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Abstract  25 

In 2010, the invasive pathogen Austropuccinia psidii was detected in Australia, posing a 26 

threat to vegetation communities containing susceptible Myrtaceae species. A large-scale 27 

field experiment tested the direct and indirect effects resulting from the infection of two 28 

highly susceptible rainforest species, Rhodamnia rubescens and Rhodomyrtus psidioides. 29 

Community-level impacts were assessed at three sites per study species in New South Wales, 30 

Australia. For R. rubescens, 20 plots containing an adult tree each were established per site. 31 

Each plot was designated one of four treatments: fungicide spray of the understorey only, 32 

canopy only, both or none (control). For R. psidioides, 10 plots containing only seedlings 33 

were established per site, with each plot designated to one of two treatments: fungicide spray 34 

or no spray (control). Richness and abundance of co-occurring understorey species were 35 

assessed every four months for a 24-month period, and changes in canopy transparency were 36 

assessed for R. rubescens. The R. rubescens control canopy plots were found to have greater 37 

canopy transparency (direct effect) which caused a reduction in the understorey richness and 38 

total abundance (indirect effects). For treated canopy plots, richness was similar but total 39 

abundance increased in fungicide treated understorey plots, suggesting a direct effect of the 40 

pathogen on understorey species. Understorey plots treated with fungicide had significantly 41 

greater abundance of R. rubescens and R. psidioides seedlings compared to control plots. This 42 

study shows that in a short time period, infection by an invasive fungal pathogen has resulted 43 

in changes in species richness and abundance in Australian rainforest communities. 44 

 45 

Key-words: biodiversity; conservation ecology; forest pathogens; native communities; 46 

Puccinia psidii 47 

 48 
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Introduction 49 

Invasive plant pathogens are a major threat to biodiversity globally as they are able to 50 

severely impact the composition, structure and function of vegetation communities (Loo 51 

2009; Roy et al. 2014). Among the various groups of pathogens that infect plants, fungal 52 

pathogens are regarded as the most important in terms of potential impacts (Van Alfen 2001). 53 

Notable examples of invasive fungal pathogens include Ophiostoma ulmi, the cause of Dutch 54 

Elm disease, which is responsible for the mortality of millions of trees in North America and 55 

Europe (Strobel and Lanier 1981); Phytophthora cinnamomi, a soil-borne pathogen which 56 

has caused extensive dieback of woodlands (especially of Proteaceae species such as 57 

Banksia) in Western Australia as well as impacts to other vegetation communities (Burgess et 58 

al. 2009); and Cronartium ribicola or white pine blister rust, whose host Pinus albicaulis has 59 

been declared endangered in Canada as a result of the pathogen’s severe impacts 60 

(Government of Canada 2012; Keane et al. 2012). 61 

 In 2010, the invasive fungal pathogen Austropuccinia psidii (Winter) Beenken (cause 62 

of myrtle rust), native to South and Central America (Glen et al. 2007), was first detected in a 63 

plant nursery on the Central Coast of New South Wales (NSW), Australia (Carnegie et al. 64 

2010). An eradication attempt was unsuccessful (Carnegie and Cooper 2011), and it has since 65 

spread rapidly through eastern Australia, initially via anthropogenic activity (e.g. movement 66 

of infected plants) then more commonly via air-borne spores. It is currently widespread in the 67 

east mainland states and has also been detected in the Northern Territory to Tasmania 68 

(Carnegie and Pegg 2018). It is yet to be detected in South or Western Australia (Carnegie 69 

and Pegg 2018). Austropuccinia psidii poses a significant threat to Australian vegetation 70 

communities as it infects the young growing tissue of species in the Myrtaceae family, one of 71 

the dominant plant families in Australia (Glen et al. 2007). Symptoms of infection include 72 

leaf distortion (Coutinho et al. 1998), branch dieback (Pegg et al. 2018), altered plant 73 
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architecture (Takahashi 2002; Fernandez Winzer et al. 2018a), reduced flower and fruit 74 

production (Smith 1935; Carnegie et al. 2016; Pegg et al. 2018) and mortality in highly 75 

susceptible species (Carnegie et al. 2016).  76 

The invasive potential of A. psidii is evident by its successful spread to 27 countries 77 

across several continents to date (see Carnegie and Pegg 2018, Table 1 for a complete list). 78 

