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Summary
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1. Soil-borne pathogens can contribute to the maintenance of local plant diversity by
reducing differences in competitive ability between co-occurring plant species. It has
been hypothesised that efficient phosphorus (P) acquisition by plants in Pimpoverished ecosystems might trade-off against resistance to root pathogens. This
could help explain high plant diversity in severely nutrient-impoverished ecosystems.
However, empirical evidence of such a trade-off remains scarce.
2. In hyperdiverse shrublands in south-western Australia, non-mycorrhizal cluster-rooted
Proteaceae are very efficient at acquiring P. However, Proteaceae co-occur with many
other plant species using other P-acquisition strategies, such as ectomycorrhizal
(ECM) associations.
3. In a glasshouse experiment, we grew Proteaceae and ECM plant species from
hyperdiverse shrublands alone and in competition with each other, and in the presence
or absence of native soil-borne pathogens (Phytophthora spp.). We hypothesised that
native Phytophthora species are more detrimental to Proteaceae than co-occurring
ECM plants, due to a trade-off between highly efficient P acquisition and pathogen
defence, and that this equalises differences in competitive ability between these two
plant groups.
4. When seedlings were grown alone, biomass of non-mycorrhizal plants was reduced in
the presence of Phytopthora, while ECM species were unaffected by this pathogen.
When non-mycorrhizal and ECM species were planted together, ECM plants grew
better in the presence of Phytophthora than in its absence, because Phytophthora
reduced the growth of the non-mycorrhizal competitors.
5. Growth of ECM plants was positively correlated with percent root colonisation by
ECM fungi, but this was only significant when ECM plants were grown in the
presence of Phytophthora.
Synthesis. Our study shows that native soil-borne pathogens equalised differences in
competitive ability between seedlings of contrasting nutrient-acquisition strategies,
thus supporting the hypothesis proposing a trade-off between highly efficient P
acquisition and resistance against root pathogens. We found that non-mycorrhizal
cluster-rooted species may be the most efficient at acquiring the growth-limiting

This article is protected by copyright. All rights reserved.

resource, but that co-occurring ECM species are better defended against root

Accepted Article

pathogens. Our results suggest that native soil-borne pathogens and ECM contribute
to the maintenance of the plant hyperdiversity in severely P-impoverished ecosystems.

Key words: Determinants of plant community diversity and structure, Cluster roots,
ectomycorrhizas, phosphorus, Phytophthora, Proteaceae, soil nutrient availability.

Introduction
Most plant pathogens have detrimental impacts on both natural and managed ecosystems,
threatening plant biodiversity and productivity in many biomes across the globe (Fisher et al.
2012). In many cases, the pathogens causing a decline in plant diversity have been introduced
from other regions (Anagnostakis 1987; Brown & Hovmøller 2002). These introduced
pathogens can cause significant damage to plants that have not evolved specific defences
against those introduced pathogens (Cahill et al. 2008). By contrast, very little is known
about the ecological role of native soil-borne pathogens that have co-evolved with plant
species in a given region, although a potential role of pathogens to the maintenance of local
plant species diversity is receiving increasing attention in recent years (Gilbert 2002; Bagchi
et al. 2010b; Laliberté et al. 2015).

Plant pathogens can contribute to plant species coexistence and thus promote local plant
diversity through different mechanisms (Mills & Bever 1998; Gilbert 2002; Mordecai 2011;
Laliberté et al. 2015). For example, this can occur through conspecific negative density
dependence (Wurst et al. 2015), or by reducing differences in competitive ability between cooccurring plant species (Terborgh 2012). Negative density dependence (i.e. Janzen-Connell
effect) occurs when an increasing density of conspecific individuals leads to the local
accumulation of host-specific pathogens, reducing conspecific seedling survival and growth
(Janzen 1970; Connell 1971; Freckleton & Lewis 2006). On the other hand, pathogens with
low host specificity can still promote plant species diversity by being more detrimental to (or
building up larger populations around) plant species showing higher competitive ability, thus
enabling less competitive plant species to persist (Bell, Freckleton & Lewis 2006; Bagchi,
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Press & Scholes 2010a). These different effects of pathogens are not mutually exclusive and
can both contribute to the maintenance of local plant diversity (Gilbert 2002). Determining

Accepted Article

the ecological role of soil-borne pathogens for plant species coexistence should help us
understand how highly-diverse plant communities are maintained (Laliberté et al. 2015).

