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Abstract. Changes in plant species richness and composition, vegetation structure, ecosystem functioning and soil
nutrients following invasion of Banksia woodland and Eucalyptus marginata forest biomes by the introduced soilborne
multihost plant pathogen Phytophthora cinnamom were determined using space-for-time substitution of diseased and
adjoining healthy areas. In most study areas, canopy closure, basal area and number of plant species were significantly lower
in old diseased compared with adjoining healthy areas, with diseased front intermediate between the two. In half of the
study areas, percentage ground cover and total plant species cover were significantly lower in old diseased compared with
adjoining healthy areas, with diseased front intermediate between the two. Evenness, Shannon-Weiner H and Simpson’s D
did not significantly change between disease status for the majority of study areas. For ordination of percentage canopy
closure and ground cover there was separation of study areas along a disease status gradient and a weak soil fertility
gradient. There was significantly less percentage organic carbon, extractable phosphorus and extractable and total
potassium in old diseased areas compared with adjoining healthy areas for one-quarter to a third of the study areas.
Total phosphorus changed significantly between disease status, but this was due to higher levels in diseased front compared
with the old diseased or adjoining healthy areas. For all study areas there was no significant effect of disease status on
percentage total nitrogen and pH. The cover of a majority of plant species did not change significantly between disease
status with 16% of the total number of perennial species in healthy areas significantly decreasing and 10% significantly
increasing in cover in old diseased compared with adjoining healthy areas. As with significant differences in cover
between disease status, change in cover of a majority of plant species was not significantly correlated with canopy closure.
Cover of 20% of the total number of perennial species in healthy areas was significantly linearly positively correlated
with canopy closure and the cover of 10% of plant species was significantly negatively correlated with canopy closure.
These species were herbs and shrubs from a range of families with a mixture of functional properties such as
Phytophthoria cinnamomi susceptibility, response to fire, rooting type and mycorrhizal association. The paper
concludes with a conceptual analysis of core issues and those that cascade out of core issues involved in pathogen and
patch plant community interactions.

Additional keywords: adaptive management, climate change, functional traits, nutrient cycling, patch dynamics, triage,
secondary succession, structure, surrounding matrix, unplanned removal experiments.

Introduction

Invasions following human spread of non-native species are
considered to be the most prominent force for depletion of
biodiversity worldwide (McKinney and Lockwood 1999;
Olden and Poff 2003). In addition to development of sound
conservation practices, the study of species invasion has utility
for using exotic species as model organisms to improve
understanding of functioning of native systems (Callaway and
Maron 2006; Sax et al. 2007). Although changes in biodiversity
influence ecosystem processes (Chapin et al. 2000), little is
known of the level of functional diversity needed to sustain

ecosystem processes in response to patterns of loss of
biodiversity (Loreau 2000; Hooper et al. 2005). Identification
of appropriate functional groups (Cornelissen et al. 2003)
within tropic levels is needed to predict diversity effects on
ecosystem functioning (Loreau 2000; Hooper et al. 2005).

Invasion of the introduced soilborne multi-host plant
pathogen Phytophthora cinnamomi is a major threatening
process for the diverse flora of the South-West Botanical
Province of Western Australia (Shearer et al. 2007), an
internationally recognised hotspot of biodiversity (Myers
2001). Of the 5710 described plant species in the South-West
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Botanical Province, Shearer et al. (2004a) estimate that
2284 species are susceptible to P. cinnamomi and 800 of these
2284 species are highly susceptible to the pathogen. Within the
province, Banksia woodland biome remnants in the Swan
Coastal Plain bioregion (Shearer and Dillon 1996a) and
Eucalyptus marginata biomes on watergaining soils in the
Jarrah Forest bioregion (Shearer and Tippett 1989) are
vulnerable to infestation.

Banksia woodland biomes of the Swan Coastal Plain
bioregion contain at least one dominant Banksia species with
other trees of low diversity and an understorey of predominantly
woody shrubs (Beard 1989; Shearer and Dillon 1996a; Pate
and Bell 1999). Eucalyptus marginata forest biomes of the
Jarrah Forest bioregion are characterised by a dry sclerophyll
forest dominated by E. marginata, with an understorey of
small trees and a groundcover of woody shrubs (Dell and
Havel 1989).

The bioregions experience a dry Mediterranean climate
with hot and dry summers of 5–6 months (Beard 1984). The
soils of both bioregions are nutrient-poor, being derived from
a quartz sand terrain for Banksia woodland biomes (Semeniuk
and Glassford 1989) and an ancient highly weathered lateritic
profile for E. marginata forest (Churchward and Dimmock
1989). Fire is an integral component of the environment and
the sclerophyll communities within Banksia woodland and
E. marginata forest biomes have numerous adaptations
enabling survival after fire (Bell et al. 1984, 1989).

Environmental characteristics of low fertile soils subject to
drought and fire have resulted in a variety of functional
responses by the vegetation to cope with these stresses. Such
responses have evolved a diversity of strategies for regeneration
after fire (Bell et al. 1984, 1989), rooting patterns to cope with
drought (Dodd et al. 1984) andmodifications related to symbiotic
and non-symbiotic uptake, storage and cycling of nutrients
(Lamont 1984; Brundrett and Abbott 1991).

Phytophthora cinnamomi is a relatively recent invader into
the complex, species-rich Mediterranean ecosystems of the
South-West Botanical Province of Western Australia (Shearer
et al. 2007). Studies of the effects of P. cinnamomi invasion
need to be from a synecological or community dynamics
context rather than an autecological perspective (Shearer
1992). There is a need to focus on the invaded ecosystem
rather than the invader (Hobbs and Humphries 1995).

Consequences of invasion of ecosystems of the South-West
Botanical Province of Western Australian have primarily been
determined from a botanical viewpoint using taxonomic
compilations of changes in plant species richness and
composition following infestation (Shearer and Hill 1989;
Wills 1993; McDougall 1996; Shearer and Dillon 1996a;
McDougall et al. 2002, 2005; Crane and Shearer 2007).
However, change in plant species richness has been a poor
predictor of the effects of invasion of several life forms of
invaders (Yurkonis et al. 2005). Largely ignored are the
ecological effects of P. cinnamomi invasion on structural and
functional components of plant communities of the province.
Using canopy closure as a measure of structural change,
Crane and Shearer (2007) found significantly less canopy
closure in P. cinnamomi invaded areas than in the
adjoining healthy vegetation in three biomes. The effect of

P. cinnamomi invasion on ecosystem functioning of plant
communities of the Stirling Range National Park was
determined by the frequency of occurrence of susceptible
plant taxa in functional groupings (Wills 1993; Hobbs 1997).
Similar to assessment of impact of P. cinnamomi in Western
Australia, taxonomic compilations of plant species
compositional change were mainly used to assess the impact
of P. cinnamomi in Eastern Australian ecosystems (Weste
et al. 1973; Weste 1986, 2003; Weste and Kennedy 1997;
Laidlaw and Wilson 2003). In studies that examined
vegetation structural change, infestation reduced canopy
cover by a third over 20 years (Dawson et al. 1985) or no
difference was found in canopy cover (Newell 1998) or height
(Laidlaw and Wilson 2003) between infested and adjoining
healthy areas. Inter-variable relationships and the effects
on ecosystem dynamics have not been determined for
P. cinnamomi invaded areas.

The changes in floristic composition that influence the
structure and functioning of ecosystems affect trophic
interactions and nutrient dynamics (Chapin et al. 1997). By
exerting top-down control of populations from lower trophic
levels, parasites may substantially alter host species diversity
and in turn ecosystem processes including nutrient cycling
(Loreau et al. 2005). Even though invasive exotics have
the potential to change many components of the cycling of
materials in an ecosystem, little attention has been paid to the
potential effects of these invasions on nutrient cycling processes
in the soil (Ehrenfeld 2003). Similarly, although mortality
following P. cinnamomi invasion induces changes in flora
structure and composition, little is known of subsequent
consequences to nutrient cycling in affected communities
(Shearer et al. 2007).

Detailed measurements have beenmade ofP. cinnamomi soil
inoculum dynamics, rates of disease extension and the
conduciveness of soils in disease centres of several Banksia
woodland and E. marginata forest biomes (Shearer et al.
1989; Shearer in preparation). Analysis of the data from the
associated study areas gave the opportunity to undertake an
examination of the processes underlying changes in flora
richness, composition and structure, ecosystem functioning
and soil nutrients in relation to invasion of Banksia woodland
and E. marginata forest biomes by P. cinnamomi.
Understanding these processes is fundamental to relevant
quantification of the impact of pathogen invasion, determining
communities at risk and restoration options.

