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ABSTRACT 22 

Nutrient enrichment can negatively affect natural plant communities and result in the loss of 23 

species diversity and productivity. Despite this, fertiliser (especially phosphorus) is typically 24 

applied to restore highly biodiverse communities. Long-term effects of nutrient addition to 25 

restored plant communities, particularly those adapted to inherently low nutrient soils, have 26 

received little attention. We report results of a large-scale 20-year field experiment 27 

established in West Australian jarrah forest restored after bauxite mining Three P-application 28 

rates were applied (0, 80 and 120 kg ha-1) once at the beginning of the experiment, and plant 29 

communities monitored after 1, 6, 13 and 20 years. One year after the onset of restoration, 30 

native plant species richness and plant density was highest at 80 and 120 kg P ha-1. 31 

Subsequently, native species richness, plant density, and the richness and density of seeder 32 

and slow-growing resprouter species were highest without fertilisation, establishing the 33 

negative impact of P enrichment on plant community and ecosystem development in P 34 

impoverished soils. Total plant cover was similar for all P treatments across the 35 

chronosequence which, when combined with higher stem densities at zero P, suggests zero P 36 

favoured smaller, slower growing species. Applied-P initially favoured weeds and 37 

ephemerals and, while these species declined over time, other species were lost from these 38 

plots. The similarity of the restored communities to unmined reference jarrah forest increased 39 

over time and was consistently highest at in the absence of P fertiliser. Jarrah forest 40 

restoration is  assumed to follow the initial floristic model  of plant succession. However, we  41 

question this assumption and instead suggest that successional outcomes are  contingent on P 42 

fertilisation rather than initial floristics per se., Applied P retarded recruitment of resprouter 43 

species that were present at zero P, debunking the assumption under IFM that these species 44 

do not disperse to restored areas. Consequently, based on the most comprehensive long-term 45 

study of P-fertilisation in the context of restoration of P-impoverished ecosystems yet 46 
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reported, we propose that P limitation is important for the recreation of species diversity in 47 

inherently P impoverished forests. These results highlight the necessity of long-term 48 

experiments for understanding forest successional dynamics and implications for restoration 49 

practices.  50 

 51 

Key words: competition, initial floristics model, legume, nitrogen, rehabilitation 52 
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1. Introduction: 54 

Studies in a range of native ecosystems have shown long-term negative effects of nutrient 55 

enrichment on plant community composition, species richness and ecosystem productivity 56 

(Wheeler and Shaw, 1991; Wassen et al., 2005; Isbell et al., 2013). Understanding this 57 

relationship is key to restoring historic plant communities because soil nutrients are often 58 

modified by human activity, either enriched in the case of old-fields (e.g., Standish et al., 59 

2006; Tibbett et al., 2019a) or depleted in the case of mine sites (e.g. Prematuri et al., 2020). 60 

Consequently, adding fertiliser to restore nutrients lost during mining is generally viewed as a 61 

key step in restoring native plant communities (e.g., EPA, 1996; Bell, 2001; Tibbett, 2010; 62 

DFAT, 2016). Fertiliser addition can also increase under- and over-storey plant growth 63 

thereby having a range of potential benefits such as a reduced risk of soil erosion (Ward et 64 

al., 1990) and increased carbon sequestration and timber production (Brancalion et al., 2019). 65 

However, longer term effects of fertiliser addition on community composition in restored 66 

mine sites have received little attention. Long-term data are needed to establish this 67 

relationship, particularly for projects with goals focused on restoring community composition 68 

and species richness similar to undisturbed reference communities.  69 

There is increasing evidence in post-mining restoration that fertiliser application may 70 

be detrimental, at least in the short-term, to re-establishing diverse native vegetation 71 

communities. For example, in three-year-old restored sites in the Cape Floristic Region, 72 