While most fungal pathogens infect just a handful of species, A. psidii is known to infect 539 79 

species worldwide from 86 different genera (Giblin and Carnegie 2014a; Makinson 2018a; 80 

Soewarto et al. 2018; Fernandez Winzer et al. 2018b; Berthon et al. 2019). In Australia alone, 81 

there are 393 native species from 52 genera known to be susceptible through susceptibility 82 

tests and/or field observations (Giblin and Carnegie 2014b; Fernandez Winzer et al. 2018b; 83 

Makinson 2018a; Berthon et al. 2019). It is vital that the effects of A. psidii on Australian 84 

Myrtaceae species are well understood as Australia is home to 40% of the global Myrtaceae 85 

species (2,250) and 60% of the Myrtaceae genera (80) (Grattapaglia et al. 2012; Makinson 86 

2014). This would help elucidate the likely short and long-term ecological impacts of A. 87 

psidii in Australia. 88 

Despite A. psidii being established in Australia for over nine years, there have been 89 

few studies on its impact on native vegetation, as research has focused more on commercial 90 

plant industries than on environmental impacts (Carnegie and Pegg 2018). For example, the 91 

lemon myrtle (Backhousia citriodora) industry has been severely affected by A. psidii due to 92 

reduced leaf production and the need for fungicide application, halting attempts for organic 93 

production (Doran et al. 2012; Lancaster et al. 2016). Native vegetation studies have focused 94 

on individual species responses, largely through lab-based susceptibility tests (Morin et al., 95 

2012, Sandhu and Park 2013; Pegg et al. 2014; Berthon et al. 2019). Field based studies have 96 

been concentrated in NSW and Queensland (QLD) where A. psidii is more widespread. In 97 

southern QLD, the already endangered species Gossia gonoclada (~300 individuals) was 98 
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shown to be susceptible to infection prior to A. psidii arrival and is predicted to become 99 

extinct in the wild (Taylor 2013). In NSW, Carnegie et al. (2016) studied the impacts of A. 100 

psidii on two highly susceptible Myrtaceae rainforest species, Rhodamnia rubescens and 101 

Rhodomyrtus psidioides. They found that infected adult trees of these species had increased 102 

canopy transparency and significant mortality after repeat infections. Furthermore, despite 103 

these species being widespread in NSW prior to A. psidii arrival, they have now been listed as 104 

critically endangered as a result of A. psidii (NSW Threatened Species Scientific Committee 105 

2019a, b). 106 

Although these studies have shown the detrimental impacts of A. psidii at the species-107 

level, the potential flow-on community-level impacts are largely unknown. To date, only one 108 

study has shown potential for localised changes in vegetation community composition due to 109 

A. psidii related local-extirpations (Pegg et al. 2017). Therefore, the aim of this study was to 110 

assess the direct and indirect community-level impacts of A. psidii as a result of the infection 111 

of two highly susceptible rainforest mid-canopy species, R. rubescens and R. psidioides, in 112 

coastal NSW vegetation communities. The community-level impacts we assessed were 113 

changes in species richness and abundance of the co-occurring understorey species and the 114 

recruitment of R. rubescens and R. psidioides seedlings. We hypothesized that A. psidii 115 

infection will result in increased defoliation and mortality (both resulting in increased canopy 116 

transparency) of R. rubescens trees. We predicted that as a consequence of the increased light 117 

availability, there would be an increase in the richness and abundance of co-occurring 118 

understorey species. We also predicted that A. psidii infection would directly reduce the 119 

recruitment of R. rubescens and R. psidioides seedlings in the understorey, resulting in the 120 

increased richness and abundance of co-occurring understorey species.  121 

 122 
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Material and methods  123 

Study species  124 

Two mid-storey rainforest species (R. rubescens and R. psidioides) known to be highly 125 

susceptible to A. psidii were selected as the focal species for this study. Both species were 126 

once widespread along coastal NSW and south east QLD, but are now listed as critically 127 

endangered due to A. psidii (NSW Threatened Species Scientific Committee 2019a, b). 128 

Rhodamnia rubescens (Bentham) Miquel, known as ‘brush or scrub turpentine’, is a 129 

shrub/small tree that can reach 30 m in height (Floyd 1989; Robinson 1991). It is a pioneer 130 

species present in most rainforest community types from Batemans Bay (NSW) to 131 