Methods
Study areas

Six active disease centre infestations of P. cinnamomi with
deaths in many susceptible plant species were located in
Banksia woodland biomes of the Swan Coastal Plain bioregion
and two were located in E. marginata forest biomes of the
Jarrah Forest bioregion (Table 1). Areas were chosen because
they were used in studies on pathogen and disease dynamics
(Shearer et al. 1989; Shearer in preparation). A disease centre
of P. cinnamomi is defined as ‘an area of disease expression
around the point of initial inoculum introduction, with the
outer perimeter usually delimited by a disease front of dead
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and dying infected vegetation’ (Shearer et al. 2004a). Disease
centres produced patches or expanding centres of mortality in
the environment defined as an opening in the canopy of
>200 m2 that exhibits sufficient structural and behavioural
differences from the surrounding matrix (McCarthy 2001).
Symptoms of infection in susceptible flora (Shearer and
Dillon 1995, 1996a, 1996b; Shearer et al. 2007) were used to
distinguish between different disease status areas. An ‘old’
infection area surrounds the locality of initial introduction
where most of the susceptible taxa have been killed, followed
by the ‘front’ evident by a zone of recently killed vegetation
that ingresses into adjoining ‘healthy’ vegetation beyond the
front (see fig. 2 in Shearer et al. 2007).

Collar and root samples were taken from recently dead
plant species on the active disease front in each disease centre.
Presence of P. cinnamomi was determined by direct plating of
the plant material to P10VPH agar as described in Shearer and
Dillon (1995). Available aerial photographs of study areas
BW1–3, 5 and 6 (Table 1) were examined to determine first
occurrence of disease.

Experimental design

Biomes (Banksia woodland and E. marginata forest),
P. cinnamomi disease status (old and front diseased areas
and adjoining healthy area) were the independent variables.
Canopy closure, basal area, estimates of ground cover, plant

species number, total plant species cover and soil nutrients and
properties were measured variables.

Trends in pathogen-mediated changes were determined
using space-for-time substitution (Pickett 1989) of diseased
and adjoining healthy areas (Crane and Shearer 2007; Shearer
et al. 2007). The adjoining healthy area was used as the standard
for comparison and evaluation (Aronson et al. 1995). Vegetation
measurements were made in 2003 at three random positions
in the old disease area along a line parallel to, and 20 m from,
the active disease front delineated by dying plants.Measurements
were also made at three random positions along the active
front and at three random positions in the adjoining healthy
area along a line parallel to, and 20 m ahead, of the active
disease front. Three replicates were chosen because mean
values of canopy closure and ground cover from
measurements of three replicates in a Banksia woodland and
an E. marginata forest biome were not significantly different
from mean values for transects of 17–28 point measurements
(Crane and Shearer 2007). The front in study area BW4 was
very small and no vegetation measurements were made for the
front in this study area. Three soil samples were taken within
diseased and adjoining healthy areas in spring 2002 and on
further advice (R. Harper, pers. comm.), a further 10 replicates
per disease status in each study area were sampled in spring
2003. Study areas had not been burnt for at least 15 years
before sampling.

Table 1. Characteristics of Phytophthora cinnamomi disease centres in Banksia woodland and Eucalyptus marginata forest biomes of the Swan
Coastal Plain and Jarrah Forest bioregions, respectively, of the South-West Botanical Province of Western Australia, within which pathogen-

mediated changes were determined

Study Latitude, Disease Pathogen isolated Vegetation Soil Soil system
areaA longitude centre

area (ha)
from: Overstorey Understorey Colour Type or Havel

site typeB

BW1 32.8778�S,
115.8228�E

0.5 Banksia attenuata,
Hibbertia
hypericoides

B. attenuata Acacia pulchella,
H. hypericoides,
Stirlingia latifolia

Grey Sand Bassendean

BW2 32.8750�S,
115.8244�E

1 B. attenuata B. attenuata A. pulchella,
H. hypericoides,
M. thymoides

Grey Sand Bassendean

BW3 32.8933�S,
115.8275�E

4.5 B. attenuata,
H. hypericoides

B. attenuata,
Eucalyptus
marginata

A. pulchella,
Calytrix flavescens,
H. hypericoides

Grey Sand Bassendean

BW4 33.6500�S,
115.0469�E

0.1 B. attenuata,
Hypocalymma
robustum

Agonis flexuosa,
Allocasuarina
fraseriana,
B. attenuata

D. hookeri,
H. hypericoides,
S. latifolia

Orange-
brown

Sand Yoongarillup

BW5 33.8383�S,
115.0356�E

30 B. ilicifolia,
Dasypogon
bromeliifolius

A. flexuosa,
A. fraseriana,
B. attenuata

D. bromeliifolius,
C. flavescens,
Lindsaea linearis,
Xanthorrhoea preissii

Grey Sand Bassendean

BW6 33.8556�S,
114.9958�E

1 B. attenuata,
Melaleuca
thymoides

A. flexuosa,
B. attenuata

C. flavescens,
H. hypericoides,
M. thymoides

Grey Sand Bassendean

EmF1 32.7250�S,
116.0250�E

2 B. grandis Corymbia calophylla,
E. marginata

B. grandis,
Bossiaea ornata

Brown Laterite Havel S

EmF2 32.7595�S,
115.9913�E

3 B. grandis A. fraseriana,
E. marginata

B. grandis,
B. ornata, X. preissii

Brown Laterite Havel P

ABW = Banksia woodland biome in the Swan Coastal Plain bioregion, EmF = Eucalyptus marginata forest biome in the Jarrah Forest bioregion.
BSoil systems for Banksia woodland according to McArthur (1991). Havel site – vegetation types according to Havel (1975).
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Assessment
Canopy and basal area measurements

Canopy closure is defined as ‘the proportion of the sky
hemisphere obscured by vegetation when viewed from a single
point’ (Jennings et al. 1999). Canopy closure was obtained
from hemispherical field-of-view digital images analysed with
Gap Light Analyzer software (Frazer et al. 1999), as detailed in
Crane and Shearer (2007). Basal area was determined using a
basal area wedge (West 2004). Basal area in the old diseased area
and the adjoining healthy area was determined at the three
locations along the front.

Plant species number, total plant species
and ground cover

The number of perennial live plant species present within a
25 m2 quadrat at each measuring point was determined. Plant
species number in Banksia woodland biomes had started to
level off after 25 m2 (Shearer and Dillon 1996a). The
percentage of ground covered by each plant species within the
quadrat was determined (Kennedy and Weste 1986; Crane and
Shearer 2007) and added together to give total plant species
cover. Percentage of ground not covered by live plant species
was visually estimated within the 25 m2 quadrats (Crane and
Shearer 2007). Percentage ground cover was then determined
by subtracting estimates of ground not covered by live
vegetation from 100. Plant species cover and ground cover
was the average from two observers per quadrat. No measure
of plant species number and total plant species cover were
made in study areas BW2 and EmF1 (Table 1) because the
areas were burnt after soil sampling and measurement of
canopy closure and ground cover.

Soil properties

Samples were taken from the top 3 cm of soil and the soil
sieved through a 2-mm sieve, dried at 40�C for 48 h and analysed
using the following methods. Phosphorus (P) content was
determined colourimetrically using the method of Murphy and
Riley (1962). Using the same solution, potassium (K) content
was determined with a flame photometer. The organic carbon
(C) content was determined by the Walkley-Black method
(Piper 1942). Soil nitrogen (N) was determined by extracting
the soil with 1 M potassium chloride solution and using
the Kjeldahl method of McKenzie and Wallace (1954). The
pH was determined from a 1 : 5 solution of soil and water.
Percentage by weight of coarse (200–2000 mm) sand, fine
(20–200 mm) sand, silt (2–20 mm) and clay (<2 mm) of the fine
fraction were determined by the pipette method (Day 1965).

Analysis

The Shannon-Weiner index (H) and Simpson’s index (D) of plant
species diversity and plant species evenness (E) (McCune and
Grace 2002) was calculated using the software PC-ORDVersion
5.11 (McCune and Mefford 2006).