South Africa, NPK fertiliser increased weed growth, but decreased survival of proteaceous 73 

shrubs (Holmes, 2001) that are sensitive to high P (Stock and Allsopp, 1992). Similarly, up to 74 

five years following restoration, fertiliser-P addition increased the growth of weeds and 75 

native ephemerals in restored jarrah forest in Western Australia, while decreasing the 76 

abundance of long-lived resprouter species (Daws et al., 2013; Daws et al., 2015; Tibbett et 77 

al. 2020). Resprouters are a diverse and dominant component of undisturbed jarrah forest 78 
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(Norman et al., 2006a; Koch, 2007). Nitrogen fertiliser did not have the same detrimental 79 

short-term effects (Daws et al., 2013) perhaps because excess N-fertiliser can be rapidly lost 80 

from soils and instead, nitrogen is provided by early-successional legumes (Grant et al., 81 

2007). In contrast, P-fertiliser can persist in restored soils for at least 20 years (Banning et al., 82 

2008; Standish et al., 2008; Spain et al., 2018; Daws et al., 2019a) and therefore potentially 83 

affects vegetation dynamics in both the short and longer terms.  84 

The jarrah forest occurs within one of the world’s biodiversity hotspots (Hopper and 85 

Gioia, 2004) with 300–400 understorey plant species in areas where mining occurs (Koch, 86 

2007). Jarrah forest soils are highly weathered and naturally P-impoverished (Hopper, 2009). 87 

Consequently, many understorey species have specialised adaptations for P-acquisition 88 

including cluster roots, mycorrhizal symbioses and exudation of carboxylases (Lambers et al., 89 

2008). These species can exhibit toxicity to applied-P at elevated external concentrations due 90 

to a limited ability to regulate P uptake (e.g., de Campos et al., 2013). Many Western 91 

Australian resprouter species also have low growth rates (Pate et al., 1990; Bowen, 1991; 92 

Bowen and Pate, 1993). Thus, there are two possible, non-exclusive hypotheses for negative 93 

effects of applied-P on restored jarrah forest communities. Firstly, effects on composition 94 

may result from species-specific direct negative effects of elevated P on plant survival (e.g., 95 

Holmes, 2001). Secondly, since the growth of many resprouter species to applied-P is 96 

conservative compared with that of weeds, ephemerals and N2-fixing legumes (Daws et al., 97 

2015; Standish et al., 2008). they may be simply out-competed in high P soils.  98 

Jarrah forest restoration is assumed to follow the initial floristics model of plant 99 

succession (Norman et al., 2006a; Koch, 2007) whereby the composition of the developing 100 

vegetation reflects the initial community that establishes (Egler, 1954). To date, the 101 

assumption has been that this model holds because late-successional species do not arrive or 102 

arrive but fail to establish. Empirical support for the model comes from restored jarrah-forest 103 
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trajectories up to 14 years of age that received P-fertiliser at the onset (Norman et al., 2006a; 104 

Koch, 2007). Plant available soil-P can remain elevated for at least 20 years in restored jarrah 105 

forest (Banning et al., 2008; Daws et al. 2019a) following a single initial P-fertiliser 106 

application.  Consequently, legacy effects of P-fertiliser could help explain why late arriving 107 

species do not establish: they may be outcompeted by species that respond to, and continue to 108 

benefit from, increased soil P.  These possibilities have not been explored as long-term 109 

effects of P-fertiliser on plant community composition in restored jarrah forest sites have 110 

received little attention.  111 

In this study, we report results from a long-term (20-year) experiment of the effects of a 112 

single initial application of P-fertiliser, at rates of 0, 80 or 120 kg P ha-1, on vegetation 113 

responses in restored jarrah forest. Plots were monitored 1, 6, 13 and 20 years after initial 114 

restoration. Specifically, we explore the effects of fertility (applied-P) on diversity and 115 

development of the understorey community to assess whether fertility affects the diversity 116 

and trajectory of the developing community.  117 

  118 
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2. Materials and methods 119 

2.1. Study site 120 

The experiment was established within the Alcoa of Australia Ltd. bauxite mining lease in 121 

the northern jarrah forest, located 60 to 100 km south-east of Perth, Western Australia 122 

