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51 Summary

52  Plants respond to soil phosphorus (P) availability by adjusting leaf P among inorganic P 

53 (Pi) and organic P fractions (nucleic acids, phospholipids, small metabolites and a residual 

54 fraction). We tested whether phylogenetically divergent plants in a biodiversity hotspot 

55 similarly adjust leaf P allocation in response to P limitation by sampling along a 

56 two-million-year chronosequence in south-western Australia where nitrogen (N) limitation 

57 transitions to P limitation with increasing soil age.
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58  Total P and N, and P allocated to five chemical fractions were determined for 

59 photosynthetic organs from Melaleuca systena (Myrtaceae), Acacia rostellifera (Fabaceae) 

60 and Hakea prostrata (Proteaceae). Soil characteristics were also determined.

61  Acacia rostellifera maintained phyllode total P and N concentrations at about 0.5 and 16 

62 mg g-1 dry weight, respectively, with a constant P-allocation pattern along the 

63 chronosequence. Hakea prostrata leaves allocated less P to Pi, phospholipids and nucleic 

64 acids with increasing soil age, while leaf N concentration was constant. Melaleuca systena 

65 had the greatest variation in allocating leaf P, while leaf N concentration decreased 20% 

66 along the chronosequence. 

67  Variation in P-allocation patterns was only partially conserved among species along the 

68 chronosequence. Such variation may impact on species distribution and contribute to 

69 species richness in P-limited environments.

70

71 Key-words: Australian native species, leaf phosphorus fractions, nucleic acid, phosphate, 

72 phospholipid, phosphorus allocation, soil phosphorus gradient

73 Introduction 

74 The ancient, highly weathered and nutrient-impoverished soils of the Southwest Australian 

75 Floristic Region (SWAFR) support a flora of high species richness and endemism (Myers et 

76 al., 2000; Hopper & Gioia, 2004; Mucina et al., 2014). The range of mechanisms that allow 

77 plants from a variety of families to co-exist on these soils remains unclear. The Proteaceae is 

78 an iconic plant family in Australia, many of which are endemic to the SWAFR. The family 

79 has several adaptations that allow members to economise on scarce phosphate (Pi), so that 

80 they can grow and prosper on soils with low P availability. Among these are the formation of 

81 cluster roots that mine P bound to soil particles (Shane & Lambers, 2005a), low leaf 

82 concentrations of rRNA and phospholipids to reduce the requirements for P (Lambers et al., 

83 2012; Sulpice et al., 2014), the preferential allocation of P to leaf mesophyll cells to 

84 concentrate P in metabolically active cells (Hayes et al., 2018), the separation of leaf 

85 structural growth from photosynthetic maturation through delayed greening, which spreads 

86 out the requirements for P over time (Lambers et al., 2012; Kuppusamy et al., 2014; Sulpice 

87 et al., 2014), and a highly efficient and proficient recycling of Pi from senescing leaves to 
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88 prevent loss of valuable P to the environment (Denton et al., 2007; de Campos et al., 2013). 

89 Species in the genus Hakea (Proteaceae) are particularly well suited to growing in harsh 

90 nutrient-poor environments (Lamont et al., 2016). An example is H. prostrata, which is 

91 widespread in the SWAFR. In addition to the adaptations outlined above that are present in 

92 other Australian Proteaceae, H. prostrata also limits its acquisition of nitrate and sulfate from 

93 the soil (Prodhan et al., 2016, 2017). This adaptive trait prevents the P-demanding acquisition 

94 and assimilation of N and S that is in excess to the demand for growth (Prodhan et al., 2019). 

95 The distribution of this trait among plants in the SWAFR is untested.

96 Species from families other than Proteaceae, especially Fabaceae and Myrtaceae, co-exist 

97 among Proteaceae on the extremely low-P soils of the SWAFR (Zemunik et al., 2016). While 

98 we know much about the P nutrition of Proteaceae that grow on these soils, we know very 

99 little about co-occurring species from other families. It has recently been reported that 

100 eudicots from severely P-impoverished environments in Australia and Brazil preferentially 

101 allocate P to their mesophyll cells (Guilherme Pereira et al., 2018; Hayes et al., 2018), 

102 whereas eudicots from other environments preferentially allocate P to their epidermal cells 

103 (Conn & Gilliham, 2010). In Australia, this example of convergent evolution in 

104 phylogenetically diverse species growing on low-P soils was discovered along the Jurien Bay 

105 soil chronosequence (Laliberté et al., 2012; Turner et al., 2018). Recently, Guilherme Pereira 

106 et al. (2019) reported that a convergence in leaf traits related to photosynthetic P and N use 

107 occurs more generally along the chronosequence. It is now of interest to determine whether 

108 the allocation of P to the various biochemical pools of P in leaves has also been subject to 

109 convergent evolution in this ecosystem, or whether there is a diversity of allocation patterns 

110 to match the diversity of plant species.