For ANOVA, assumptions of normality were checked by
plotting residuals (Kirby 1993) and dependent variables were
either log-transformed or percentage data arcsin HX/100-
transformed to homogenise the variance. For ANOVA on the
effect of disease status on either species occurrence or soil

nutrients, disease status was the fixed variable and species
cover or soil nutrient was the random factor. Where relevant,
the mean and standard error of the mean were calculated.
Regression and Pearson correlation coefficients were
calculated as a measure of association between variables.
The Bonferroni correction was not applied to correlation
coefficients as recommended by Moran (2003). Significance
was determined at P � 0.055 as a number of biological
meaningful relationships had significant values of
0.050 < P � 0.055.

Study areas were ordinated in multi-dimensional space by
non-metric multi-dimensional scaling using the software
PC-ORD Version 5.11. Non-metric multi-dimensional scaling
was ordination of choice because the technique is one of the
most defensible for graphical representation of community
relationships (McCune and Grace 2002) and has a flexibility
and generality bestowed by a dependence only on a biological
meaningful view of the data (Clarke 1993). Either plant
species cover or canopy closure and ground cover were
ordinated in two dimensions because the greatest reduction in
stress (McCune and Grace 2002) occurred in the first two
dimensions. The Sørensen (Bray–Curtis) distance measure was
used with soil properties as the second matrix.

Results

Study areas

There was high visual impact of disease observed in each study
area. That disease expressed was due to P. cinnamomi was
based on the pattern of deaths of many susceptible plant
species, interpreted from extensive experience of the disease
syndrome over many years (Shearer and Tippett 1989; Shearer
and Hill 1989; Shearer 1994; Shearer and Dillon 1995, 1996a,
1996b; Crane and Shearer 2007; Shearer et al. 2007). Presence of
P. cinnamomi was confirmed by isolation from recently dead
plants of susceptible plant species from the disease front of
each disease centre (Table 1). Phytophthora cinnamomi
disease centres ranged in size from less than a hectare in study
area BW4, to 30 ha in study area BW5 (Table 1). Study areas
were infested with the pathogen for ~40 years before
assessment. Disease was not evident in aerial photographs of
BW1–3 taken in 1957, but was evident in the next
photographs taken in 1965. For study areas BW5 and 6,
disease was not evident in aerial photographs taken in 1955,
but was evident in the next photographs taken in 1963.

Plant community varied among study areas of the Banksia
woodland biomes and between Banksia woodland and
E. marginata forest biomes (Table 1). As no system of site-
vegetation typing has been developed for the Swan Coastal
Plain bioregion, soil systems were used instead. Most of the
Banksia woodland biomes occurred on leached grey sand of
the Bassandean Dune System (Table 1). Study area BW4 was an
exception, with orange-brown soil over limestone of the
Yoongarillup System (McArthur 1991).

Eucalyptus marginata forest biomes occurred on laterite
compared with the sandy soils of the Banksia woodland
biomes (Table 1). The two study areas in the northern Jarrah
Forest bioregion occurred on S and P Havel site-vegetation type
(Havel 1975) for study areas EmF1 and EmF2, respectively
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(Table 1). Type P occurs as gravelly sands inmid-slope positions.
Type S is the broadest and most common type, flanking type P
upslope on laterite mantled uplands (Havel 1975).

Variation in soil properties for the healthy study areas is
given in Table 2. Sorting healthy study areas according to
percentage coarse sand fraction showed a trend from the least
fertile study area BW6 to the less sandy E. marginata forest
biome study areas (Table 2). This overall trend was similar for
other soil properties, although there was some variation from
the trend for a few biomes.

Because space-for-time substitution was used to determine
expression of disease over time, it is important to show that
changes in disease expression were not due to site changes
across the study areas. Figure 1a plots two physical soil
properties that would change with site. Percentage coarse
sand fraction was linearly related to percentage clay fraction,
but within the relationship all areas were intermixed and there
was no separation between disease status. In comparison, a plot
of the vegetation variables of percentage ground cover and
canopy closure that would respond to disease status, shows

a separation of old diseased from adjoining healthy areas
(Fig. 1b). Front areas tend to be intermediate between old
disease and adjoining healthy areas.

Interrelationships among vegetation variables
and disease status

Vegetation variables were plotted against each other and the
effects of disease status determined (Table 3; Fig. 2). Forty three
percent of the pair-wise correlation coefficients between
canopy closure and other vegetation variables were
significant (Table 3). In comparison only a few of the pair-
wise correlation coefficients between other vegetation
variables were significant.

Old diseased areas had lower canopy closure and basal
area than adjoining healthy areas (Fig. 2a). No measurements
of basal area were made in the front diseased area. Old diseased
areas also tended to have lower plant species number (Fig. 2b)
and total percentage plant species cover (Fig. 2c) than adjoining
healthy areas. Vegetation variables for front diseased areas

Table 2. Variation in mean (�s.e.) of soil properties for healthy areas adjoining to Phytophthora cinnamomi disease centres in Banksia
woodland and Eucalyptus marginata forest biomes of the Swan Coastal Plain and Jarrah Forest bioregions, respectively, of the South-West

Botanical Province of Western Australia

Study Soil properties
areaA Coarse

sand (%)
Clay
(%)

Organic
carbon (%)

Nitrogen
(%)

Total
phosphorus

(mg/g)

Extractable
phosphorus

(mg/g)

Total potassium
(mg/g)

Extractable
potassium
(mg/g)

pH

BW6 96.7 ± 0.3 0.7 ± 0.2 2.0 ± 0.2 0.07 ± 0.01 5.0 ± 0.7 0.6 ± 0.1 14.1 ± 2.2 10.8 ± 2.0 4.9 ± 0.1
BW1 93.9 ± 0.6 0.9 ± 0.2 1.6 ± 0.3 0.05 ± 0.004 11.7 ± 3.6 0.4 ± 0.002 37.1 ± 2.6 10.5 ± 1.1 5.0 ± 0.1
BW2 93.3 ± 1.2 2.1 ± 0.6 2.6 ± 0.8 0.06 ± 0.02 51.6 ± 6.4 0.4 ± 0.001 32.4 ± 1.7 13.2 ± 0.3 4.6 ± 0.1
BW3 91.6 ± 1.4 2.7 ± 0.7 3.9 ± 0.5 0.11 ± 0.02 19.2 ± 2.7 2.1 ± 0.4 60.8 ± 12.2 45.1 ± 9.5 4.7 ± 0.1
BW5 84.4 ± 1.5 4.8 ± 0.6 4.9 ± 0.3 0.18 ± 0.02 13.1 ± 1.5 2.0 ± 0.3 145.7 ± 42.0 113.4 ± 37.1 4.6 ± 0.1
BW4 81.0 ± 1.1 3.6 ± 0.6 4.3 ± 0.6 0.16 ± 0.03 17.1 ± 3.6 1.4 ± 0.3 47.1 ± 6.6 27.0 ± 4.6 5.2 ± 0.1
EmF2 50.8 ± 2.5 5.4 ± 0.7 6.5 ± 0.8 0.22 ± 0.04 56.7 ± 7.7 2.3 ± 0.8 121.4 ± 18.4 91.7 ± 18.8 5.2 ± 0.2
EmF1 49.5 ± 2.0 6.8 ± 0.7 2.6 ± 0.2 0.09 ± 0.01 30.5 ± 6.7 1.6 ± 0.4 55.9 ± 3.8 27.2 ± 4.2 4.9 ± 0.2

ABW = Banksia woodland biome in the Swan Coastal Plain bioregion, EmF = Eucalyptus marginata forest biome in the Jarrah Forest bioregion.
See Table 1 for study area details.

8

6

4

2C
la

y 
fr

ac
tio

n 
(%

)

C
an

op
y 

cl
os

ur
e 

(%
)

Coarse sand fraction (%)

(a) (b)

Ground cover (%)
0

80

80 100

60

60

40

40

20

20 0 80604020

Fig. 1. Distribution of study areas of old (&), front ( ) and adjoining healthy (&) disease status
in relationships between (a) soil property variables and (b) vegetation variables for Phytophthora
cinnamomi disease centres in Banksia woodland and Eucalyptus marginata forest biomes of the
Swan Coastal Plain and Jarrah Forest bioregions, respectively, of the South-West Botanical Province
of Western Australia.
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tended to be intermediate between old diseased areas and
adjoining healthy vegetation (Fig. 2).