(Standish et al., 2015). The area has a Mediterranean-type climate with cool, wet winters and 123 

hot, dry summers. Annual rainfall is ~1,200 mm with average summer maximum 124 

temperatures of 29 °C and average winter minimum temperatures of 6 °C (Australian Bureau 125 

of Meteorology, 2015).  126 

The forest overstorey vegetation comprises the dominant species Eucalyptus 127 

marginata (jarrah) and Corymbia calophylla (marri). There is a mid-storey layer dominated 128 

by Banksia grandis, Allocasuarina fraseriana and Xanthorrhoea preisii with woody shrubs 129 

of Bossiaea aquifolium, various Acacia species, and a diverse understorey (Koch, 2007). 130 

Jarrah forest soils are gravelly with low concentrations of available N, P and K (Hingston et 131 

al., 1989; Tibbett et al., 2020) with high rates of phosphorus fixation due to the presence of 132 

amorphous iron and aluminium oxides. Generically these soils are classified as lateritic 133 

oxisols (USDA, 1999) or ferralsols (FAO, 2012). 134 

 135 

2.2. Experimental design 136 

A large-scale field experiment was established on recently mined pits. Restoration activities 137 

comprise pit landscaping, deep ripping, topsoil return, contour ripping and native flora 138 

seeding (Standish et al., 2015).  Treatment plots of 25 m × 25 m were established in four 139 

replicate mine pits using a randomised complete block design.  Plots were seeded during 140 

summer 1994 (January to April) with 1.44 kg ha-1 jarrah seed, 0.60 kg ha-1 marri seed and an 141 

understorey seed mix containing 0.72kg ha-1 of legume species and 0.20 kg ha-1 of non-142 

legume species. Following seeding, fertiliser was applied at 0, 80 or 120 kg ha-1 for P (as 143 
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double superphosphate) and 80 kg ha-1 for N (as ammonium sulphate) (Lockley and Koch, 144 

1996).  145 

 146 

2.3. Vegetation monitoring 147 

In September 1995, one year after the establishment of the experiment, a 20 m × 20 m plot 148 

was established within the centre of each 25 m × 25 m plot and subdivided into twenty 2 m × 149 

2 m quadrats with a total of 80 m2 sampled per plot. Species identity and density were 150 

recorded for all shrub and understorey species in each quadrat with density summed for the 151 

entire plot. Plots were re-monitored in spring 2000, 2007 and 2014, i.e. at 6, 13 and 20 years 152 

of age, except that percentage cover (a visual estimate that included overhang) was also 153 

recorded for each species. Cover estimates accounted for vertical structuring of vegetation, 154 

such that the sum of all cover estimates could exceed 100%. 155 

 156 

2.4. Soil sampling 157 

In April 2014 six soil samples were collected from random locations, within each 20 m × 20 158 

m plot. Samples were collected at 0–10 cm depth from the furrows of the rip-lines and mixed. 159 

0–10 cm depth was chosen because jarrah forest soils have high rates of P fixation on 160 

amorphous iron and aluminium oxides. As a result, limited downward movement of P occurs 161 

through the soil profile (e.g. Tibbett et al., 2020). Soil was air-dried at 26 °C, gravel removed 162 

using a 2 mm sieve (Rayment and Higginson, 1992) and samples analysed at a commercial 163 

laboratory (CSBP Soil and Plant Laboratories, Bibra Lake, Perth, Australia) assessing 164 

ammonium (NH4
+), nitrate (NO3

-), Colwell(available)-P and pH (in water). 165 

 166 

2.5. Statistical analysis 167 
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Each plant species was assigned to one of four categories reflecting hypothesised responses 168 

to P. We predicted that weeds and native ephemerals would respond positively to fertiliser 169 

application (Prober and Wiehl, 2012), resprouter species to respond negatively (Lambers et 170 

al., 2008) and that seeders would be mixed in their responses.  Seeders must re-establish 171 

through germination and seedling establishment, whereas resprouters can re-establish by 172 

sprouting from surviving underground structures (Bell, 2001; Clarke et al. 2015). In Bell’s 173 

categorisation, used for fire response, ephemerals and weeds are also seeders; whereas the 174 

seeder category used here consisted only of longer-lived species. Species were classified 175 

based on published literature (Bellairs and Bell, 1990; Bell et al., 1993; Ward et al., 1997; 176 

Smith et al., 2000; Norman et al., 2006b; Burrows et al., 2008; Western Australian 177 