111 The Jurien Bay dune chronosequence comprises a series of dune systems located in the 

112 SWAFR (Hopper & Gioia, 2004; Lambers et al., 2014; Zemunik et al., 2016). The series 

113 extends from mobile dunes that are still developing to dunes that are more than two million 

114 years old (Laliberté et al., 2012; Hayes et al., 2014; Turner et al., 2018). The soils along this 

115 chronosequence exhibit a gradient in soil total and plant-available P and N (Laliberté et al., 
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116 2012). On the youngest dunes, N is the nutrient limiting plant productivity, while on the 

117 oldest dunes, P is the limiting nutrient (Laliberté et al., 2012; Hayes et al., 2014). Since the 

118 dunes extend only 10 km from the coast and the topography is rather flat, the rainfall will be 

119 similar along the chronosequence. Proteaceae is one of the dominant families on the more 

120 P-poor soils of the chronosequence, while the Myrtaceae and Fabaceae are dominant on the 

121 younger dunes closer to the coast. However, some species of Fabaceae, Myrtaceae and 

122 Proteaceae co-occur on multiple dunes.

123 The total P pool in plant tissues can be fractionated into inorganic phosphate (Pi) and four 

124 readily quantified organic fractions: nucleic acids, phospholipids, small metabolites and a 

125 residual fraction of uncharacterised composition (Chapin & Bieleski, 1982; Veneklaas et al., 

126 2012; Hidaka & Kitayama, 2013). Inorganic P is a significant fraction of total leaf P, when 

127 the P availability is high (Lambers et al., 2011; Veneklaas et al., 2012). Excess Pi is generally 

128 stored in the vacuole where it is drawn upon as a reserve when the plant is unable to acquire 

129 adequate Pi from the soil. The major organic P fraction in leaves is nucleic acids (Veneklaas 

130 et al., 2012), up to 85% of which is ribosomal RNA (rRNA) (Matzek & Vitousek, 2009). 

131 Proteaceae that grow on severely P-impoverished soils function at very low leaf rRNA levels 

132 (Sulpice et al., 2014), which is a main reason for their exceptionally high photosynthetic 

133 P-use efficiency (Denton et al., 2007; Lambers et al., 2012; Sulpice et al., 2014). The other 

134 major organic P fraction comprises phospholipids, most of which are components of cell 

135 membranes (Veneklaas et al., 2012; Narasimhan et al., 2013). Banksia (Proteaceae) and 

136 Hakea species replace most of their phospholipids during leaf development with lipids that 

137 do not contain P (Lambers et al., 2012). The P-containing metabolite fraction, i.e. mainly 

138 intermediates of carbon metabolism and nucleotides, is at least as large in Banksia and Hakea 

139 species as it is in Arabidopsis thaliana (Chiou et al., 2006; Lambers et al., 2012). The 

140 uncharacterised residual fraction is considered to contain mainly phosphoproteins, many of 

141 which are involved in regulating cellular processes. Despite the information on P allocation 

142 to nucleic acids and phospholipids in Proteaceae (Lambers et al., 2012; Sulpice et al., 2014), 

143 there is no information on the magnitude or relative abundance of any of the organic P 

144 fractions from co-occurring plant species from other families, including Fabaceae and 
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145 Myrtaceae that co-dominate the Jurien Bay dune chronosequence with Proteaceae (Zemunik 

146 et al., 2016).