Although trends in vegetation variables between disease
status were apparent, there was some overlap between old
diseased and adjoining healthy areas for a few study areas
(Fig. 2). Therefore, differences in vegetation variables
between disease status are shown in greater detail in Fig. 3. In
all but one or two study areas, canopy closure, basal area and
number of plant species were significantly lower in old diseased
compared with adjoining healthy areas, with diseased front
intermediate between the two. In half of the study areas
percentage ground cover and total plant species cover were
significantly lower in old diseased areas compared with

adjoining healthy areas, with diseased front intermediate
between the two. Evenness, Shannon-Weiner H and
Simpson’s D did not significantly change between disease
status for the majority of study areas (Fig. 3).

Vegetation and study area gradients

For ordination of percentage plant species cover (Fig. 4a), axes
1 and 2 explained 32 and 44% of the variation, respectively.
The ordination of percentage plant species cover showed
strongest separation of study areas along a soil fertility
gradient. Study areas of lowest fertility tended to occur in the
lowest right hand corner of the graph, grading up to areas of

Table 3. Correlation coefficients for linear relationships between community structure and plant species composition components
of Phytophthora cinnamomi disease centres of Banksia woodland and Eucalyptus marginata forest biomes of the South-West Botanical Province

of Western Australia
Significant correlation coefficients in bold (P � 0.055)

Vegetation variable % canopy
closure

% ground
cover

Basal
area

Number
of species

% species
cover

Evenness
(E)

Shannon-
Weiner H

% ground cover 0.19 (23)A 1
Basal area 0.74 (23) 0.19 (14) 1
Number of species 0.51 (14) 0.05 (17) 0.12 (10) 1
% species cover 0.57 (17) 0.67 (17) 0.51 (10) 0.31 (17) 1
Evenness (E) –0.36 (17) –0.20 (17) –0.55 (10) –0.04 (17) –0.33 (17) 1
Shannon-Weiner H 0.38 (17) 0.03 (17) –0.11 (10) 0.90 (17) 0.24 (17) 0.36 (17) 1
Simpson’s D 0.26 (17) 0.05 (17) –0.18 (10) 0.72 (17) 0.21 (17) 0.59 (17) 0.94 (17)

ANumber of values in parentheses: n = 23 for seven study areas with old, front and healthy disease status, one study area with old and healthy disease
status; n = 17 for five study areas with old, front and healthy disease status, one study area with old and healthy disease status; n = 14 for seven study
areas with old and healthy disease status; n = 10 for five study areas with old and healthy disease status.
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Fig. 2. Relationships between canopy closure and either (a) basal area, (b) number of plant species or (c) total percentage plant species cover for old (&),
front ( ) and adjoining healthy (&) disease status for Phytophthora cinnamomi disease centres in Banksia woodland and Eucalyptus marginata forest biomes
of the Swan Coastal Plain and Jarrah Forest bioregions, respectively, of the South-West Botanical Province of Western Australia. Lines indicate significant
linear relationships betweenvariables: 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(r = 0.51); 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Fig. 3. Mean (�s.e.) of vegetation variables for study areas having no significant or significant (P� 0.055) differences between disease status ofPhytophthora
cinnamomi disease centres inBanksiawoodland andEucalyptusmarginata forest biomes of the SwanCoastal Plain and Jarrah Forest bioregions, respectively, of
theSouth-WestBotanical ProvinceofWesternAustralia. The studyareas havingno significant or significant differences are indicated for eachvegetationvariable:
BW = Banksia woodland, EmF = E. marginata forest.
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highest fertility in the top left hand corner of the graph
(Fig. 4a). Areas of different disease status were intermixed
(Fig. 4a).

For ordination of percentage canopy closure and ground
cover (Fig. 4b) axes 1 and 2 explained 54 and 44% of the
variation, respectively. There was separation of study areas
along a disease status gradient. Old disease areas occurred on
the left hand side of the graph, adjoining healthy areas on the
right hand side of the graph and front areas intermediate
between the two (Fig. 4b). An exception was the old diseased
area of BW4 (Fig. 4b), which had orange-brown soil with
low percentage of coarse sand compared with grey sands of
the other Banksia woodland biome areas (Tables 1 and 2).

There was a weak soil fertility gradient, with study areas
of lowest fertility tending to occur at the bottom of the graph,
grading up to areas of highest fertility at the top of the graph
(Fig. 4b).

Disease and soil nutrient cycling variables

Table 4 shows significant linear correlation between soil
nutrient cycling and vegetation variables. Ninety-one percent
of soil nutrient cycling variables were significantly linearly
correlated with number of plant species or Shannon-Weiner H
(Table 4). Fifty-four percent of soil nutrient cycling variables
were significantly linearly correlated with percentage canopy
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Fig. 4. Non-metric multi-dimensional scaling of (a) percentage plant species cover and (b) percentage
canopy closure and ground cover for study areas of old (&), front ( ) and adjoining healthy (&) disease
status of Phytophthora cinnamomi disease centres in Banksia woodland and Eucalyptus marginata
forest biomes of the Swan Coastal Plain and Jarrah Forest bioregions, respectively, of the South-West
Botanical Province of Western Australia. Study area names: BW = Banksiawoodland, EmF = E. marginata
forest, O = old diseased, F = diseased front and H = adjoining healthy. Study area details given in Table 1.

Table 4. Correlation coefficients for linear relationships between vegetation variables and soil properties of Phytophthora cinnamomi disease
centres of Banksia woodland and Eucalyptus marginata forest biomes of the South-West Botanical Province of Western Australia

Significant correlation coefficients in bold (P � 0.055)

Soil property Vegetation variable
% canopy
closure

% ground
cover

Basal
area

Number
of species

% total species
cover

Evenness
(E)

Shannon-
Weiner H

Simpson’s D

% organic carbon 0.58 (23)A 0.10 (23) 0.41 (14) 0.80 (17) 0.48 (17) –0.13 (17) 0.71 (17) 0.55 (17)
% nitrogen 0.54 (23) 0.12 (23) 0.42 (14) 0.74 (17) 0.38 (17) –0.10 (17) 0.67 (17) 0.53 (17)
Total phosphorus (mg/g) 0.28 (23) –0.40 (23) 0.11 (14) 0.66 (17) –0.11 (17) –0.28 (17) 0.47 (17) 0.24 (17)
Extractable phosphorus (mg/g) 0.41 (23) 0.05 (23) 0.20 (14) 0.77 (17) 0.43 (17) –0.19 (17) 0.64 (17) 0.49 (17)
Total potassium (mg/g) 0.54 (23) –0.03 (23) 0.24 (14) 0.75 (17) 0.30 (17) –0.16 (17) 0.64 (17) 0.46 (17)
Extractable potassium (mg/g) 0.49 (23) 0.07 (23) 0.12 (14) 0.78 (17) 0.42 (17) –0.11 (17) 0.69 (17) 0.53 (17)
pH 0.30 (23) –0.14 (23) 0.53 (14) 0.24 (17) –0.42 (17) 0.01 (17) 0.19 (17) 0.12 (17)
% coarse sand –0.39 (23) 0.28 (23) –0.22 (14) –0.77 (17) 0.05 (17) 0.12 (17) –0.64 (17) –0.43 (17)
% fine sand 0.36 (23) –0.30 (23) 0.22 (14) 0.74 (17) –0.11 (17) –0.12 (17) 0.61 (17) 0.40 (17)
% silt 0.34 (23) –0.26 (23) 0.10 (14) 0.84 (17) –0.07 (17) –0.08 (17) 0.71 (17) 0.49 (17)
% clay 0.49 (23) –0.16 (23) 0.23 (14) 0.67 (17) 0.36 (17) –0.09 (17) 0.61 (17) 0.48 (17)

ANumber of values in parentheses: n = 23 for seven study areas with old, front and healthy disease status, one study area with old and healthy disease status;
n = 17 for five study areas with old, front and healthy disease status, one study area with old and healthy disease status; n = 14 for seven study areas with old
and healthy disease status.

424 Australasian Plant Pathology B. L. Shearer et al.



closure or Simpson’s D. Very few or none of the pair-wise
correlation coefficients between soil properties and other
vegetation variables were significant.

There were significant linear relationships between
percentage canopy closure and percentage organic C, total N
and extractable P and K (Table 4; Fig. 5). Relative infertile
areas had lower canopy closure than more fertile areas.
However within the relationships, study areas were intermixed
and there was no separation between disease status (Fig. 5).
Therefore, study areas where there were significant differences
in soil nutrient cycling variables between disease status were
determined (Fig. 6).