Maryborough (QLD) (Floyd 1989). Rhodomyrtus psidioides (G.Don) Benth., commonly 132 

known as ‘native guava’, is a shrub/small tree that can reach 12 m in height (Floyd 1989). It 133 

is present in littoral and subtropical rainforest as well as wet sclerophyll forest, from Gosford 134 

(NSW) to Maryborough (QLD) (Floyd 1989).  135 

 136 

Site selection and locations 137 

In order to study the impacts of A. psidii on eastern Australian rainforest communities, field 138 

sites containing significant natural stands of the two study species were selected. Sites were 139 

selected based on previous field assessments by Carnegie et al. (2016) showing that the 140 

pathogen was highly prevalent at those sites. According to Carnegie et al. (2016), the 141 

percentage of dead R. rubescens trees varied from 11 to 53% in the sites assessed in this 142 

study. At the start of the experiment all adult individuals of R. rubescens were either infected 143 

or showed symptoms of old infection. Adults of R. psidioides were either scarce or absent 144 

from all sites, with the majority of young seedlings showing no signs of infection. 145 
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 Three sites were selected for each of our study species, all within NSW. For R. 146 

rubescens, sites were located in Royal National Park (34º08.324’S, 151º01.676’E; subtropical 147 

and warm temperate rainforest), Wambina Nature Reserve (33º23.995’S, 151º26.654’E; 148 

warm temperate rainforest) and Olney State Forest (33º13.497’S, 151º25.795’E; wet 149 

sclerophyll forest) (Fig. 1). For R. psidioides, sites were located in Bundjalung National Park 150 

(28º51.639’S, 153º35.713’E; littoral rainforest), Wamberal Lagoon Nature Reserve 151 

(33º25.128’S, 151º27.471’E; littoral rainforest) and Shelly Beach in the Ballina Shire 152 

(28º51.656’S, 153º35.706’E; littoral rainforest) (see Fig. 1).  153 

 154 

Experimental design 155 

The field experiment was conducted over a 24-month period between May 2016 and May 156 

2018. For R. rubescens, 20 trees of approximately 1-5 m in height were selected at each of 157 

the three sites. Taller trees were considered too difficult or impossible to effectively treat with 158 

fungicide. All the selected trees showed previous signs of A. psidii infection. A 2 m x 2 m 159 

plot was then established around each tree. One of four treatments was randomly assigned to 160 

each plot (five plots per treatment per site). The treatments were: 1) control (not sprayed) 161 

tree, control understorey (Ct:Cu) (Fig. 2a); 2) control tree, treated (sprayed) understorey 162 

(Ct:Tu) (Fig. 2b); 3) treated tree, control understorey (Tt:Cu) (Fig. 2c); and 4) treated tree, 163 

treated understorey (Tt:Tu) (Fig. 2d). In the Tt:Cu plots, sheets of inert black plastic were 164 

used to avoid fungicide dripping from the sprayed trees onto the understorey vegetation (see 165 

Online Resource 1a). It should be noted that the breast height diameter of the R. rubescens 166 

trees was measured to ensure no significant differences in tree size existed between 167 

treatments within sites (Olney SF: F3,16=0.27, p=0.849; Royal NP: F3,16=0.70, p=0.566; 168 

Wambina NR: F3,16=3.02, p=0.061). 169 
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For R. psidioides, a different experimental design was employed as we were unable to 170 

find any surviving adult trees. Therefore, plots were selected based on the presence of 171 

seedlings/root suckers. Ten 2 m x 2 m plots were established at each site, and two treatments 172 

were applied: 1) control (understorey not sprayed); 2) treated (understorey sprayed). Five 173 

plots were assigned to each treatment per site.  174 

Across all sites, irrespective of the study species, treated plots were sprayed to the 175 

point of run-off with the fungicide triadimenol 50 mL/100 L (approved for use in Australia to 176 

control A. psidii, http://permits.apvma.gov.au/PER82008.PDF) using a 15 L manual 177 

pressurized backpack spray unit (Model 425LC, Solo, Dandenong South, VIC, Australia; see 178 