Herbarium, 2012).  178 

Analyses for the effects of P-application rate and restoration age on (1) species  179 

richness, (2) density, and (3) cover for all species combined, and the four growth forms were 180 

undertaken using linear mixed effects models in the lme4 package using the lmer function 181 

(Bates et al., 2011) for R (R Development Core Team 2009). P-application rate and site age 182 

were treated as fixed effects and site (pit) and subject (individual plot) as random effects.  183 

To assess which species were associated with unfertilised plots after 20 years, species 184 

occurring more than four times in zero P plots and fewer than four times in 80 and 120 kg P 185 

ha-1 plots were determined. For species associated with fertilised plots, the species that 186 

occurred more than four times in 80 and 120 kg P ha-1 plots and fewer than four times in the 187 

zero P plots were determined (Standish et al., 2008). 188 

A dissimilarity matrix using Sorensens dissimilarity was created based on species 189 

abundance data for the 18 reference forest plots using PC-ORD v. 6.0 (MjM Software, 190 

Gleneden Beach, OR, US), resulting in an overall forest plot: forest plot similarity value (1 – 191 

dissimilarity). Subsequently, for each experimental plot, pair-wise similarity values were 192 
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determined by comparison with each and every forest reference plot resulting in 18 pair-wise 193 

similarity values per experimental plot; the average of these values was then expressed as a 194 

percentage of the overall forest plot: forest plot similarity value. 195 

  196 
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3. Results: 197 

3.1. Soil analysis 198 

Twenty years after P-application, soil (Colwell) P concentrations were significantly higher as 199 

P-application rates increased (Table 1, P = 0.001). P-application had no effect on soil NH4
+ 200 

concentrations (P = 0.496), and NO3
- concentrations were lower than the detection limits of 201 

the analysis (≤ 1 mg kg-1). Soil pH was significantly lower at 80 and 120 kg P ha-1 compared 202 

with zero P (P < 0.01, Table 1). 203 

 204 

3.2. Effects of applied-P and time since restoration on plant species richness  205 

After one-year, native plant species richness was lower at zero P than 80 or 120 kg P ha-1. 206 

Subsequently, species richness increased at zero P, whilst generally declining in the 80 and 207 

120 kg P ha-1 treatments. By 6 years of age, richness was highest at zero P. This was 208 

maintained up to 20 years of age (Fig. 2A): after 20 years, there were 33.5 species at zero P 209 

compared with 20.4 and 24.5 at 80 and 120 kg P ha-1, respectively. The effects of applied-P, 210 

time since restoration and the P × Time interaction on species numbers were significant 211 

(Table 2).  212 

After one year there were, on average, an additional 5.5 weed species at 80 and 120 kg P ha-1 213 

compared with zero P (Fig. 3A).For the remainder of the experiment, the number of weed 214 

species at 80 and 120 kg P ha-1 declined to be similar to those observed at zero P (Fig 3A), 215 

although even after 20 years three of the nine species associated with fertilised plots were 216 

weeds (Table 3). The effects of applied-P, time since restoration and the Time × P interaction 217 

on the number of weed species were significant (Table 2). Ephemeral species exhibited a 218 

similar trend to weeds (Fig 3B). Time since restoration and the Time × P interaction had a 219 

significant effect on the number of ephemeral species (Table 2): the effect of P was not 220 

significant (Table 2). 221 



Daws et al.   Page 12 

 

The number of seeder species was initially similar at all three P-application rates (Fig. 222 

3C). From six years onwards, the number of seeders declined, although this decline was least 223 

pronounced at zero P. As a result, species richness of this group at the 6, 13 and 20-year 224 

monitoring intervals was highest at zero P (Fig. 3C). The effects of time and P-application 225 

rate on species richness of seeders were significant (Table 2).  226 

Species richness of resprouters was initially similar at all three P-application rates. 227 

Subsequently, the number of resprouters increased, particularly at zero P where the number 228 

of species more than doubled over the duration of the experiment (Fig. 3D).  After 20 years, 229 