Highly-diverse plant communities such as tropical rainforests and Mediterranean shrublands
often occur on old, strongly weathered, very infertile soils that are particularly low in
phosphorus (P) (Huston 1994; Laliberté et al. 2013). Some of these plant communities
exhibit a wide range of nutrient-acquisition strategies (Lambers et al. 2014; Zemunik et al.
2015). Laliberté et al. (2015) surmised that low soil P availability contributes to plant

coexistence in these hyperdiverse communities, and that this might be related to a trade-off
between P-acquisition efficiency and root defences against pathogens. Indeed, roots that are
highly efficient at acquiring P tend to be short-lived, poorly lignified, with a thin epidermis,
thus making them more susceptible to root pathogens (Newsham, Fitter & Watkinson 1995).
Evidence of pathogens contributing to plant species coexistence exists for tropical rainforests
(Freckleton & Lewis 2006; Terborgh 2012), which are renowned for their high plant
diversity. For example, Bagchi et al. (2014) experimentally showed that applying fungicides
reduced tree seedling diversity in a tropical forest in Belize, pointing to a role of fungal
pathogens in maintaining plant diversity. However, to our knowledge, the ecological role of
native pathogens on plant interactions and diversity in other highly-diverse ecosystems such
as seasonally-dry shrublands has not yet been studied.

Soils in the kwongkan shrublands in south-western Australia are old, strongly-weathered and
severely nutrient-impoverished, especially with respect to P (Laliberté et al., 2015; Viscarra
Rossel & Bui 2015). Plant communities in kwongkan are renowned for high plant diversity
with contrasting nutrient-acquisition strategies, such as different mycorrhizal associations and
non-mycorrhizal strategies such as cluster roots (Lamont, Hopkins & Hnatiuk 1984; Zemunik
et al. 2015). In particular, non-mycorrhizal, cluster-rooted Proteaceae are particularly
successful in these habitats (Lambers et al. 2006; Zemunik et al. 2015), because this nutrientacquisition strategy is highly effective at acquiring different forms of P (Lambers et al. 2006,
2012). On the other hand, cluster roots are fine short-lived roots (Shane et al. 2004; Lambers
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et al. 2006), and thought to be highly susceptible to soil-borne pathogens as a trade-off of
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high efficiency in P-acquisition (Laliberté et al. 2015).

Although cluster roots might be the most efficient strategy at acquiring the growth-limiting
soil nutrient, P, in these shrublands (Lambers, Martinoia & Renton 2015), many other plant
species with contrasting P-acquisition strategies coexist with Proteaceae in hyperdiverse, Pimpoverished south-western Australian shrublands (Laliberté et al. 2014; Zemunik et al.
2015). In particular, associations with ectomycorrhizal (ECM) fungi are another common
nutrient-acquisition strategy, but considered to be less efficient than cluster roots at acquiring
different forms of P in P-impoverished soils (Lambers et al. 2008b). However,
ectomycorrhizal fungi contribute not only to plant nutrient acquisition (Smith, Anderson &
Smith 2015), but also confer physical and chemical defences against root pathogens (Marx
1972; Strobel & Sinclair 1991). Therefore, it is possible that soil-borne pathogens might
promote the coexistence of non-mycorrhizal and mycorrhizal plants in P-impoverished soils,
because of a trade-off between efficient P acquisition and defence against pathogens;
however, to our knowledge this has never been tested experimentally.