147 The concentration and proportion of P in the five chemical fractions within leaves depends on 

148 the leaf developmental stage (Tsujii et al., 2017), soil nutrient availability (Hayes et al., 

149 2014), and soil pH and stress tolerance (Lambers et al., 2008). Our aim was to assess the P 

150 fractions in the photosynthetic organs of plant species from phylogenetically distinct dicot 

151 lineages. We chose one Proteaceae, Hakea prostrata, which is notoriously P efficient on 

152 severely P-impoverished soils. This species is also sensitive to P fertilization (Shane et al., 

153 2004a,b). We chose Acacia rostellifera (Fabaceae), because many Fabaceae are very P 

154 demanding (Hayes et al., 2014; Dissanayaka et al., 2017). This species is absent from the 

155 oldest dunes, and we considered that further information on leaf P fractions might explain 

156 why this is so. The third species, Melaleuca systena (Myrtaceae), is from a family that 

157 generally occupies an intermediate position for P demand (Hayes et al., 2014). The main 

158 photosynthetic organ for both H. prostrata and M. systena is the leaf, while for A. rostellifera, 

159 it is the phyllode. For simplicity, both these organs will be referred to here as leaves. 

160 Hakea prostrata, A. rostellifera and M. systena all preferentially allocate P to leaf mesophyll 

161 cells (Guilherme Pereira et al., 2018; Hayes et al., 2018). Therefore, we hypothesised that the 

162 co-occurrence of these species is an indication that there was co-evolution of the patterns of P 

163 allocation among Pi, nucleic acid, phospholipid, phosphorylated metabolites and residual 

164 pools. We tested our hypothesis by analysing these P pools in leaves in plants growing on 

165 soils of four distinct ages along the Jurien Bay chronosequence. The dependence of these 

166 patterns on leaf N, and soil P and N concentrations ([P] and [N], respectively), was also 

167 determined.

168 Materials and Methods

169 Study Site

170 The study was conducted across a dune soil chronosequence located near Jurien Bay, 

171 Western Australia (30.24°S, 115.06°E), about 200 km north of Perth. The chronosequence is 

172 composed of three dune systems (Laliberté et al., 2012; Hayes et al., 2014; Turner et al., 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved

173 2018). The younger Quindalup dunes are closest to the coast, and separated from the oldest 

174 Bassendean dunes by the intermediate Spearwood dunes (Fig. 1, Table 1). We used four 

175 dunes for our study, representing soils that were young (Quindalup dune, stage 2), 

176 intermediate (Quindalup dune, stage 3), old (Spearwood dune, stage 4) and very old 

177 (Bassendean dune, stage 5) (Laliberté et al., 2012; Hayes et al., 2014) according to the dune 

178 numbering used by Hayes et al (2014). In general, N and P availability across the 

179 chronosequence decreases with soil age, such that N is growth limiting at stage 1, N and P are 

180 co-limiting at stages 2 and 3, while P is limiting at stages 4 and 5 (Laliberté et al., 2012; 

181 Hayes et al., 2014). The climate in the study area is Mediterranean, with most of the mean 

182 annual rainfall of 538 mm occurring in winter. The mean annual maximum temperature is 25 

183 °C, while the mean monthly highest and lowest temperature is 31 °C (February) and 19 °C 

184 (July), respectively (Laliberté et al., 2012).

185 Plant and soil collection

186 All samples were collected in April 2016. One site per dune stage was selected where five 

187 mature plants of each Hakea prostrata R.Br., Acacia rostellifera Benth. and Melaleuca 

188 systena Craven occurred within a 65 m x 40 m plot (A. rostellifera did not occur at stage 5). 

189 Individual plants were randomly selected such that all plants within a species at a site were of 

190 similar height. Most-recently fully-expanded leaves with no visible damage or discolouration 

191 were harvested from at least three branches for each of the five plants per species at each site 

192 and immediately submerged in liquid nitrogen. At the base of each sampled plant, three 

193 equidistant 10 cm diameter × 20 cm deep soil cores were collected within 15 cm of the stem. 

194 The cores from each plant were combined to give one average soil sample per plant. Thus, 

195 the unit of replication at each site was either five plants, or five soil samples.

196 Leaf nutrient analyses

197 In all samples described below, Pi was determined using a molybdenum blue-based method 

198 (Ames, 1966). Absorbance was determined spectrophotometrically (Multiskan Spektrum 

199 plate reader, Thermo Scientific, Waltham, MA, USA). Where appropriate, esterified P was 

200 first converted to Pi by acid digestion prior to determining the total Pi in the sample. For acid 

201 digestion, 3 ml HNO3 was added to a flask containing the sample, heated at 100 °C until the 
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202 solution colour changed from brown to yellow, and then cooled. After cooling, 1 ml HClO4 

203 was added, the flask heated to 140 °C to 150 °C until it filled with white fumes, and then 

204 allowed to cool again. The flask was then heated to 160 °C to 180 °C for 10 minutes. The 

205 solution was diluted with MQ water to 10 ml and the Pi present determined. 