15 of the 19 species associated with the unfertilised plots were resprouters (Table 3). The 230 

effects of time since restoration, applied P and the Time × P interaction on the number of 231 

resprouter species were significant (Table 2). 232 

 233 

3.3. Effects of applied-P and time since restoration on stem density and cover 234 

The number of individual native plants was initially (after one year) highest at 80 and 120 kg 235 

P ha-1 (Figure 2B). Subsequently stem density increased at zero P while declining in the P 236 

addition treatments: after 20-years, stem density was nearly twice as high at zero P compared 237 

with either 80 or 120 kg P ha-1.  This cross-over in density related to P-application rate was 238 

reflected in a significant Time × P interaction (Table 2). The effect of time since restoration 239 

on the density of native species was also significant (Table 2). 240 

Weed density exhibited little change over time (Fig 4A): neither the effects of 241 

applied-P nor time were significant (Table 2). After one year, applied-P resulted in ~2 242 

additional ephemeral plants m-2 compared with zero P (Fig. 4B). Subsequently, the density of 243 

ephemerals increased slightly at zero P and declined in the two P-addition treatments. This 244 

result was supported by a significant effect of time and a significant Time × P interaction 245 

(Table 2). 246 
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At 80 and 120 kg P ha-1, the density of seeder species exhibited little change over the 247 

20-year experiment (Fig. 4C).  However, at zero P, seeder density increased significantly 248 

between six and 13 years, thereafter declining (Fig. 4C). The effects of both time and applied-249 

P on seeder density were significant (Table 2). At all three P-application rates, stem density 250 

of resprouter species increased with time: the effect of time was highly significant (Table 2). 251 

However, the relative increase was greatest at zero P, where the resprouter density was 252 

initially lowest: density increased more than three-fold in this treatment (Fig 4D) and after 20 253 

years resprouter density was highest at zero P. Both the main effect of applied-P and the 254 

Time × P interaction were significant (Table 2). 255 

Between 6 and 13 years, total plant cover approximately doubled in all three P 256 

treatments, before declining at 20 years (Figure 2C). After six years cover was lowest at zero 257 

P but after 20 years this treatment resulted in the highest cover: the Time × P interaction was 258 

significant (Table 2), although the main effect of P was not (Table 2). The change in 259 

percentage cover over time was also highly significant (Table 2).  260 

Percentage cover of weeds and ephemerals was low throughout the experiment, 261 

neither time nor applied-P had a significant effect on percentage cover (Table 2; Fig 5AB). 262 

The cover of seeder species changed significantly over time (Table 2; Figure 5C), peaking at 263 

13 years before declining by 20 years. There was no effect of P-treatment on cover associated 264 

with seeders (Table 2).  265 

Percentage cover of resprouters changed significantly over time (Table 2). Cover 266 

increased between 6 and 13 years and then declined slightly (Fig 5D). Cover was initially 267 

(after 6 years) higher at zero P than either 80 or 120 kg P ha-1 and this difference increased 268 

over time: after 20 years, cover at zero P was more than twice that in the P-addition 269 

treatments (Fig. 5D). This was supported by a significant main effect of P-treatment and a 270 

significant Time × P interaction (Table 2).  271 
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 272 

3.4. Changes in community composition with time since restoration  273 

Applied-P had a significant effect on the similarity of the restored communities to reference 274 

unmined forest plots: similarity was consistently highest at zero P (General Linear Mixed 275 

Model, P < 0.05; Fig. 6). In addition, the similarity of the restored communities to the forest 276 

sites increased significantly over time (General Linear Mixed Model, P < 0.001).  277 

  278 
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4. Discussion: 279 

Fertiliser application is broadly advocated as best practice for re-establishing native plant 280 

communities in post-mining restoration (e.g., EPA, 1996; Minerals Council of South Africa, 281 

2007; Tibbett, 2010; DFAT, 2016). However, we found that P-fertiliser had significant, long-282 

term effects both above- and below-ground on restored jarrah forest. In particular, we report 283 

negative impacts of P-fertilisation on long-term soil-P concentrations, species richness and 284 

community composition. Negative impacts likely result from direct effects of elevated P (i.e. 285 

toxicity; Lambers et al., 2008; Williams et al., 2019) and facilitation of competitive plant 286 

species (e.g., legumes and overstorey trees; Daws et al., 2015). Our findings have significant 287 

implications for restoring nutrient-limited systems world-wide. 288 

Following a single application of P-fertiliser at the outset of restoration, available soil 289 