Oomycetes are considered to be ecologically important soil-borne pathogens in hyperdiverse
south-western Australian shrublands (Laliberté et al. 2015). On one hand, the invasive
oomycete Phytophthora cinnamomi Rands has caused devastating damage to native flora in
Australia since it was introduced in the early 1900s (Cahill et al, 2008). For example, in the
south-west botanical province approximately 40% of the native flora is susceptible (Shearer,
Crane & Cochrane 2004). On the other hand, south-western Australia also harbours several
native species of Phytophthora (Rea et al. 2011; Simamora et al. 2013), whose ecological
roles are unknown. In the present study we evaluated how native Phytophthora species could
affect the outcome of interactions between ECM Myrtaceae and non-mycorrhizal Proteaceae
in hyperdiverse shrublands by reducing differences in competitive ability among these cooccurring species. Specifically, we aimed to test the following hypotheses: i) nonmycorrhizal Proteaceae are more severely negatively affected by the presence of different
native Phytophthora strains than ECM species; ii) the presence of native Phytophthora will
reduce the competitive superiority of non-mycorrhizal Proteaceae over ECM species; and iii)
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higher ECM root colonisation will offer greater protection against Phytophthora, and hence
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increase growth of ECM plants.

Materials and Methods
Study area and site selection
Our study focused on the oldest chronosequence stage of the Jurien Bay dune
chronosequence, located in south-western Australia (30.29° S, 115.04° E), because soils from
this oldest chronosequence stage are severely P-impoverished and host the highest plant
species and functional diversity (Laliberté et al. 2014; Turner & Laliberté 2015; Zemunik et
al. 2015). The Jurien Bay dune chronosequence spans over two million years of pedogenesis
over approximately 10 km and has been described in detail elsewhere (Laliberté et al. 2012,
2013, 2014; Hayes et al. 2014; Turner & Laliberté 2015; Zemunik et al. 2015). This
chronosequence is located in a global biodiversity hotspot (Myers et al., 2000). A detailed
description of soil properties along the entire chronosequence can be found in Laliberté et al.
(2012) and Turner & Laliberté (2015).

Soil collection
Using a network of permanent 10 m × 10 m plots from earlier studies(Laliberté et al. 2014;
Hayes et al. 2014; Turner & Laliberté 2015; Zemunik et al. 2015), we collected soils from
five plots in the oldest stage (stage 6 in Turner & Laliberté 2015) that were at least 1 km
apart. We collected ~10 kg bulk soil from each plot. Soils were collected from the top 30-cm
layer at three randomly-positioned points within each plot. Soils were air-dried, mixed and
sieved through a 2-mm sieve. Then, bulk soil from all plots was sterilised via triple-steam
pasteurisation at 80° C for 2 hours per day over seven days, following previous studies (Fang,
You & Barbetti 2012; Ryan et al. 2012).
Species selection
We selected six plant species for our experiment: three non-mycorrhizal Proteaceae that form
cluster roots (Banksia attenuate R. Br., B. menziesii R. Br. and Hakea ruscifolia Labill.), and

three ECM species from the Myrtaceae (Calothamnus quadrifidus R. Br., Eucalyptus

This article is protected by copyright. All rights reserved.

todtiana F.Muell. and Eremaea asterocarpa Hnatiuk). Myrtaceae species are solely ECM
with the exception of E. asterocarpa which can also form arbuscular mycorrhizal association
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(Zemunik et al. 2015). Seedlings were germinated in triple-steam pasteurised soil and onemonth old seedlings were transferred into 1 L pots. At time of planting, small plastic tubes (2
cm diameter, 10 cm long) were inserted next to seedlings to leave space to insert
Phytophthora inoculum to allow for infestation of the rhizosphere of growing plants.

Inoculum with ectomycorrhizal fungi
To ensure ECM species would be colonised by ECM fungi, 20 individuals of each ECM
species were germinated and grown in non-sterile soils collected from the field for four
months. Then, we harvested their roots, cut and mixed them, and used these roots as ECM
fungal inoculum. We visually assessed for lesions and damping-off symptoms on roots.
Despite the fact that this inoculum containing ECM fungi likely also contained other
microorganisms, no traces of damage by pathogens were observed in these seedlings and
their roots. We added 50 mg of inoculum with ECM fungi under each seedling (ECM and
Proteaceae) during transplantation into triple-pasteurised soils for all Phytopthora inoculation
treatments.