206 After harvest, leaf material was stored at -80 °C until freeze dried for 7 days (VirTis 

207 Benchtop “K”, New York, USA). Freeze-dried material was ground to a fine powder using a 

208 zirconium ball mill (Geno Grinder, Spex SamplePrep, Metuchen, NJ, USA). Each sample 

209 was divided into three subsamples. Total leaf [N] was determined in an approx. 30 mg 

210 subsample by combustion (Vario Macro Combustion Analyser, Elementar Analysensysteme 

211 GmbH, Langenselbold, Germany). A 50 mg subsample was used to determine total [P] after 

212 conversion of esterified P to Pi by acid digestion (Matusiewicz & Golik, 2004). A 50 mg 

213 subsample was used to determine leaf Pi. The dried ground leaf material was disrupted in 0.5 

214 ml 1% (v/v) acetic acid by mechanical shaking (Precellys 24 Tissue Homogenizer, Bertin 

215 Instruments, Montigny-le-Bretonneux, France) at 1500 rpm for 15 seconds, repeated twice 

216 more with a 5 second pause between bursts. The samples were placed on ice in the dark for 5 

217 minutes and the disruption repeated twice more with a 5 minutes cooling break in between. 

218 The homogenate was centrifuged at 21,000 × g for 15 minutes at 4 °C to remove debris. The 

219 highest reproducibility for Pi determination was obtained with an intensity of shaking and 

220 periodic cooling that prevented the temperature of the sample from rising above 25 °C. This 

221 approach was best, presumably because it prevented organic P being converted to Pi. A third 

222 50 mg subsample was used to determine P present in nucleic acid, phospholipid, small 

223 metabolite and residual P fractions using a method adapted from Hidaka and Kitayama 

224 (2013). We decreased the amount of leaf sample and volumes of solutions, and increased the 

225 time for extractions for each step (Supporting Information Fig. S1, Method S1). We also used 

226 glass flasks for drying and acid digestion instead of plastic tubes to avoid losses due to 

227 repeated transfer of solutions between vessels. Each P fraction obtained was acid-digested as 

228 described above before quantifying the liberated Pi. The sum of P in the fractions was used to 

229 determine that recovery was always greater than 90% of the total P determined directly from 

230 the leaf. 
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231 Soil analyses

232 Total soil [N] was determined after digestion with concentrated H2SO4 at 365 °C in the 

233 presence of mixed catalyst (K2SO4 : CuSO4 = 10 : 1) using an indophenol-blue colorimetric 

234 assay (Walinga et al., 2004). Total soil [P] was determined by perchloric acid digestion 

235 (Olsen & Dean, 1982), and soil resin [P] was determined using an anion exchange membrane 

236 (VWR Chemical, Leuven, Belgium) after extracting dry soil with deionized water (Bentley et 

237 al., 1999). Soil pH was measured by adding two volumes of water to one volume of soil, 

238 shaking vigorously and measuring pH with a pH meter.  

239 Statistical analyses

240 A statistical software package (SPSS Statistics 23, IBM, Armonk, New York) was used to 

241 calculate means and standard errors, and to perform one-way ANOVA testing with 95% 

242 confidence intervals. Tukey’s method was used to separately test differences among species 

243 and among chronosequence stages, a Student’s t test was used for M. systena, and H. 

244 prostrata on soil stage 5. All analyses were replicated five times (n = 5 plants, or the soil 

245 underneath them) and matched back to individual samples, allowing variation to be 

246 calculated on each measurement, and the ratios of those measurements.