P remained elevated after 20 years compared with the zero P treatment (this study), and 290 

concentrations measured in undisturbed jarrah forest (Ward, 2000; Standish et al. 2008; 291 

Tibbett et al., 2020). In Brazilian Atlantic rainforest restored after bauxite mining Bizuti et al. 292 

(2020) found that, soil P pools remained lower than unmined forest, even with fertiliser 293 

inputs. However, previous studies in jarrah forest and other restored Eucalyptus forests 294 

reported that a single P-fertiliser application elevated soil-P concentrations for at least 20 295 

years (Spain et al., 2018; Banning et al., 2008). These differences may result from the jarrah 296 

forest soils having soil nutrient levels that are low by global standards and, at least for the 297 

jarrah forest, suggests P application may have long-term impacts on plant responses. 298 

P-fertiliser addition initially benefitted weeds and native ephemerals. This effect of P-299 

addition has been reported previously in both restored jarrah forest and other restored 300 

vegetation communities (e.g., Prober and Wiehl 2002; Holmes, 2001; Daws et al., 2013). 301 

However, as the establishing vegetation developed, these species declined in abundance as 302 

also reported by Norman et al. (2006a). However, given their decline and the low percentage 303 
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cover associated with these two groups, they are unlikely to be responsible for driving the 304 

negative long-term responses to P observed for other understorey groups (e.g. resprouters). 305 

Species richness and density of seeder species was generally highest in one-year old 306 

restored sites, declining thereafter. Conversely, percentage cover of this group of species 307 

reached a maximum after 13 years before declining. Many seeders are N2-fixing legumes that 308 

exhibit significant initial growth to applied-P (e.g., Daws et al., 2013, 2015) before  309 

declining over time as individuals senesce (Grant et al., 2007). Apart from year one, both the 310 

number of species and stem density of seeders was highest at zero P suggesting this group 311 

generally benefitted from a less competitive environment. Similarly, Daws et al. (2015) 312 

reported that among P-responsive legumes, while total cover responded positively to applied 313 

P, species richness was reduced at either 20 or 80 kg P ha-1 compared with zero P.   314 

For resprouter species, including many cluster-root forming species, richness, stem 315 

density and cover were highest at zero P throughout the 20-year duration of this experiment. 316 

One explanation for this response is that reduced competition at zero P benefitted 317 

establishment of these slow-growing species.  Competition was likely to be more intense in 318 

the applied-P treatments due to increased growth of reseeders (see above) as well as 319 

potentially increased competition from the establishing overstorey layer. In newly established 320 

jarrah stands, tree growth responds positively to P-application, although these benefits of 321 

fertiliser application largely disappear by 15 years of age (Daws et al., 2019b). Furthermore, 322 

studies in a range of forested systems have shown negative effects of intense overstorey 323 

competition on understorey species richness (e.g. Chan et al., 2006). Alternatively, there may 324 

have been direct negative effects of applied-P on growth and survival in the 80 and 120 kg P 325 

ha-1 treatments. Since P-toxicity has been observed for various Western Australian species 326 

(de Campos 2013; Williams et al., 2019), further experiments are required to disentangle 327 
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relative effects of competition and P-toxicity on the (re-)establishment of resprouter species 328 

in jarrah forest restoration.  329 

Resprouter species are under-represented in restored jarrah forest compared with 330 

reference forest (Norman et al., 2006a; Koch, 2007). Our data suggest that their low 331 

abundance may partially reflect the routine application of P-fertiliser (80 kg ha-1 prior to 2004 332 

and 40 kg P ha-1 from 2004 onwards; Standish et al., 2015). Since many species associated 333 

with zero P plots were resprouters, this finding has significant practical implications: Alcoa 334 

propagates and plants seven resprouter species (listed exclusively as zero P species in Table 335 