There was significantly less percentage organic C,
extractable P and extractable and total K in old diseased
areas compared with adjoining healthy areas for one-quarter
to a third of the study areas (Fig. 6). While differences were
not significant for the other study areas, there were consistent
lower values of the soil nutrient cycling properties in the old
diseased areas compared with adjoining healthy areas. Total P
changed significantly between disease status, but this was
due to higher levels in diseased front compared with the old
diseased or adjoining healthy areas. For all study areas there
was no significant effect of disease status on percentage total N
and pH (Fig. 6).

In two study areas (BW4 and EmF1) there was no significant
effect of disease status on the soil nutrient cycling variables
(Fig. 6). In four study areas (BW1, 2, 6, EmF2) disease status
significantly affected only one soil nutrient cycling variable.
In study area BW3 disease status significantly affected four
of the seven soil nutrient cycling variables and in study area
BW5 disease status significantly affected five of the seven soil
nutrient cycling variables (Fig. 6).

Plant species that change with disease status
and their functional grouping

The cover of a majority of plant species did not change
significantly between disease status (Table 5). The cover of
16% of the total number of perennial species in healthy areas
significantly decreased and the cover of 10% increased in old
diseased compared with adjoining healthy areas. Plant species
for which there was significantly less cover in the old
diseased compared with the adjoining healthy area were
mainly Dilleniaceae, susceptible to P. cinnamomi and shrubs
that resprouted after fire with 50 percent of the species of deep
rooting habit with a mycorrhizal association (Table 5). In
comparison, plant species that significantly increased in
cover in the old diseased areas compared with the adjoining
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Fig. 5. Relationships between canopy closure and the soil nutrient cycling variables: (a) percentage
organic carbon; (b) percentage total nitrogen; (c) extractable phosphorus; and (d) extractable potassium for
old (&), front ( ) and adjoining healthy (&) disease status of Phytophthora cinnamomi disease centres in
Banksia woodland and Eucalyptus marginata forest biomes of the Swan Coastal Plain and Jarrah Forest
bioregions, respectively, of the South-West Botanical Province of Western Australia.
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healthy area were herbs and shrubs from a range of families,
mainly resistant to P. cinnamomi with a mixture of responses
to fire, rooting type and mycorrhizal association (Table 5).

Correlation between canopy closure and plant species
cover can also be used to differentiate plant species responses
to P. cinnamomi invasion (Table 6). As with significant
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differences in cover between disease status, change in cover of
a majority of plant species was not significantly correlated
with canopy closure. The cover of 20% of the total number
of perennial species in healthy areas was significantly
positively, and 10% of species was significantly negatively
linearly correlated with canopy closure. The b1 regression
coefficients were positive for plant species whose cover
was correlated with canopy closure and had less cover in the
old diseased area compared with the adjoining healthy area.
These species were mainly Dilleniaceae and Proteaceae
that were susceptible to P. cinnamomi and were shrubs that
resprouted after fire with 50 percent of the species of deep
rooting habit with a mycorrhizal association (Table 6).
The cover of two species resistant to P. cinnamomi, Agonis
flexuosa and the fern Linsaea linearis, decreased in the
old diseased area compared with the adjoining healthy area.

The b1 regression coefficients were negative for plant
species that increased in cover in the old diseased area
compared with the adjoining healthy area (Table 6). These
species were herbs and shrubs from a range of families with a
mixture of responses to P. cinnamomi, fire, rooting type and
mycorrhizal association (Table 6).

Discussion
Studies of the effects of P. cinnamomi invasion have been
more often from an autecological rather than a synecological
or community dynamics perspective (Shearer 1992). The
biology, life cycles and host preferences of plant pathogens of
native ecosystems have been relatively well studied, but the
consequences of disturbance caused by pathogen invasion on
ecosystem dynamics have received less attention and are
poorly understood (Lewis and Lindgren 2000; McCarthy
2001; Lovett et al. 2006). As in the case for exotic plant
invasions (Levine et al. 2003), there has been little testing of
the processes or pathways through which impact of plant
pathogens develop. Plant pathogens need to be viewed as
disturbance vectors as much as fire, wind, insects
(McCarthy 2001), long-term climate change and human
activity. As plant pathogens may induce more permanent
long-term changes in species composition than other agents of
disturbance (Lovett et al. 2006), the role of plant pathogens
in the evolution and continuation of modified communities
needs to be determined. Plant pathogens target specific
host species and once established, become permanent
components that continually influence ecosystem processes.

Table 5. Family and functional responses of plant species that either significantly (P # 0.055) decreased or increased in cover in diseased old
compared with adjoining healthy areas of Phytophthora cinnamomi disease centres of Banksia woodland and Eucalyptus marginata forest biomes

of the South-West Botanical Province of Western Australia
Blank for functional response indicates no data for the plant species

Significant Plant species # areas Family Functional responses
change in old change/ SusceptibilityA Growth Fire Rooting Mycorrhizal
compared with # areas formB responseC typeD association
healthy occurred typeE

Decrease Allocasuarina fraseriana 1/2 Casuarinaceae Va Tr R D ECM/VAM
Banksia attenuata 1/6 Proteaceae Su Tr R/OS D
B. grandis 1/1 Proteaceae Su Tr R/OS D NM
Dasypogon hookeri 1/1 Dasypogonaceae He
Eucalyptus marginata 1/5 Myrtaceae Su Tr R D ECM/VAM
Hibbertia acerosa 1/1 Dilleniaceae Sh R VAM
H. amplexicaulis 1/1 Dilleniaceae Su Sh VAM
H. furfuracea 1/2 Dilleniaceae Sh
H. hypericoides 3/5 Dilleniaceae Su Sh R S VAM
H. quadricolor 1/1 Dilleniaceae Su Sh
Hypocalymma robustum 3/5 Myrtaceae Su Sh R S ECM/VAM
Leucopogon parviflorus 2/2 Epacridaceae Sh
Xanthorrhoea preissii 2/6 Xanthorrhoeaceae Su TLM R S VAM

Increase Acacia pulchella 1/4 Mimosaceae Re Sh OS D VAM
Anarthria prolifera 1/2 Restionaceae He
Boronia spathulata 1/1 Rutaceae Re Sh VAM
Calytrix flavescens 1/4 Myrtaceae Re Sh D
Lomandra nigricans 1/2 Dasypogonaceae Re He S
Desmocladus flexuosus 1/1 Restionaceae Re He R S NM
Melaleuca thymoides 2/4 Myrtaceae Su Sh R
Stirlingia latifolia 1/3 Proteaceae Va Sh R D NM

AFrom Shearer and Dillon (1995), Shearer et al. 1996b). Su = susceptible, Re = resistant, Va = variable response.
BFrom Western Australian Herbarium (1998). He = herb, Sh = shrub, Tr = tree, TLM = tree-like monocot.
CFrom Van der Moezel et al. (1987), Stewart et al. (1993), Pate and Bell (1999), Moore (2005). R = resprouter, OS = obligate seeder.
DFrom Dodd et al. (1984), Stewart et al. (1993), Pate and Bell (1999). D = deep (>2 m), S = shallow (<2 m).
EFrom Lamont (1984), Brundrett and Abbott (1991), Stewart et al. (1993). VAM = vesicular-arbuscular mycorrhizal, ECM = ectomycorrhizal,
NM = non-mycorrhizal.
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There has been no long-term monitoring of P. cinnamomi
invasion of plant communities of the South-West Botanical
Province of Western Australia (Shearer et al. 2007). Therefore,
ecosystem changes mediated by pathogen invasion were

measured across disease centres into the adjoining healthy
areas in a space-for-time substitution discussed by Pickett
(1989). Underpinning use of space-for-time substitution is
the assumption that disease centres and adjoining healthy

Table 6. Regression and correlation coefficients, family and functional responses of plant species that had a significant (P # 0.055) linear
correlation between cover and canopy closure for Phytophthora cinnamomi disease centres of Banksia woodland and Eucalyptus marginata

forest biomes of the South-West Botanical Province of Western Australia
Plant species cover either decreased (positive b1) or increased (negative b1) in the old diseased compared with adjoining healthy areas. Blank for functional

response indicates no data for the plant species

Change Dependent Study Regression coefficient Correlation Functional responses
in old variable areaA b0 b1 coefficient Family SusceptibilityB Growth Fire Rooting Mycorrhizal
compared percentage R formC responseD typeE association
with healthy cover of: typeF

