when the soil was maintained at container capacity. Howeve when the soils were allowed to dry,
the pathogen was not recovered after 112 days from either banksia stems or eucalypt roots. Soil origin did
not influence P. cinnamomi survival for either inoculum type. These findings indicate that under moist
conditions the pathogen can survive in small pieces of organic matter for extended periods of time.

Introduction

The Eucalyptus marginata (jarrah)
forest extends throughout the southwestern
corner of Western Australia and is characterised
by a Mediterranean climate, typified by long dry
summers and cool wet winters (Dell and Havel
1989). The prolonged dry conditions over
summer are not favourable to the soil borne plant
pathogen Phytophthora cinnamomi,  which
requires a warm, moist environment for optimal
growth (Shea 1975; Zentmyer 1980; Shearer and
Tippett 1989). Although P. cinnamomi may not
survive freely in soil for long periods under
adverse summer conditions it can survive such
conditions saprophytically within dead organic
matter (Zentmyer and Mircetich 1966; Shea
1979; Weste and Vithanage 1979; Old et al
1984; Schild 1995). Soil moisture, chemistry,
texture, aeration and microbial composition
significantly influence the pathogen’s survival (
Weste and Vithanage 1979; Halsall 1982).

In a modified ecosystem such as the re-
habilitated bauxite minesites in the jarrah forest
it is likely that, although the rehabilitation
processes aim to reproduce the botanical
diversity of the surrounding jarrah forest, P.
cinnamomi may respond differently in the
rehabilitated soils compared to the original
undisturbed soils (Colquhoun and Hardy 2000).
Indeed, P. cinnamomi affects floral diversity less
in rehabilitated bauxite pits than in infested
neighbouring jarrah forest (Colquhoun and
Hardy 2000). The current study compared the
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survival capacity of P. cinnamomi in jarrah
forest and rehabilitated bauxite mine soils. The
ability of P. cinnamomi to survive in fine roots
of Eucalyptus marginata and in woody stems of
Banksia grandis as well as the effect of different
moisture conditions on the inoculum sources
were examined.

Material and methods
Experimental Design

A single P. cinnamomi colonised
B. grandis stem plug or five P. cinnamomi
colonised E. marginata root tips were placed into
pots of either jarrah forest or mine site soil. Soil
moisture treatments were imposed where the
soils were either maintained at container capacity
or allowed to dry out naturally from container
capacity. The pots were positioned at ambient
temperature (23 * 4°C) in a complete
randomised block design where each block
contained 108 pots, consisting of three replicates
for each treatment for each harvest. Samples
from each treatment were harvested periodically
up to 210 days after inoculation and tested for
survival of the pathogen.

Soil collection and preparation

Soil was collected from a jatrah forest
Havel ‘S’ vegetation type (Havel 1975) and an
adjacent two-year-old rehabilitated mine site.
The Havel ‘S’ type is characterised by lateritic
gravel with a sandy loam to loam matrix and is
considered conducive to P. cinnamomi (Havel
1975). Soil was collected below the litter layer



to a depth of approximately 30 cm from both
sites. The soils were sieved using a 2 mm-
diameter sieve. ~ Chemical properties were
analysed (SoilWorx, Bibra Lake WA). The soils
were baited to confirm that they were P.
cinnamomi free using the technique described by
Hiiberli et al. (2000).

To determine ‘container capacity’ for
each soil type, three 500 mL pots were filled
with 400 g of sieved dry soil and weighed.
Water was added until each pot was waterlogged
and excess water was allowed to drain (2 mm
diameter holes). When the water had stopped
draining, the pots were re-weighed and the
additional weight indicated ‘container capacity’.
This was 32% of soil weight for mine soil and
26% for forest soil.

Collection and preparation of tissue types
B. grandis stem plugs

Young B. grandis stems of 1-2 cm
diameter were cut into 2 cm long plugs. Plugs
were rinsed, soaked in distilled water overnight
then 100 were placed into each of four 2 L flasks
with 200 mL of de-ionised water. The plugs
were sterilised for 20 minutes at 121°C on three
consecutive days. Once sterilised, the remainin%
water was drained from the flasks and ten 1 cm
blocks of an actively growing culture of P.
cinnamomi (Isolate MU 97-16) grown on V8
agar (Ribeiro 1978) were distributed uniformly
amongst the plugs. The flasks were incubated in
the dark at 23°C for six weeks and shaken
periodically to ensure uniform colonisation of
the plugs.

E. marginata root tips

A clonal line of Eucalyptus marginata
(SS402) susceptible to P. cinnamomi was grown
for six months in aeroponics chambers (Burgess
et al. 1998). A zoospore solution, produced
following the methods of O’Gara et al. (1996)
was used to inoculate actively growing roots that
were approximately 1 mm in diameter and 200
mm in length. The roots were dipped into the
solution for one minute.  This inoculation
process was repeated after seven days to ensure
that the roots were infected. Three weeks after
the initial inoculation, the roots were harvested
by cutting each root at the root ball. To identify
jarrah root sections colonised with P. cinnamomi
prior to burial in soil, each root was cut into
alternating 2 cm and 0.5 cm lengths. The 0.5 cm
pieces were plated onto the NARPH agar plates
(Huberli et al. 2000), incubated at 23°C and
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monitored over three days for P. cinnamomi
growth. Where P. cinnamomi grew from a root
section, it was assumed that the adjoining 2 cm
section of root was also colonised (moving from
the root tip toward the stem) and these pieces
were used in the experiment. During the 3-day
incubation period to test for colonisation, the
reserved 2 cm root lengths were kept in moist
paper towels at 23 = 4°C,

Inoculation of soil with roots and woody plugs
Single P. cinnamomi colonised B.
grandis plugs were placed in plastic mesh bags
(10 cm x 7 cm with 1 mm diameter mesh) and
sets of five E. marginata roots were sandwiched
between 25 mm x 35 mm pieces of the plastic
mesh and held in place using plastic slide frames