3) into restored sites to increase their abundance (A.H. Grigg pers. comm.). A low P-fertiliser 336 

regime may potentially increase the success of planting these species. 337 

Applied P reduced the overall similarity of the composition of restored forest to 338 

reference forest sites. Similarly, P-application rates as low as 20 kg P ha-1 reduced the 339 

similarity of 2.5-year-old restored sites compared with reference forest sites (Daws et al. 340 

2013). In addition, the composition of all restored sites became more similar over time to the 341 

reference sites, although this was most pronounced at zero P. Increasing similarity was likely 342 

driven by, (1) fewer weeds and ephemerals at zero P, (2) a higher number of resprouter 343 

species at zero P, with this number increasing over time, and (3) a decrease in abundance of 344 

seeders over time in all three treatments.   345 

Consistent with previous studies (e.g., Norman et al., 2006a), we found some support  346 

for the Initial Floristics Model (IFM) in plots that received 80 or 120 kg P ha-1. Specifically, 347 

the number of resprouter species was relatively constant over time for plots receiving 80 and 348 

120 kg P ha-1 and overall species richness declined, reflecting species losses rather than gains. 349 

In contrast, there was no support for the IFM in the successional trajectory of unfertilised 350 

plots.  Support for the model was lacking in key parameters including the increase in 351 

similarity of the restored communities to reference forest plots, and the more than doubling in 352 
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species richness of resprouter species at zero P over the 20-year experiment. Indeed, the data 353 

suggest a relay floristics model could be appropriate whereby early colonists such as weeds 354 

and ephemerals, and ultimately Acacias and other legumes, are replaced by resprouter 355 

species. Ongoing recruitment of resprouter species may result from extended seed dormancy 356 

in the soil seed bank, or seed dispersal into plots (or both). Rather than resprouter species 357 

failing to arrive at restored sites over time, which has been the assumption under the IFM 358 

(Koch, 2007), our data suggest elevated P may retard species recruitment and hence disrupt, 359 

succession. The mechanisms for these effects could be: (1) P-responsive competitive plants 360 

limiting establishment of these typically slow-growing species, (2) an accumulation of fine 361 

woody debris and leaf litter, which can occur at high P-application rates (Grant et al., 2007), 362 

inhibiting seedling emergence, or (3) direct toxicity from elevated P. Consequently, we 363 

propose that jarrah forest succession is contingent on P fertilisation rather than initial 364 

floristics per se.  365 

One year after restoration, applied-P resulted in higher species richness of native 366 

species and a higher plant density. Combined with applied-P increasing plant cover in newly 367 

restored sites (e.g., Daws et al., 2013), this suggests an early assessment of restoration 368 

success would come to the incorrect conclusion that applying P was beneficial. However,  at 369 

20-years, 80 or 120 kg P ha-1 resulted in fewer native species, fewer individual plants, a 370 

similar level of understorey cover and lower similarity to target vegetation than zero applied-371 

P, demonstrating the value of long-term monitoring for determining restoration success.  372 

 373 

5. Conclusion 374 

We propose that P limitation and moderation of fertiliser inputs may be important for re-375 

establishing long-term species diversity in naturally P-impoverished forests, such as the 376 

jarrah forest. Since there is considerable overlap between areas of high plant species richness, 377 
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nutrient deficient soils and current and prospective mining areas (Tibbett et al., 2019b), these 378 

findings have potential broad applicability in post mining restoration.  379 
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 553 

Table 1: Mean (±1SE) soil NH4
+, NO3

- Colwell(available)-P and soil pH, at 0-10 cm depth, 554 

across the phosphorus fertiliser treatments in 20-year-old restored jarrah forest. 555 

 556 

Fertiliser 

treatment 

Application rate 

(kg ha-1) 

Colwell P 

(mg kg-1) 

NH4
+ 

(mg kg-1) 

NO3
- 

(mg kg-1) 

Soil pH 

 

 0 1.22 ± 0.11a 4.73 ± 0.56a < 1 4.97 ± 0.06a 

Phosphorus 80 4.58 ± 0.51b  4.72 ± 0.49a < 1 4.70 ± 0.07b 

 120 6.98 ± 0.81c  4.77 ± 0.36a < 1 4.63 ± 0.06b 

Superscripts indicate a significant difference (One-way ANOVA, P < 0.05) between values 557 

within each column.  558 

 559 

  560 
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Table 2: Summary of results from the general linear model analyses of the effects of P-561 

application rate and time since initiation of restoration on responses of the species groupings. 562 