Decrease Agonis flexuosa BW5 –127.9 2.46 0.76 Myrtaceae Re Tr VAM/ECM
Allocasuarina

fraseriana
EmF2 –52.8 0.99 0.72 Casuarinaceae Va Tr R D ECM/VAM

Adenanthos
barbiger

EmF2 –10.8 0.24 0.65 Proteaceae Su Sh R NM

Banksia
attenuata

BW6 –17.0 0.98 0.85 Proteaceae Su Tr R/OS D

B. grandis EmF2 –73.8 1.43 0.74 Proteaceae Su Tr R/OS D NM
Dasypogon

hookeri
BW4 –121.2 1.79 0.82 Dasypogonaceae He

Eucalyptus
marginata

BW6 –2.6 0.10 0.67 Myrtaceae Su Tr R D ECM/VAM

Hibbertia
acerosa

EmF2 –8.8 0.17 0.94 Dilleniaceae Sh R VAM

H. amplexicaulis EmF2 –3.34 0.06 0.85 Dilleniaceae Su Sh VAM
H. hypericoides BW3 –60.0 2.09 0.98 Dilleniaceae Su Sh R S VAM
H. quadricolor EmF2 –13.1 0.24 0.77 Dilleniaceae Su Sh
Hypocalymma

robustum
BW3 –15.70 0.55 0.96 Myrtaceae Su Sh R S ECM/VAM

Leucopogon
parviflorus

BW3 –0.8 0.23 0.73 Epacridaceae Sh

L. propinquus BW1 –6.4 0.21 0.80 Epacridaceae Va Sh S
Lindsaea linearis BW5 –104.8 2.4 0.78 Lindsaeaceae Re He
Xanthorrhoea BW1 –46.5 0.92 0.79 Xanthorrhoeaceae Su TLM R S VAM
preissii EmF2 –27.6 0.63 0.69

Xylomelum
occidentale

BW1 –15.9 0.31 0.80 Proteaceae Su Tr

Increase Acacia pulchella BW4 9.0 –0.12 0.84 Mimosaceae Re Sh OS D VAM
Anarthria

prolifera
BW3 19.60 –0.31 0.75 Restionaceae He

Calytrix BW1 13.9 –0.21 0.74 Myrtaceae Re Sh D
flavescens BW3 46.2 –0.61 0.78

Conostylis
aculeata

BW4 32.1 –0.41 0.84 Haemodoraceae He R S NM

Dasypogon
bromeliifolius

BW5 107.0 –1.23 0.74 Dasypogonaceae Su He R S

Lyginia imberbis BW6 1.0 –0.02 0.75 Restionaceae He S
Melaleuca BW4 97.6 –1.26 0.95 Myrtaceae Su Sh R
thymoides BW6 47.5 –0.66 0.65

Stirlingia latifolia BW4 154.0 –1.94 0.83 Proteaceae Va Sh R D NM

ABW = Banksia woodland, EmF = E. marginata forest.
BFrom Shearer and Dillon (1995, 1996b), Shearer et al. (2007). Su = susceptible, Re = resistant, Va = variable response.
CFrom Western Australian Herbarium (1998). He = herb, Sh = shrub, Tr = tree, TLM = tree-like monocot.
DFrom Van der Moezel et al. (1987), Stewart et al. (1993), Pate and Bell (1999), Moore (2005). R = resprouter, OS = obligate seeder.
EFrom Dodd et al. (1984), Crombie et al. (1988), Stewart et al. (1993), Pate and Bell (1999). D = deep (>2 m), S = shallow (<2 m).
FFrom Lamont (1984), Brundrett and Abbott (1991), Stewart et al. (1993). VAM = vesicular-arbuscular mycorrhizal, ECM = ectomycorrhizal,
NM = non-mycorrhizal.
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areas are of the same site type and therefore differences
between diseased and adjoining healthy areas are due to
pathogen-mediated changes. The proportion of soil clay
and sand would be physical soil properties not expected
to be affected by disease, but show site type differences.
The intermixing of diseased and adjoining healthy areas
on the clay-sand continuum give confidence that these
areas were on the same site type. In contrast, when
vegetation variables affected by disease were plotted, areas
separated out along diseased-healthy gradients according to
disease status.

Space-for-time substitution is not a replacement for long-
term monitoring of species invasion. The substitution studies
are often not placed in an explicit temporal context because
the duration of invasions is not known. In addition, space-for-
time substitution studies are generally of short duration.
Processes that can alter in time include changes in the
invading species and invaded community, the abiotic
environment and various interactions between invading
species and ecosystem dynamics, but little is known of the
temporal variable effects for individual invaders (Strayer
et al. 2006). Short-term plant composition monitoring is also a
poor predictor of the success of restoration of invaded
communities (Herrick et al. 2006). Long-term monitoring of
disease and pathogen dynamics and species composition in
plant communities in Victoria invaded by P. cinnamomi
showed initial decline of species richness followed by a
decline in the pathogen and increased regeneration of
susceptible plant species (Weste 2003). Further long-term
monitoring is required to determine whether understorey
regeneration is stable or whether successive cycles of disease
and recovery will occur (Weste 2003). In addition to these
temporal patterns in disease and pathogen dynamics and
species composition, little is known of the interaction of
ecosystem dynamics with disease and pathogen dynamics
over time. As suggested for the study of invasive species by
ecologists (Strayer et al. 2006), plant pathologists should
adopt much more long-term perspectives of the effects of
P. cinnamomi on ecosystem dynamics, than currently being
undertaken (Shearer et al. 2007).

Changes in the number of plant species or richness have
often been used as a conservation indicator and a measure
of the impact of invading species (Yurkonis et al. 2005;
Fleishman et al. 2006). The consequences of P. cinnamomi
invasion have primarily been determined from a botanical
viewpoint using taxonomic compilations of changes in
plant species number and composition following infestation
(Weste et al. 1973; Weste 1986, 2003; Shearer and Hill
1989; Wills 1993; Shearer and Dillon 1996a; Weste and
Kennedy 1997; Laidlaw and Wilson 2003; McDougall et al.
2002, 2005; Crane and Shearer 2007). Plant species richness
was significantly less in diseased Banksia woodland and
E. marginata forest biomes invaded by P. cinnamomi
compared with adjoining healthy areas. In contrast,
McDougall et al. (2002) found no differences in species
richness between infested and healthy E. marginata forest.
In agreement with our study, Shearer and Hill (1989),
Keighery et al. (1994), Shearer and Dillon (1996a) and
Shearer et al. (2004b) also report a decrease in species

numbers following invasion of Banksia woodland biomes by
P. cinnamomi.

Pathogen-mediated changes in species richness will be
due to direct and indirect effects of P. cinnamomi infestation
on plant species occurrence. Direct effects were identified as
significant decrease in plant species cover or positive
correlation with canopy closure between disease status. That
the cover of 16% of the total number of perennial species in
healthy areas significantly decreased with disease status and
canopy closure decreased by 25%, suggests that death of a
relatively few species have a considerable contribution to
disease expression following infestation. This is supported
by the estimate of Shearer et al. (2004a) that 14% of the
flora of the South-West Botanical Province of Western
Australia is highly susceptible to P. cinnamomi and their
death would be expected to cause a conspicuous decline
in biomass. Similarity of estimates from different
independent assessment methods gives confidence that a
realistic evaluation of the susceptibility of flora to
P. cinnamomi infection has been obtained.

While direct impacts of P. cinnamomi have been poorly
documented in the South-West Botanical Province, even
less attention has been given to indirect impact of the
pathogen. This is despite the fact that indirect impact
following infestation by plant pathogens can be greater than
the direct impact of killed plants (Hansen 1999). Indirect
impact of P. cinnamomi can lead to resistant species
increasing in infested areas as occurred for 10% of the total
number of perennial species in healthy areas. Presumably
factors such as reduced competition allowed better
exploitation of old infested areas by resistant hosts following
removal of susceptible hosts killed by infection. Alternatively,
taxa not directly affected by infection may decline due to
habitat destruction by the pathogen. Habitat destruction
probably accounted for the observed decline of the resistant
species A. flexuosa and L. linearis in study area BW5. In the
few reports of indirect impact of P. cinnamomi in the literature,
Wills (1993) suggested that reduced occurrence of apparently
resistant Stylidium scandens in disease centres in the Stirling
Range National Park was due to reduced canopy resulting
from P. cinnamomi killing susceptible hosts, rather than the
direct effects of infection on S. scandens. McDougall et al.
(2005) observed in E. marginata forest that several apparently
resistant understorey species persisted only where canopy
survived the infestation. The present poor understanding and
quantification of indirect impacts of P. cinnamomi through
habitat destruction results in an underestimation of the true
impact of the pathogen on the flora.