Online Resource 1b). Fungicide application was performed every 3-4 weeks depending on 179 

climatic conditions, for the period of the study. It is important to note that fungicide treatment 180 

plots had water added as a result of the treatment. However, it is likely that this small amount 181 

of water had a negligible effect on recruitment given that rainforest communities have 182 

naturally high humidity and soil moisture content. To express this in numbers, the lowest 183 

annual average rainfall for the sites is 1074 mm/year (at Royal National Park). We sprayed on 184 

average 1.5 L of water per plot (4m2) every month, which is equivalent to an additional 4.5 185 

mm of rainfall per year only.  186 

 187 

Tree and understorey species assessments 188 

The following variables were measured every four months (six census times over the two 189 

years) at the plot-level: 1) canopy transparency of the R. rubescens trees; 2) richness and total 190 

abundance of understorey species; and 3) abundance of seedlings/root suckers of our study 191 

species. It should be noted that these variables were not measured in November 2016 for the 192 

R. rubescens plots because of time constraints. To assess the direct effects of A. psidii on the 193 



9 
 

plots, changes in canopy transparency were measured by comparing control and fungicide 194 

sprayed canopy plots. Canopy transparency, which estimates the absence of foliage where it 195 

normally occurs, was used as a proxy for defoliation (Schomaker et al. 2007). As no other 196 

cause of defoliation (e.g. drought, herbivory) was observed during the study we attributed any 197 

canopy transparency changes to A. psidii infection, as previously done by Carnegie et al. 198 

(2016) and Pegg et al. (2017). Canopy transparency was assessed using canopy pictures taken 199 

with a fish eye lens camera, positioning the tripod in the same location in each plot every 200 

census time (see Online Resource 2 for an example). Images were analyzed with the Gap 201 

Light Analyzer software (Version 2.0, Simon Fraser University, Burnaby, British Columbia, 202 

Canada).   203 

Direct effects on understorey species were measured by comparing species richness 204 

and abundance of the fungicide and control understories for the canopy fungicide sprayed 205 

plots. Alternatively, to assess for the indirect effects, the species richness and abundance were 206 

compared between the canopy control and sprayed plots for the understorey fungicide 207 

sprayed plots. 208 

 In each plot, every seedling was identified to the species-level by reference to relevant 209 

field guides (e.g. Robinson 1991). Richness was then assessed as the number of different 210 

understorey species in each plot. Abundance was visually assessed as the percent cover of 211 

each study and understorey species.  212 

In addition to the measured variables described above, the presence of active rust 213 

(yellow urediniospores) on new growth, flowers and fruit (if present) was recorded for all 214 

trees and seedlings of the study species. Fruit were also collected and sent to the Australian 215 

Botanic Garden (Mount Annan, NSW, Australia) to verify seed viability using X-ray 216 

analysis.  217 
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 218 

Data Analysis 219 

We used linear mixed models (LMM) with repeated measures to determine the effect of A. 220 

psidii on the 1) canopy transparency of R. rubescens trees, 2) richness and total abundance of 221 

co-occurring understorey species of R. rubescens and R. psidioides plots (not including our 222 

study species) and 3) abundance of R. rubescens and R. psidioides seedlings/root suckers. 223 

The fixed factors in these models were spray treatment (four levels for R. rubescens plots, 224 

two levels for R. psidioides) and time (four levels for R. rubescens, five levels for R. 225 

psidioides). The random factors in the model were site (three levels per study species) and 226 

plot (60 levels for R. rubescens, 30 for R. psidioides) which was nested within site. To select 227 

the model with the most appropriate covariance structure (e.g. autoregressive, compound 228 

symmetry), the Akaike Information Criterion (AIC) was used. Data used in the analyses were 229 

calculated as the proportional change in the variable of interest in relation to the reference 230 

value at the beginning of the experiment before the application of fungicide (census time 1). 231 

Least significant difference post-hoc analyses were carried out if there was a significant 232 

interaction between treatment and time (α = 0.05).  233 

For the canopy transparency analysis of the R. rubescens trees, the plots with control 234 