Phytophthora inoculum preparation
We selected five strains of Phytophthora representing different native species isolated from
kwongkan vegetation (Simamora et al. 2013); Phytophthora arenaria (CBS 127950) and
four less common species isolated from kwongkan vegetation during routine surveys, P.
taxon cooljarloo (CLJO100), P. taxon kwongan (TCH009), P. aff. rosacearum (HSA2350)
and P. rosacearum (HSA1658). Inocula were produced as described in Aghighi et al. (2015).
Briefly, a sterile medium made of vermiculite (with 0.1% of millet seed) wetted with V8
juice was inoculated with actively growing mycelium and left for 8–12 weeks at 20ºC for the
mycelium to fully colonise the medium
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Experiment 1
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Colonised media of strains of Phytopthora, except P. arenaria, were pooled in equal
quantities (w/w). After seedlings were transplanted and grown for two weeks in 1 L pots with
soils with inoculum with ECM fungi, we added 5 g of (0.4% of total soil weight) each of the
following treatments: i) “– Phytophthora” (double autoclaved inocula), ii) “+ Phytophthora”
(mix of P. taxon cooljarloo, P. taxon kwongan, P. aff. rosacearum and P. rosacearum), or iii)
“+ P. arenaria”. We used a sample size of 10 seedlings for this experiment. Three days later,
pots were watered to field capacity, and then twice weekly to 70% of field capacity.
Seedlings were grown in a glasshouse for four months and then harvested to avoid root
growth becoming pot-bound.

Experiment 2
Given that P. arenaria did not show to be more detrimental to plant growth than the other
Phytophthora strains in Experiment 1, in this experiment all strains were pooled.
Furthermore, E. asterocarpa and H. ruscifolia were not used in this experiment, due to poor
germination. One individual of either ECM species (C. quadrifidus or E. todtiana) was potted
in a 2.7 L pot together with one seedling of B. menziesii and one seedling of B. attenuata for
a total of three seedlings per pot. This was done in order to maximise the interaction between
Proteaceae and ECM plant species. Each ECM plant was planted with 50 mg of inoculum
with ECM fungi as described above. After seedlings were transplanted and grown for two
weeks in sterile soils with inoculum with ECM fungi, we inoculated each pot with 5 g of
either: i) “– Phytophthora” (double autoclaved inocula), or ii) “+ Phytophthora” (mix of P.
arenaria, P. taxon cooljarloo, P. taxon kwongan, P. aff. rosacearum and P. rosacerarum).
We used a sample size of nine seedlings for this experiment. Three days later, pots were
watered to field capacity and then twice weekly to 70% to field capacity. Seedlings were
grown for four months in the glasshouse and then harvested as per experiment 1.
Post-harvest analyses
After four months of growth in the glasshouse, seedlings were harvested by severing shoots
from roots. Roots were carefully washed over a 1-mm sieve immediately after harvesting to
remove soil particles. Shoots and roots were oven-dried for three days at 60 ºC and weighed
separately. Later, roots were re-hydrated in water at 5°C for 48 hours, and cleared using
This article is protected by copyright. All rights reserved.

potassium hydroxide (10%, w/v) for three hours at 90 °C in a water bath. Following clearing,
we used a 5% (v/v) ink-vinegar solution to stain roots (Vierheilig et al., 1998). Finally, roots
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were placed in a 50% (v/v) lactoglycerol mixture for storage.
Root colonisation by ECM fungi was determined using the gridline intersect method
(Giovannetti & Mosse 1980) at 200 × magnification, counting root tips with an ECM mantle
and/or Hartig net when the mantle was not conspicuous. At least 150 total root tips were
counted for each sample.

Statistical analyses
All analyses were conducted and figures were drawn in R (R Core Team, 2015). Statistical
differences in biomass between species and inoculum treatment were tested using linear
mixed-effect models with the function gls() in experiment 1 and lme() in experiment 2 (with
“pot” as random effect) from the “nlme” package (Pinheiro et al. 2012). Residuals were
inspected visually to check model assumptions. When a given model did not meet model
assumptions (i.e. residuals centred on zero and homoscedasticity), a revised model with an
appropriate variance structure was used (Supporting Information). The quality of the new
model was evaluated using the Akaike Information Criterion (AIC) and likelihood ratio tests
(Zuur et al. 2009). When a main term was significant, post hoc Tukey tests were performed
using the function glht() from the “multcomp” package (Hothorn, Bretz & Westfall 2008).
Relationship between ECM root colonisation and seedling biomass was calculated by fitting
linear regression models using lm().