Changes in species richness alone does not adequately
predict or describe the effects of invasion (Yurkonis et al.
2005) because the measure provides no information on
species identity or the functional roles of individual species as
contributors to ecosystem processes (Fleishman et al. 2006).
Ecosystems need to be viewed from functional integrity
rather than specific components at any time (Main 1981).
Changes in plant species number will differently affect
ecosystem processes depending on the dominance and
functional traits of the species lost or gained, their interactions
with other species, the order in which species are lost and the
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relative amount of biotic and abiotic control over process
rates (Hooper et al. 2005). Determination of how an invader
impacts on a community must link impacts with underlying
community dynamics that result in altered community
structure (Parker et al. 1999; Yurkonis et al. 2005), ecosystem
processes (Levine et al. 2003) and functional diversity
(Hooper et al. 2005).

Canopy closure is an important variable for measuring
P. cinnamomi-mediated changes because of the linked
changes in canopy closure to plant community structure,
processes and functioning. Changes in overstorey canopy
structure directly affects the quality and quantity of light,
microclimate, litter production and decomposition, nutrient
and hydrological cycling, energy budgets and thus the
composition and functioning of plant communities (Specht and
Specht 1989; Shaw and Bible 1996; Chen et al. 1999;
Jennings et al. 1999; Prescott 2002; Levia and Frost 2006;
Crane and Shearer 2007). In addition, canopy gaps will
produce root gaps (McCarthy 2001) with associated changes
in soil community structure and nutrient cycling processes.
Despite the importance of canopy change to community
functioning, this variable has been rarely used to quantify
pathogen-mediated changes associated with P. cinnamomi
infestation, or for that matter any plant disease (Crane and
Shearer 2007; Shearer et al. 2007).

In this study, canopy closure was significantly reduced by
infestation in all but one study area and was significantly
correlated with most of the vegetation and soil property
variables. Crane and Shearer (2007) and Shearer et al. (2007)
also found that P. cinnamomi was important in gap creation
through significant reduction in canopy closure following
infestation of three biomes in the South-West Botanical
Province of Western Australia. The pathogen in Eastern
Australian plant communities either reduced canopy cover
by a third over 20 years (Dawson et al. 1985) or had no
significant effect on either canopy cover (Newell 1998) or
height (Laidlaw and Wilson 2003) following infestation.
Different compensation or complementary effects following
invasion (Tilman 1999; Shearer and Smith 2000) may explain
differences between geographic areas. Needing further study
are the effects of gap creation through reduction in canopy
closure on plant community structure, processes and
functioning following P. cinnamomi invasion.

As disease-mediated canopy gap creation was one of the
criteria for study area selection, there may be the possibility of
a circular argument between selection criteria and effect. This
appears not to be the case in this study because, as shown in
Fig. 3, components of structural change did not significantly
differ between disease status for all study areas. The study was
able to identify communities such as BW4 that were
invaded less by P. cinnamomi than others, possibly due to
differences in soil type. In addition, plant species that declined
or increased with disease were identified. Further research is
required to identify factors that buffer some communities against
invasion more than others.

Little is known of the effects of plant pathogen induced
mortality on nutrient cycling (Edmonds and Sollins 1974;
Yorks et al. 2000). Plant species of Banksia woodland and
E. marginata forest biomes conserve nutrients by the efficient

retrieval of key limiting elements from senescing organs and
the continuous redeployment into new generations of
photosynthetic structures (Pate and Dell 1984). Disease
induced mortality would lead to increased organic matter
inputs through more of the nutrient capital in dead as opposed
to living biomass and increased release of nutrients by
decomposition for uptake or loss from the soil. Vegetation
cover influences nutrient cycling by effecting biomass storage
of nutrient sinks, the microclimate at the soil surface, the
chemical and physical nature of the litter and the hydrological
cycle (Prescott 2002). Increased solar radiation at the soil
surface after canopy removal following plant mortality
increases soil temperature and moisture (Shearer and Tippett
1989), favouring accelerated litter decomposition rates
(Postle et al. 1986). Thus reduction in canopy closure caused
by P. cinnamomi-induced plant mortality would be expected
to influence nutrient cycling in infested sites. However, total
soil N did not differ significantly between disease status in
all sites and soil K, P and organic C was significantly lower
in old disease status compared with adjoining healthy areas in
25–38% of study areas. In one of the few studies following
nutrient cycling after pathogen invasion Matson and Boone
(1984) found elevated N mineralisation and N availability in a
mountain hemlock stand infested with Phellinus weirii.

Reasons for the minimal effect of P. cinnamomi invasion
on nutrient cycling could either be because one measurement
of soil nutrients would not indicate temporal changes in
nutrient levels with season and time after infestation, or due to
soil characteristics of the region. The need to determine temporal
changes in soil nutrients is supported by the findings of
Grierson and Adams (2000) that soil P availability in
E. marginata forest followed seasonal patterns of soil moisture
availability and associated changes in fungal and root activity.
In addition the ecosystems of South-West Botanical Province of
Western Australia are buffered to cope with nutritional
disturbance mainly through the dominant role of the soil as
store of the small pools of nutrients (O’Connell and Grove
1991). Because of this, changes in the total pool of nutrients in
the medial term would be difficult to measure against the
variation occurring in natural systems (O’Connell and Grove
1991; Pate et al. 1993). Rather than measurement of total
elemental concentrations, future studies need to determine
nutrient fluxes, especially rates of mineralisation and the
capacity of soil to supply nutrients for plant uptake (O’Connell
and Grove 1991; Attiwill and Adams 1993).

Impact following P. cinnamomi invasion has largely been
determined from taxonomic compilations of changes in
floristic composition rather than ecosystem functioning.
Averaging the frequency of occurrence of P. cinnamomi-
susceptible plant taxa of the Stirling Range National Park
into broad functional groupings found that susceptible taxa
were mainly proteaceaous woody perennial vertebrate
pollinated seeder shrubs (Wills 1993; Hobbs 1997).
Interpretations of the likely impact of the pathogen on various
aspects of ecosystem function is limited from this type of
analysis as it assumes that all susceptible species are removed
from infested areas, averages over ecosystems and ignores
significant species interactions. Only a minority of susceptible
species in Banksia woodland and E. marginata forest
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bioregions significantly decreased in cover in diseased compared
with adjoining healthy areas. Plant species that changed
significantly with disease status were herbs and shrubs from a
range of families with a mixture of functional properties such as
P. cinnamomi susceptibility, response to fire, rooting type and
mycorrhizal association. However, the gaps in Tables 5 and 6
indicate the importance of acquiring more information on the
functional traits of the plant species occurring in the bioregions. In
relation to invasion, the key questions would be whether loss of
endemic species results in a collapse of function or whether
functional analogues compensate for such changes resulting in
continued critical ecosystem function with reduced species
diversity (Main 1992). Suggested important functions that
need to be maintained would be the ability to: fix C and N;
provide an architectural structure or habitat; sharing of resources;
and recycling of resources to minimise net loss from the system
(Main 1992).

Establishment of the robustness of components of
disturbed pathways may be determined from the characteristic
sequences in secondary succession after invasion (Main 1981).
For example in a study of a Mediterranean postcultural
succession, Garnier et al. (2004) demonstrated that simple,
quantitative, easily measurable plant traits of the dominant
contributors to plant biomass yielded relevant information
on key aspects of ecosystem functioning. Phytophthora
cinnamomi invasion of Banksia woodland and E. marginata
forest biomes resulted in selective changes in plant
composition depending on susceptibility to the pathogen and
the creation of environments favouring alternative replacement
sequences. Thus the characteristics of successional sequences
after infestation may indicate dominant pathways by which the
system could be restored (Main 1981).

Animal and microbial communities experience sequential
changes that coexist with vegetation seral changes (Yearsley
and Parminter 1998) and preservation of plant genetic
diversity is a means of conserving dependent animal species
(Wimp et al. 2004). Vegetation is the main determinant of the
physical structure of the environment and provides many
essential habitats of animal species (Southwood 1977;
Williams et al. 2002; Tews et al. 2004). Ameliorating disease-
mediated changes to the flora will thus sustain dependent
fauna habitat. Determining successional disease-mediated
changes to the vegetation is therefore a major embracing
research priority.