(Ct:Cu, Ct:Tu) and treated (Tt:Cu, Tt:Tu) canopies were compared. To test the indirect effect 235 

of myrtle rust through changes in light availability, understorey species richness and total 236 

abundance were compared between canopy treated plots (Tt) and canopy control plots (Ct), 237 

both with treated understorey (Tt:Tu and Ct:Tu). To test the direct effect of myrtle rust on 238 

understorey vegetation, we compared understorey control and treated plots below canopy 239 

treated trees (Tt:Cu and Tt:Ct).  240 
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Finally, to determine if changes in the canopy transparency of R. rubescens trees were 241 

driving shifts in the richness and abundance of co-occurring understorey species, ordinary 242 

least-squares regression models were generated. 243 

Data analyses were performed using Infostat software (Di Rienzo 2017), which uses 244 

the R software package ‘rlme’ to perform the LMMs (R Development Core Team 2017). To 245 

satisfy the normality requirements and fulfil the assumptions of LMM, a square root 246 

transformation was used in the analysis of proportional change in total understorey 247 

abundance for the R. psidioides plots. 248 

 249 

Results   250 

Rhodamnia rubescens plots 251 

As predicted, the canopy transparency of the control trees was significantly greater than that 252 

of the fungicide-treated trees for census times 2 to 5 (interaction: F3,174=9.583, p<0.001; Fig. 253 

3a; Online Resource 3; Online Resource 1c in for a close-up picture of an infected leaf). This 254 

interaction is explained by the increasing difference in canopy transparency between 255 

treatments through time. 256 

We identified 155 understorey species in the R. rubescens plots, none of which were 257 

Myrtaceae (with the exception of R. rubescens; for a list of species see Online Resource 4). In 258 

terms of indirect effects of A. psidii, contrary to our prediction the treated canopy plots 259 

(Tt:Tu) had greater species richness (F3,84=4.73, p=0.004; Fig. 3b, Online Resource 5) than 260 

the control canopy plots (Ct:Tu), for census times 4 and 5 (on average). Similarly, the treated 261 

canopy plots had greater total abundance (F3,83=4.15, p=0.009; Fig. 3c) than the control 262 

canopy plots for census times 2 to 5. For the control (untreated) canopy plots we found that 263 

the greater species richness (F1,57=4.57, p=0.037; slope=-0.236; R2=0.03; Fig. 4a) and total 264 
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abundance (F1,57=6.43, p=0.014; slope=-0.764, R2=0.08; Fig. 4b) was associated with the 265 

increased canopy transparency of the R. rubescens trees.  266 

In terms of direct effects of A. psidii on the understorey species richness, we found a 267 

significant interaction between treatment and time for the treated canopy plots (Tt:Cu, Tt:Tu; 268 

F3,84=2.91; p=0.039; Fig. 3d, Online Resource 5). However, there were no significant 269 

differences between treatments at each time. The interaction is therefore explained by the 270 

unsprayed understories (Tt:Cu) having greater (although non-significant) richness initially, 271 

but the fungicide sprayed understories (Tt:Tu) having greater richness (non-significant) at the 272 

end of the experiment. Treated understories (Tt:Tu) had greater total abundance (interaction: 273 

F3,84=3.02; p=0.034; Fig. 3e, Online Resource 6) than control understories (Tt:Cu) for census 274 

times 2 to 5. This interaction is explained by the increasing difference in total abundance 275 

between treatments through time. It should be noted that these results are obtained without 276 

considering R. rubescens abundance to avoid the possible strong effects of the study species.   277 

Austropuccinia psidii had a direct effect on R. rubescens seedling abundance. That is, 278 

the abundance of R. rubescens seedlings was significantly reduced in the control compared to 279 

treated understorey at census times 3, 4 and 5 (F3,86=3.43; p=0.021; Fig. 3f, Online Resource 280 

7). 281 

Of the 60 R. rubescens trees assessed, two experienced mortality (both controls) while 282 

nine produced flowers [five controls (see Online Resource 1d); four treated] during the study. 283 

Of the nine that produced flowers, only one tree (a treated tree at Olney SF) produced fruit 284 

with seeds (see Online Resource 1e), however the seeds were found to be non-viable. All 285 

flowers on the control trees showed signs of A. psidii infection.  286 

  287 

Rhodomyrtus psidioides plots 288 
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In the R. psidioides plots, we identified 111 understorey species with only one Myrtaceae 289 

species, Austromyrtus dulcis, being present (in one plot) in addition to the R. psidioides 290 

seedlings/root suckers (for a list of species see Online Resource 4). We first tested whether 291 

fungicide treatment of the understorey affected species richness or abundance through time. 292 

We found no overall difference in species richness (F3,84=0.88, p=0.45, Fig. 5a, Online 293 