Results
Experiment 1
All seedlings survived during this experiment. The two + Phytophthora treatments led to
lower seedling biomass in Proteaceae species, compared with those grown in the –
Phytophthora treatment; by contrast, the biomass of ECM plant species was unaffected by the
presence of Phytopthora (species × Phytophthora treatment interaction; F2,10 = 9.99; P ≤
0.0001; Fig. 1). Indeed, biomass for all three Proteaceae species was reduced by 20 to 40 %
when plants exposed to Phytophthora were compared with plants grown in the –
This article is protected by copyright. All rights reserved.

Phytophthora treatment (P ≤ 0.02; Fig. 1). On the other hand, biomass of ECM species was
not observed to be affected by either of the + Phytophthora treatments (P ≥ 0.08; Fig. 1). No
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differences were found between + Phytophthora and the + P. arenaria treatments for ECM or
Proteaceae species (P ≥ 0.65; Fig. 1).

Root to shoot ratio differed significantly between treatments, but this varied among species
(species × Phytophthora treatment interaction; F2,10 = 3.32; P ≤ 0.0001; Fig. 2). For all three

Proteaceae, root:shoot ratio was 40 to 50% lower in the two + Phytophthora treatment
compared with that in the – Phytophthora treatment (P ≤ 0.01; Fig. 2). However, no
differences were observed between the two + Phytophthora treatments (P ≥ 0.7; Fig. 2). For
ECM species, E. asterocarpa showed a lower root:shoot ratio in both + Phytophthora
treatments compared with that in the – Phytophthora treatment (P ≤ 0.01; Fig. 2); while the
root:shoot ratio of C. quadrifidus was only lower when exposed to P. arenaria compared
with that in the – Phytophthora treatment (P ≤ 0.05). There was no evidence that the
root:shoot ratio of E. todtiana was affected by Phytophthora treatments (Fig. 2).

We found a positive relationship between total ECM seedling biomass and ECM root
colonisation in both + Phytophthora treatments, although not for the – Phytophthora
treatment (Fig. 3). Indeed, this relationship was significant for both + Phytophthora
treatments for C. quadrifidus (≤ 0.05; Fig. 3), E. todtiana (P ≤ 0.01; Fig. 3) and E.
asterocarpa (P ≤ 0.01; Fig. 3), while it was not significant in the – Phytophthora soil for any
of these three species (P ≥ 0.18; Fig. 3).

Experiment 2
The effect of Phytophthora inoculum treatment on final biomass varied among plant species
(species × Phytophthora treatment interaction, F1,3 = 17.58; P ≤ 0.0001; Fig. 4). Final
biomass of both ECM species competing with Proteaceae was greater in the + Phytophthora
treatment, compared with that in the – Phytophthora treatment (P ≤ 0.01; Fig. 4). Conversely,
biomass of B. menziesii was less in the + Phytophthora treatment compared with that in the –
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Phytophthora treatment (P ≤ 0.05; Fig. 4); that of B. attenuata was not observed to differ
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among treatments (P = 0.2; Fig. 4).

Root to shoot ratio varied among species and Phytophthora treatments (species ×
Phytophthora treatment interaction, F1,3 = 18.48; P ≤ 0.0001; Fig. 5). Root:shoot ratio of C.

quadrifidus and E. todtiana was almost twice as high in the – Phytophthora treatment than in
the + Phytophthora treatment (P ≤ 0.001; Fig. 5). By contrast, no differences between
treatments in root:shoot ratio were found for either of the Proteaceae (P = 0.1; Fig. 5).

Finally, both C. quadrifidus and E. todtiana showed a significant positive relationship
between ECM root colonisation and seedling biomass in the + Phytophthora treatment (P ≤
0.04; Fig. 6), while it was not significant in the – Phytophthora treatment (P ≥ 0.64; Fig. 6).
There were no statistically significant correlations between ECM root colonisation of
Myrtaceae and biomass of competing Proteaceae in the different Phytophthora treatments (P
≥ 0.8).