 563 

  Species richness   

Factors All native 

species 

Weeds Ephemerals Seeder 

species 

Resprouter 

species 

P-application rate * * n.sig. * * 

Time *** *** *** *** *** 

P × time *** * * n.sig. * 

      

  Stem density   

P-application rate n.sig. n.sig. n.sig. * * 

Time ** n.sig. ** *** *** 

P × time * n.sig. * n.sig. * 

      

  Plant cover   

P-application rate n.sig. n.sig. n.sig. n.sig. * 

Time *** n.sig. n.sig. *** *** 

P × time ** n.sig. n.sig. n.sig. * 

n.sig. P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001  564 
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Table 3: Species associated with unfertilised and fertilised plots in restored sites at 20 years. 565 

Species denoted with an asterisk are exotic, those in bold are resprouters. 566 

0P plots 80P and 120P plots 

Anthericaeae  Thysanotus fastigiatus Asteraceae Hypochaeris glabra* 

Apiaceae  Pentapeltis peltigera Colchicaceae Burchardia congesta 

 Xanthosia candida Euphorbiaceae Phyllanthus calycinus 

Campanulaceae  Wahlenbergia preisii Fabaceae  Acacia extensa 

Cyperaceae  Tetraria capillaris†  Paraserianthes lophantha 

Dasypogonaceae  Lomandra caespitosa† Orchidaceae  Caladenia latifolia 

 L. hermaphrodita† Pittosporaceae Billardiera heterophylla 

 L. sonderi† Poaceae  Aira caryophyllea* 

Epacridaceae  Andersonia lehmanniana  Pentaschistis airoides* 

Dilleniaceae  Hibbertia acerosa   

 H. amplexicaulis†   

Fabaceae  Acacia drummondii   

Goodeniaceae † Lechenaultia biloba   

 Scaevola calliptera†   

Haemodoraceae  Conostylis setosa   

Orchidaceae  Microtis media   

Proteaceae  Hakea undulata   

Rutaceae  Boronia fastigiatus   

Tremandraceae Tetratheca hirsuta   

†Currently propagated by Alcoa and planted into newly restored sites.  567 
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Figure legends: 568 

Figure 1. Photograph of one of the 20-year-old experimental plots. 569 

Figure 2. Effects of P-fertiliser application rate on: (A) species richness, (B) stem density, 570 

and (C) total native species cover, over time.  Error bars ±1SE of the mean. 571 

Figure 3. Effects of P-fertiliser application rate on the species richness of, (A) weeds, (B) 572 

ephemerals, (C) seeders, and (D) resprouters, over time. Error bars ±1SE of the mean. 573 

Figure 4. Effects of P-fertiliser application rate on density of, (A) weeds, (B) ephemerals, (C) 574 

seeders, and (D) resprouters, over time. Error bars ±1SE of the mean although, for 575 

clarity, error bars for the weeds are +1SE of the mean. High weed density at 120 kg P ha-576 

1 at 13 years was driven by an extremely high density of Aira caryophyllea in a single 577 

plot. 578 

Figure 5. Effects of P-fertiliser application rate on the percentage cover of, (A) weeds, (B) 579 

ephemerals, (C) seeders, and (D) resprouters, over time. Error bars ±1SE of the mean. 580 

High weed cover at 120 kg P ha-1 at 13 years was driven by an extremely high abundance 581 

of Aira caryophyllea in a single plot. 582 

Figure 6. Effects of P-fertiliser application rate on the similarity of species composition 583 

between the fertiliser treatments and adjacent reference forest plots over time. Similarity 584 

values for the treatment plots are expressed as a percentage of the average value of forest 585 

plot: forest plot similarity. Error bars ±1SE of the mean. 586 

 587 

  588 
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Figure 1: 589 

  590 
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Figure 2: 591 
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Figure 3: 594 
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Figure 4: 596 
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Figure 5: 598 
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Figure 6: 600 
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