Resource 5) or total abundance (F4,102=0.57, p=0.68; Fig. 5b, Online Resource 6) between 294 

control and treated plots. Further, we found no significant difference between treatments for 295 

richness (F1,26=0.87, p=0.359) or total abundance (F1,28=1.28, p=0.267) irrespective of the 296 

census time, although there appeared to be a trend of greater abundance in the treated plots at 297 

later census times (it should be noted that abundance of R. psidioides seedlings was not 298 

included in this analysis). In contrast, there were significant differences between census times 299 

for both richness (F3,84=4.62, p=0.005) and total abundance (F4,102=3.91, p=0.005). Given that 300 

R. psidioides plots had higher numbers of exotic species than R. rubescens plots, we tested 301 

the richness and abundance between treatments by separating native from exotics but no 302 

significant differences were found (data not presented). As expected, the abundance of R. 303 

psidioides seedlings was significantly greater in the treated plots compared to the control 304 

plots at census times 4, 5 and 6 (F4,101=5.83, p=0.001; Fig. 5c, Table S6; see Online Resource 305 

1f for a picture of an infected seedling). 306 

 307 

Discussion 308 

To our knowledge, this study is the first to use the exclusion of a specific fungal pathogen to 309 

assess its impacts beyond the individual plant species-level to the community-level in the 310 

field. Other Australian studies have shown direct impacts of A. psidii on individual species 311 

(Carnegie et al. 2016), and Pegg et al. (2017) suggested that there may be flow-on 312 
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community-level effects resulting from these species-level impacts. In this study, we show 313 

both direct and indirect effects of A. psidii on Australian rainforest vegetation at the 314 

community-level.  315 

 316 

Direct A. psidii impacts on canopy transparency and plant survival 317 

We found that untreated R. rubescens trees (infected with A. psidii) had on average 19% 318 

greater canopy transparency compared to the treated (uninfected) trees. This result is 319 

consistent with the findings of Carnegie et al. (2016) that infection of R. rubescens by A. 320 

psidii results in substantial defoliation and canopy dieback. However, in a three-year study of 321 

R. rubescens, Carnegie et al. (2016) reported a more notable ~33% increase in canopy 322 

transparency, derived from the use of Schomaker et al.’s (2007) visual assessment technique. 323 

The discrepancy between Carnegie et al. (2016) and our study in the magnitude of the canopy 324 

transparency increases may be due to the different canopy measuring techniques used, the 325 

greater three year duration of Carnegie’s et al. (2016) study, or the fact that the infection of 326 

the trees was at a relatively earlier phase at the start of their study. Nevertheless, even modest 327 

increases in canopy transparency are still sufficient to reduce the photosynthetic leaf area of a 328 

plant, diminishing its ability to grow and reproduce, and in extreme cases cause mortality 329 

(Bamber and Humphreys 1965; Kulman 1971). In our study, we observed a modest 3% 330 

mortality rate in the control R. rubescens trees over the two-year study period while other 331 

studies have reported marginally higher mortality rates for the same species (12% over 3 332 

years in Carnegie et al. 2016; 5% over 2 years in Pegg et al. 2017).  333 

 334 

Indirect impacts of A. psidii on understory species richness and abundance 335 
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Surprisingly, the greater canopy transparency of the untreated R. rubescens trees did not 336 

translate into the predicted greater richness and total abundance of co-occurring understorey 337 

species in those plots. Rather, we found that canopy transparency was negatively associated 338 

with understorey species richness (8% decrease) and total abundance (46% decrease). 339 

Although this appears counter-intuitive for rainforest vegetation, where canopy openings 340 

usually result in greater recruitment and growth of understorey species, it is possible that the 341 

denser canopies in the treated plots acted as nurse species for the seedlings of the understorey 342 

species (Niering et al. 1963; Gómez-Aparicio et al. 2004). That is, denser canopies protect 343 

vulnerable seedlings by shading them from heat as well as preventing soil moisture loss and 344 

photoinhibition (Powles and Thorne 1981; Lovelock et al. 1994). Although our sites were 345 

located in rainforest communities which are normally defined by mild moist conditions 346 

(Adam 1992), this explanation is still relevant as during the summer months our sites 347 

regularly experienced days in excess of 35°C as well as below average rainfall for the period 348 

of the study (Bureau of Meteorology http://www.bom.gov.au/climate/current/annual/aus/). 349 

Furthermore, the germination of some shade tolerant understorey species has been shown to 350 

be triggered more readily by soil moisture availability than light availability (Augspurger 351 