Discussion
Overall, our results show that non-mycorrhizal Proteaceae were more susceptible to native
soil-borne pathogens than ECM plant species, and this translated into a relaxation of
competition between species with these two nutrient-acquisition strategies, presumably
because non-mycorrhizal Proteaceae species are most effective in acquiring the growthlimiting resource in these soils, P (Lambers, Martinoia & Renton 2015). In agreement with
our hypotheses, we found that biomass gain of Proteaceae was reduced by ~26% in the
presence of native Phytophthora species, while the growth of ECM species was not affected.
This supports the contention that non-mycorrhizal cluster-rooted species are more susceptible
to soil-borne pathogens than ECM species (Laliberté et al. 2015). Furthermore, when
competing with Proteaceae, ECM species showed higher biomass gain in the presence of
native Phytophthora species than in their absence, suggesting that the presence of native soilborne pathogens can modulate competitive interactions between ECM and Proteaceae
species. Additionally, this increase in ECM plant biomass in presence of Phytophthora was
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positively correlated with ECM root colonisation, suggesting an important role in pathogen
defence by ECM fungi. Our study suggests that soil-borne pathogens may contribute to the
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maintenance of highly-diverse ecosystems by reducing differences in competitive ability
among plant species of contrasting nutrient-acquisition strategies. However, our experimental
design does not allow us to quantify how pathogens modulate density-dependent competition
among Proteaceae and Myrtaceae (e.g., Gibson et al. 1999; Connolly, Wayne & Bazzaz
2001). Quantifying how pathogen-mediated negative density dependence varies among cooccurring plant species of contrasting nutrient-acquisition strategies is an important avenue
for future research that will help us better understand mechanisms of plant species
coexistence in hyperdiverse vegetation (Laliberté et al. 2015).

For the Proteaceae tested here, while not killed by the native Phytophthora species, there was
a reduction in overall growth. On the other hand, growth of ECM plants was not negatively
affected by the presence of these native Phytophthora species. Branzanti et al. (1999) showed
that the inoculation of chestnut seedlings by P. cinamomi or P. cambivora reduces leaf and
root size of non-mycorrhizal chestnut seedlings by 43-48%, while not affecting growth of
chestnut seedlings previously inoculated with ECM fungi. Our results show how plants with
different nutrient-acquisition can have contrasting responses to the same native pathogen.
Results support the trade-off between P-acquisition efficiency and pathogen defence
proposed by Laliberté et al. (2015). This trade-off could partly explain why Proteaceae do not
dominate in severely P-impoverished systems, despite having a more efficient P-acquisition
strategy than ectomycorrhizal species (Lambers, Martinoia & Renton 2015). On the other
hand, the fact that we did not find differences in growth among Proteaceae species in the +
Phytophthora treatments suggests that coexistence among Proteaceae is not modulated by
soil-borne pathogens. In this study, we did not evaluate if non-mycorrhizal Proteaceae
promote the local build-up of soil-borne pathogens to a greater extent than ectomycorrhizal
plant species, as has been hypothesised (Laliberté et al. 2015). Future studies should evaluate
this possibility, as this process could lead to negative plant-soil feedback between Proteaceae
and their associated soil biota which might further contribute to plant species coexistence in
these ecosystems.

This article is protected by copyright. All rights reserved.

When planted together with Proteaceae, ECM plant biomass gain was greater in the presence
of Phytophthora compared with that when grown in the absence of pathogens; conversely,
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biomass of Proteaceae species was lower. Likewise, several studies have shown how ECM
fungi offer protection from pathogens to their host by several mechanisms, such as a physical
barrier (Marx 1972) and the biosynthesis of fungicides (Duchesne, Peterson & Ellis 1988a;
b). Hence, our results suggest that Phytophthora can affect growth of non-mycorrhizal plant
species while not affecting that of co-occurring ECM species, thus conferring an advantage to
ECM species in terms of accessing scarce P resources. Pathogen-mediated plant coexistence
has been reported in other ecosystems and with herbaceous plants (Burdons & Chilvers 1974;
Mills & Bever 1998), but to our knowledge this is the first study to show empirical evidence
of this for woody plants in a hyperdiverse, seasonally-dry shrubland. Our glasshouse
experiment used seedlings rather than mature plants, because the studied species are longlived, slow-growing woody perennial plants. As such, care must be taken when extrapolating
our results to longer-term interactions between mature plants. We believe that our results are
relevant for mature plants, because plant competition is mainly for belowground resources in
this system, and plant nutrient acquisition primarily takes place in superficial soil layers,
where plant nutrients and fine roots of both seedlings and mature plants are concentrated
(Dodd et al. 1984).