Recording secondary succession requires long-term
monitoring. Weste (2003) found that monitoring secondary
succession for 30 years after P. cinnamomi infestation was
insufficient time to determine whether understorey
regeneration was stable or whether successive cycles of
disease and recovery would occur. A possible alternative to
long-term monitoring would be a cronosequence of disease
centres with different ages of infestation. Ideally, knowing
time since infestation would give the potential of comparing
secondary succession in a cronosequence of disease centres
in plant communities having similar characteristics. Such a
space-for-time substitution study would need to be setup and
interpreted carefully. Accurate estimation of the age of the
infestation could be difficult because there is little historical
data of disease occurrence and aerial photographs taken at

infrequent intervals would only provide an imprecise time
for onset of infestation. In addition, as found in fire
cronosequence studies (Hobbs and Atkins 1990), the effects of
age on secondary succession may be masked by other factors.
Secondary succession in disease centres would be affected by
factors other than community characteristics regulating
pathogen dynamics, such as environmental differences at the
time of infestation. However, secondary succession in
Armillaria luteobubalina disease centres in Eucalyptus
wandoo woodland could be determined from the variation in
stand components between non-infested woodland and
disease centres with intermediate and high impact, without
knowledge of age of infestation and environmental differences
at the time of infestation (Shearer et al. 1997).

Future biotic reorganisation following P. cinnamomi
invasion will be influenced by predicted climate change.
Rainfall for the South-West Botanical Province of Western
Australia has shifted from the most reliable rainfall in
Australia before the 1960s to a step change to a drier state of
10–20% decrease in winter rainfall over the last 30 years (IOCI
2002). The reasons for the step change to a drier state is not
known, but enhanced greenhouse effect (IOCI 2002),
reduced land cover change (Pitman et al. 2004) and Indian
Ocean sea-surface temperature (Baines 2005) have been
implicated. Temperature within the province has increased by
0.7�C in the last 50 years, warming being greater in winter than
summer and greater in daily minima than daily maxima
(IOCI 2002). A future drying trend in winter is predicted for
the next 50 years in association with reduced rainfall in spring
and a reduction of heavy rainfall days and long wet spells
(Timbal 2004).

The predicted drying trend for the South-West Botanical
Province of Western Australia will probably have a negative
effect on P. cinnamomi through impact on susceptible hosts
and pathogen dynamics. Future climate changes may result in
a decline in population vigour and restricted distribution of
host species adapted to contemporary environments, especially
non-sprouting taxa (Cowling et al. 2004) and overstorey
taxa dependent on relatively shallow groundwater resources
(Groom et al. 2001). Drying soil water conditions affect not
only development of P. cinnamomi in the soil, but also plant
water status and the growth rate of the pathogen in the
secondary phloem of susceptible hosts. Plants suffering water
stress were less susceptible to invasion by P. cinnamomi than
well watered plants (Tippett et al. 1987). The pathogen is
dependent on moisture to complete its life cycle and limiting
soil moisture inhibits survival, reproduction, dispersal and the
infection process in the environments of the South-West
Botanical Province of Western Australia (Shearer and Tippett
1989). Past extensive deaths of susceptible hosts from
P. cinnamomi infestation have been associated with extreme
rainfall events (Shearer and Tippett 1989; McDougall 1996).
A predicted reduction of heavy rainfall days and long wet spells
may reduce the occurrence of future extensive deaths of
susceptible hosts from P. cinnamomi infestation.

Appropriate long-term management of P. cinnamomi-
infested communities is a major conservation dilemma
(Shearer et al. 2007). Remediation is needed to control
pathogen behaviour without undue consequences for long-term
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community welfare. The concept of adaptive management
(Holling 1978) has the potential for dealing with inevitable
surprises with incomplete knowledge. Management need to
incorporate ecosystems as having multiple potential futures
that are uncertain and unpredictable by being flexible, adaptive
and experimental at scales compatible with the scales of
critical ecosystem functions (Holling and Meffe 1996).
Evolving complex adaptive systems are interlinked in ongoing
adaptive cycles of growth, accumulation, restructuring
and renewal occurring over scales from a plant part to
the biosphere and over periods from days to geologic epochs
(Gunderson and Holling 2001). Conceptually, an understanding
of these cycles and scales enables evaluation of their
contribution to sustainability and identification of leverage
points at which a system is either capable of accepting
positive change or is vulnerable (Gunderson and Holling
2001). Adaptive management aims to increase the buffering
capacity of a system, manage processes at multiple scales
and nurture the sources of renewal (Kramer et al. 2005),
appropriate strategies needing investigation for long-term
management of P. cinnamomi-infested communities. In many
instances nature will respond dynamically by re-sorting and
selecting genotypes that are advantageous in changing
physical and biotic environments (Main 1999), renewing
infested areas that will be different to the original
communities. For communities such as BW4 that are
invaded by P. cinnamomi less than others, clarification of
the factors that interact in ways that buffer some communities
against invasion more than others would assist adaptive
management.

Immediate remediation is required to protect rare taxa
and communities of high conservation value threatened by
nearby P. cinnamomi infestations. Current strategies for
conserving flora and communities of the South-West Botanical
Province of Western Australia threatened by the pathogen
integrate hygiene and quarantine measures, long-term ex situ
seed conservation, translocations and aerial application of the
systemic fungicide phosphite (Shearer et al. 2007). Chemical
barriers, surface water management and drying of sites by
increasing the density of tolerant native species are being
tested within a 185-ha infestation that threatens conservation
values of the Fitzgerald River National Park, a World Biosphere
Reserve (Schoch 2008). A system of triage similar to that
developed by Barrett et al. (2008) for flora of the Stirling
Range National Park is needed to prioritise taxa and
communities in relation to the consequences of P. cinnamomi
infestation and the need for remedial action.

In conclusion, the introduced multi-host plant pathogen
P. cinnamomi causes changes within susceptible plant
communities that affect ecosystem processes. For
P. cinnamomi there is a need to capitalise on the view that
invasions are unplanned removal experiments (D�ıaz et al.
2003; Sax et al. 2007) that can aid better understanding of
the interactions of pathogen dynamics with ecosystem
functioning and evolutionary biology. Invasion of plant
communities by P. cinnamomi will depend on attributes of the
pathogen, the characteristics of the invaded habitat and their
interactions, conceptualised in Table 7. As illustrated in
Table 7, development of successful adaptive management

procedures cascade out of core issues involved in the pathogen
and patch plant community interactions. Patches within the
surrounding matrix (Lewis and Lindgren 2000) develop with
discrete temporal and spatial patterns as the result of
P. cinnamomi infestation. This study has shown that the
diseased patch exhibits sufficient changes in structure and
processes to differentiate the patch or disease centre from the
surrounding matrix. Process functioning in the patch are a
combination of pathogen population dynamics and consequent
community secondary succession, stand development and
cycling systems (Table 7) that effect gradual change over
time, potentially modified by predicted climate change.
Whether or not changes over time result in similar or different
functioning of the disease patch to the surrounding matrix
influences conservation options. Combination of this study
with other detailed studies of P. cinnamomi soil inoculum
dynamics, rates of disease extension and the conduciveness
of soils in disease centres of several Banksia woodland and
E. marginata forest biomes (Shearer et al. 1989; Shearer in

Table 7. Conceptual analysis of core issues and those that cascade from
core issues for Phytophthora cinnamomi disease centres of Banksia
woodland and Eucalyptus marginata forest biomes of the South-West

Botanical Province of Western Australia
Components investigated in this study are shown in italics

Core issues Cascading issues

Diseased patch Nested hierarchies of transitory patch dynamics
in the surrounding structural constraints operating on organisms
matrix functional constraints operating on processes

Plant community Structural, compositional and
matrix functional components

Pathogen invasion Receptivity/pathogen invasion success
arrival
establishment
self-sustaining population growth
persistence
spread
phenotypic/genetic plasticity

Pathogen impact
measured at
multiple scales
and levels of
organisation

Plant community changes
canopy
composition
habitat
direct/indirect impact
nutrient cycling
fauna interactions

Changes in ecosystem function

Secondary Recruitment
succession Persistence

Compensation/complementarity
Function
Pathogen dynamics
Genetic and evolutionary processes

Climate change Community dynamics
Pathogen dynamics

Conservation options Adaptive management
Inevitable surprises with
incomplete knowledge

Priorities
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preparation) will link autecological dynamics of the pathogen
with synecological dynamics of the ecosystem.
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