1979; Sork 1985). However, because we did not measure the difference in these 352 

environmental factors between control and treated plots we cannot confidently draw these 353 

conclusions. Regarding the direct effects of A. psidii on R. rubescens understorey plots, 354 

results were as expected with increases of richness and total abundance in treated understorey 355 

plots. However, it is unlikely that this was due to Myrtaceae species thriving in the absence of 356 

A. psidii infection, as no other Myrtaceae species were identified other than the study species.  357 

 For the R. psidioides plots, the richness and total abundance of co-occurring 358 

understorey species did not differ between fungicide-treated and untreated plots. This lack of 359 

difference may be due to R. psidioides trees being absent from the plots for some time prior 360 
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to the study commencing so that any changes associated with A. psidii infection and canopy 361 

loss may have already occurred. If this is true, then it is likely that in rainforest communities 362 

where R. psidioides was previously common, changes in their structure and function as a 363 

result of A. psidii may have already occurred. Previous studies have identified a number of 364 

communities which have experienced widespread A. psidii-associated mortality of R. 365 

psidioides trees (Pegg et al. 2014; Carnegie et al. 2016) where this may be the case. Another 366 

plausible explanation for the lack of difference between treatments could be the slow 367 

recruitment and growth of understorey species in rainforest communities (Lieberman et al. 368 

1985; Denslow 1987). That is, our two-year experiment may not have been long enough to 369 

detect richness or abundance changes in the understorey species (excluding R. psidioides) 370 

present in our plots. However, this does not seem likely considering the understorey species 371 

in the R. rubescens plots did show differences in that timeframe. On a side note, it was 372 

surprising that the recruitment of other Myrtaceae species was not detected in this study. This 373 

could be explained by a previous depletion of the seedbank caused by A. psidii infection of 374 

seedlings, or a lack of environmental cues promoting seed germination.  375 

 376 

Direct impact of A. psidii on hosts’ recruitment, and indirect impacts on co-occurring 377 

species  378 

We found that the abundance of both R. rubescens and R. psidioides seedlings was 379 

significantly less (112% and 190% respectively) in the control understorey plots compared to 380 

treated understorey plots (it should be noted that proportional change is calculated based on 381 

abundance at census time 1 (which is not zero), therefore when final abundance is lower than 382 

the initial abundance, percentages are greater than 100%). This lower abundance was a result 383 

of both defoliation and mortality of seedlings in both study species, suggesting that 384 
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recruitment of these susceptible species will be very limited and contribute to their local 385 

extinction in areas where A. psidii occurs. Previously, Carnegie et al. (2016) reported limited 386 

seedling recruitment of R. rubescens and R. psidioides across their native range (NSW and 387 

south-eastern QLD), with all seedlings showing symptoms of A. psidii infection. 388 

Furthermore, Pegg et al. (2017) observed zero recruitment of R. rubescens seedlings at 389 

Tallebudgera Valley in south east QLD. Both studies also found that the space previously 390 

occupied by the affected Myrtaceous species that experienced mortality tended to be filled by 391 

weed species such as Lantana camara (Carnegie et al. 2016; Pegg et al. 2017). Although no 392 

significant difference in species composition was found between treatments (multivariate 393 

analysis, data not presented), a similar trend was observed at our R. psidioides sites, with 394 

exotic species such as Ochna serrulata, Ehrharta erecta and Stenotaphrum secundatum 395 

having notably greater abundance in the control compared to fungicide treated plots. This is 396 

worrying as it suggests that A. psidii-related mortality of Myrtaceous species may facilitate 397 

the invasion of exotic species into native vegetation communities. Therefore, it is important 398 

that long term monitoring and management efforts are made in A. psidii-affected areas to 399 

ensure that exotic species are not able to take advantage of the space made available by A. 400 

psidii. It should be noted that increases in the abundance of exotic species were not observed 401 

in our R. rubescens plots. This is possibly because our study sites were not located in close 402 

proximity to sources of exotic propagules.  403 

 404 

Direct impacts of A. psidii on reproductive output and implications for management 405 

We confirmed the particularly worrying finding of previous studies (Carnegie et al. 2016; 406 