In both experiments, seedling biomass of ECM plant species was positively correlated with
ECM root colonisation, but only in the presence of Phytophthora. This suggests an important
role of ECM fungi in pathogen defence, as previously shown (Branzanti et al. 1999; Whipps
2004). A previous study showed detrimental effects of ECM fungi on two Phytophthora
species when cultured together on agar plates (Branzanti, Rocca & Zambonelli 1994). On the
other hand, no relationship was found between biomass and ECM colonisation in the –
Phytophthora treatment. In a recent study from the same shrublands studied here, Teste et al.
(2016) showed how external hyphal biomass of mycorrhizal fungi was very low in Pimpoverished soils compared with that in younger and P-richer soils, despite mycorrhizal root
colonisation being high. This, together with our results from the present study, suggests that
the main function of ECM fungi in these P-impoverished soils may not be to scavenge
nutrients, but to protect ECM plants against root pathogens. This hypothesis deserves further
attention as ECM fungi could still enhance nutrient uptake, which might not be reflected in
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seedling biomass, but in increased leaf nutrient concentrations (Smith, Anderson & Smith

Accepted Article

2015).

Finally, our results show that native species of Phytophthora were generalist pathogens for
both plant families, despite not affecting total biomass gain of ECM plant species. Indeed,
root:shoot ratio of not only Proteacecae but also ECM plant species was lower in the presence
of Phytophthora compared with that of plants grown in soil without Phytophthora, except for
E. todtiana. Oomycetes cause damping-off and root damage (Cohen & Coffey 1986; Bell et
al. 2006), and hence reduce the root:shoot ratio of their hosts. Many invasive Phytophthora
species are generalist in Australia (Scott et al. 2009; Scott, Burgess & Hardy 2013), yet, until
now, there was no information about the host-specificity of many native species of
Phytophthora. However, Rea et al. (2011) reported that P. arenaria is often associated with
non-mycorrhizal, cluster-rooted Banskia species. This observation, taken together with our
ECM root colonisation results, provides some evidence that the resistance of ECM plant
species is provided by ECM fungi, rather than an intrinsic defence of the ECM plant species
themselves. Notwithstanding, we used fresh roots to inoculate both Proteaceae and Myrtaceae
species with ECM fungi. This approach likely introduced microorganisms other than ECM
fungi. Hence, potential contamination by other endophytes or pathogens cannot be discarded.
However, other pathogens would have been introduced equally, irrespective of plant species
and treatment. Hence, any potential effects on seedlings would not have obscured our results.

In conclusion, our results show how native soil-borne pathogens can equalise plant
competition among seedlings of contrasting nutrient-acquisition strategies. We surmise that
root pathogens may play a key role in coexistence of plants with different nutrient-acquisition
strategies in these hyperdiverse shrublands. Moreover, we provide further evidence for the
hypothesis that there is a trade-off between P-acquisition efficiency and pathogen defence
(Laliberté et al. 2015). We propose that in old, strongly-weathered and severely Pimpoverished soils, ECM fungi are important for pathogen defence and potentially the
persistence of their hosts. Our results highlight the need for considering soil microbiota in
studies on plant interactions as well as plant diversity and ecosystem functioning, since
pathogens and mycorrhizal fungi may strongly affect the outcome of plant competition.
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Figures and legends
Figure 1 Final biomass of non-mycorrhizal cluster-rooted (top row; Banskia attenuata, B.
menziesii and Hakea ruscifolia) and ectomycorrhizal plant species (bottom row; Calothamnus
quadrifidus, Eremaea asterocarpa and Eucalyptus todtiana) grown under three inoculum
treatments: i) – Phytophthora, ii) “+ Phytophthora” (mix of P. taxon cooljarloo, P. taxon
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kwongan, P. aff. rosacearum and P. rosacerarum), and ii) + P. arenaria. Different letters
indicate significant (P ≤ 0.05) differences among treatments based on post hoc Tukey tests.
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Means and 95% confidence intervals (CI) are shown.