Pegg et al. 2017, 2018) that R. rubescens trees, irrespective of fungicide treatment, produced 407 

none or very limited numbers of flowers and fruit, none of which produced viable seeds. This 408 
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suggests that urgent conservation measures need to be taken to ensure the survival of this 409 

species into the future. The successful use of fungicide in controlling A. psidii in nurseries 410 

and forestry plantations suggests the possibility of targeted fungicide treatment as a potential 411 

management tool for A. psidii-susceptible species. However, this would be prohibitively 412 

costly in non-commercial natural environments (Ferreira 1983; Glen et al. 2007; Fernandez 413 

Winzer et al. 2018b). We suggest that seed and tissue collection is critical for the 414 

conservation of these species, and in addition conservation efforts could focus on screening 415 

for A. psidii resistance genes (Howard et al. 2015).  416 

 In conclusion, we have shown that A. psidii directly affects rainforest community 417 

structure by reducing the growth and recruitment of key myrtaceous species in those 418 

communities, and indirectly via changes in light availability. We also confirm that the disease 419 

is impacting R. rubescens and R. psidioides recruitment regardless of fungicide application. 420 

With a host range of more than 370 species, A. psidii poses a major risk to native Australian 421 

vegetation communities at a scale comparable to that of the soil borne pathogen P. 422 

cinnamomi. Phytophthora cinnamomi has been shown to have devastating effects on a 423 

number of Australian plant communities which in turn has had detrimental flow-on effects to 424 

fauna that use those affected communities for habitat or food resources (Wills 1992; Cahill et 425 

al. 2008). Similar to A. psidii that has been listed as a threatening process (a process that 426 

threatens the survival, abundance or evolutionary development of an ecological community) 427 

in NSW (Environment Protection and Biodiversity Conservation Act 1999), P. cinnamomi 428 

has been listed at the federal level, but has been present on the Australian continent for more 429 

than one hundred years (Wills 1992). In our study, we showed that the impact of A. psidii on 430 

the structure of rainforest communities could be detected within two years, which is a 431 

significant concern. Although the imminent extinction of critically endangered species as a 432 

result of A. psidii is likely (Carnegie et al. 2016; Pegg et al. 2018), it is critical that we 433 
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understand the community-level flow on effects of these species losses. While A. psidii 434 

research in an Australian context is still in its infancy, the recently published ‘Myrtle rust in 435 

Australia – a draft action plan’ (Makinson 2018b) may help direct and stimulate further 436 

research to address critical questions about A. psidii, as well as build awareness of the 437 

potentially devastating effects it may have if it remains unchecked. The outcome of these 438 

efforts will hopefully be the successful conservation of one of the most iconic plant families 439 

in Australia as well as the communities that they define.       440 
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 593 

Figures 594 

 595 

Fig 1 Map of New South Wales (Australia, bottom right) showing the three field sites of each 596 

of the two study species R. rubescens (grey circles) and R. psidioides (black circles)  597 
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 598 

Fig 2 Spray treatments applied to Rhodamnia rubescens plots: a) control (not fungicide 599 

sprayed) tree, control understorey (Ct:Cu); b) control tree, treated (fungicide sprayed) 600 

understorey (Ct:Tu); c) treated tree, control understorey (Tt:Cu) with sheets of inert black 601 

plastic covering the understorey to avoid fungicide dripping from the sprayed trees; and d) 602 

treated tree, treated understorey (Tt:Tu)  603 
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 604 

Fig 3 Proportional change through time in the Rhodamnia rubescens plots for (a) canopy 605 

transparency of Rhodamnia rubescens trees, (b, d) co-occurring understorey species richness, 606 

(c, e) co-occurring understorey total abundance and (f) Rhodamnia rubescens seedling 607 

abundance. Panels b and c have different treatments for canopy while d and e have different 608 

treatments for understorey: for panels a, b and c, the white squares represent the control 609 

canopy plots while the black represent the treated canopy plots; for panels d, e and f, the 610 

white squares represent the control understorey plots while the black squares represent the 611 

treated understorey plots  612 
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 613 

Fig 4 The relationship between proportional change in canopy transparency through time of 614 

Rhodamnia rubescens trees and (a) proportional change in understorey richness, and (b) 615 

proportional change in understorey total abundance 616 

 617 
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 625 

Fig 5 Proportional change through time for a) understorey species richness, b) understorey 626 

total abundance and c) Rhodomyrtus psidioides seedling abundance for the Rhodomyrtus 627 

psidioides plots. The white squares represent the control plots while the black squares 628 

represent the treated plots. Vertical lines represent one standard error 629 