Figure 2 Root to shoot ratio of non-mycorrhizal cluster-rooted (top row; Banskia attenuata,
B. menziesii and Hakea ruscifolia) and ectomycorrhizal plant species (bottom row;
Calothamnus quadrifidus, Eremaea asterocarpa and Eucalyptus todtiana) grown under three
inoculum treatments: i) – Phytophthora, ii) “+ Phytophthora” (mix of P. taxon cooljarloo, P.
taxon kwongan, P. aff. rosacearum and P. rosacerarum), and ii) + P. arenaria. Different
letters indicate significant (P ≤ 0.05) differences among treatments based on post hoc Tukey
tests. Means and 95% confidence intervals (CI) are shown.

Figure 3 Relationships between ectomycorrhizal root colonisation and final seedling biomass
in three ectomycorrhizal plant species (Calothamnus quadrifidus, Eremaea asterocarpa and
Eucalyptus todtiana). Seedlings were grown with three inoculum treatments: i) –
Phytophthora (red circles and dashed line), ii) “+ Phytophthora” (green triangles and solid
line; mix of P. taxon cooljarloo, P. taxon kwongan, P. aff. rosacearum and P. rosacerarum),
and ii) + P. arenaria (blue squares and solid line). Relationships between ECM colonisation
and biomass were only significant for + Phytophthora and + P. arenaria treatments for all

ECM plant species. For C. quadrifidus, R2 was 0.41 and 0.53, respectively; for E. todtiana, R2
was 0.64 and 0.56, respectively; for E. asterocarpa, R2 was 0.7 and 0.97, respectively. Solid
lines indicate significant relationship (P ≤ 0.05), while dashed line indicates non-significant
relationship (P ≥ 0.05).

Figure 4 Final biomass of non-myoccorhizal cluster-rooted (top row; Banskia attenuata and
B. menziesii) and ectomycorrhizal (ECM) plant species (bottom row; Calothamnus
quadrifidus and Eucalyptus todtiana) when grown together in competition with each other:
one ECM plant species planted with both cluster-rooted species under two inoculum
treatments: i) – Phytophthora or ii) “+ Phytophthora” (mix of P. arenaria, P. taxon
cooljarloo, P. taxon kwongan, P. aff. rosacearum and P. rosacerarum). Different letters
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indicate significant (P ≤ 0.05) differences among treatments based on post hoc Tukey tests.
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Means and 95% confidence intervals (CI) are shown.

Figure 5 Root to shoot ratio of non-mycorrhizal cluster-rooted (top row; Banskia attenuata
and B. menziesii) and ectomycorrhizal plant species (bottom row; Calothamnus quadrifidus
and Eucalyptus todtiana) grown together in competition with each other: one ectomycorrhizal
plant species planted with both cluster-rooted plant species under two inoculum treatments: i)
– Phytophthora, and ii) “+ Phytophthora ” (mix of P. arenaria, P. taxon cooljarloo, P. taxon
kwongan, P. aff. rosacearum and P. rosacerarum). Different letters indicate significant (P ≤
0.05) differences among treatments based on post hoc Tukey tests. Means and 95%
confidence intervals (CI) are shown.

Figure 6 Relationship between ectomycorrhizal root colonisation and final seedling biomass
of two ECM species (Calothamnus quadrifidus and Eucalyptus todtiana). Seedlings were
grown together with competing non-mycorrhizal cluster-rooted species, and exposed to two
inoculum treatments: i) – Phytophthora (red circles and dashed line), and ii) “+
Phytophthora” (green triangles and solid line; mix of P. arenaria, P. taxon cooljarloo, P.
taxon kwongan, P. aff. rosacearum and P. rosacerarum). R2 values were only significant for

the + Phytophthora treatment for both plant species, and were 0.87 and 0.38 for C.
quadrifidus and E. todtiana, respectively. Solid lines indicate significant relationship (P ≤
0.05), while dashed line indicates non-significant relationship (P ≥ 0.05).
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