247 Results

248 Total leaf phosphorus and nitrogen concentrations along the chronosequence 

249 The leaves of M. systena, A. rostellifera and H. prostrata had distinctly different patterns of 

250 foliar total [P] that was dependent on chronosequence stage (Fig. 2). On the stage 2 dune (the 

251 youngest stage in this study), the leaf [P] was similarly high in M. systena and A. rostellifera, 

252 but was one-third less in H. prostrata. With increasing soil age, leaf total [P] in M. systena 

253 decreased about 65% from stage 2 to stage 5. Hakea prostrata also showed a decreasing 

254 trend for leaf total [P], but from stage 3 to stage 5. While the leaf total [P] for H. prostrata 

255 was 70% of that for M. systena at stage 2, it was the same for these two species at stages 3 to 

256 5. In contrast, the leaf total [P] for A. rostellifera was constant at the same high level between 

257 stages 2 to 4. The leaf total [P] for H. prostrata was never as high as that for A. rostellifera, 

258 nor as high as the levels observed for M. systena at stage 2. 
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259 In contrast to leaf total [P], leaf total [N] within each of the three species was remarkably 

260 constant across the chronosequence (Fig. 3). Leaf total [N] was highest in A. rostellifera, as 

261 might be expected, being a legume. Similar to leaf total [P], leaf total [N] did not change 

262 across the chronosequence in this species. Melaleuca systena leaves from stage 2 and 3 dunes 

263 had a leaf [N] that was about 60% of that in A. rostellifera, and this declined about 25% from 

264 the youngest to the oldest dune. This proportional decline in leaf total [N] was not as 

265 pronounced as the 70% decline in leaf total [P] across these same dunes (Fig. 2). The leaf [N] 

266 in H. prostrata was similar to that in leaves of M. systena. However, it did not decrease 

267 significantly across the chronosequence, in contrast to the decline of 50% in leaf total [P] for 

268 this species.

269 The ratio of leaf total [N] to leaf total [P] (N:P) across stages 2 to 4 was the same for all three 

270 species (Table 1). However, the N:P ratio in A. rostellifera leaves was substantially higher 

271 than that in the other two species. It was only on the oldest stage 5 soil, where A. rostellifera 

272 was absent, that the N:P ratio in leaves from M. systena and H. prostrata was similar to the 

273 high values in A. rostellifera leaves on dunes 2 to 4. 

274 There was a weak positive correlation (R2 = 0.28) between leaf total [N] and leaf total [P] 

275 among the plants examined (Supplemental Information Table S1). However, this correlation 

276 did not hold within any species. Instead, the apparent overall correlation was due to the three 

277 species having different leaf [N] and [P] in somewhat similar ratios.

278 Leaf phosphorus fractions across the chronosequence 

279 Each of the three species had a unique pattern of allocating leaf P to Pi, nucleic acids, 

280 phospholipids, small phosphorylated metabolites and the residual P fraction in response to 

281 dune stage (Figs. 4 and 5). On the stage 2 dune, M. systena had a leaf Pi concentration ([Pi]) 

282 of about 0.25 mg g-1 DW, which represented 40% of the leaf total P. This plant allocated 

283 similar proportions of about 25% of leaf P to both the nucleic acid and phospholipid fractions 

284 (Fig. 5). The P allocation to the small metabolites and to the residual fractions was a modest 

285 5% of the total leaf [P]. As soil age increased, the amount of P in the Pi, nucleic acid and 

286 phospholipid fractions all decreased in M. systena, but to different extents. The largest 
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287 decrease was in the leaf Pi fraction, which decreased by more than 80% between stages 2 and 

288 5. The phospholipid fraction in M. systena decreased more strongly on younger soils than the 

289 nucleic acid fraction. The leaf phospholipid [P] was about 40% lower in M. systena at stage 3 

290 than at stage 2, but was then the same from stage 3 to stage 5 (Fig. 5). In contrast, the P 

291 allocation to nucleic acids did not decrease significantly from stage 2 to stage 3, but was 

292 significantly lower in plants at stages 4 and 5. The overall effect was that the nucleic acid and 

293 phospholipid pools, which were each 25% of the total [P] at stage 2, were each 33% of the 

294 total P at stage 5; however, the nucleic acid P fraction was already 33% of the total P on stage 

295 3 soil (Fig. 5).  The relatively small [P] in the residual fraction decreased slightly with soil 

296 age.  The response of the small metabolite fraction was unique among the P pools in that it 

297 did not respond to differences in soil age. 

298 Acacia rostellifera on the younger stage 2 dune had a different leaf P allocation pattern than 

299 M. systena (Figs, 4 and 5). It allocated a greater proportion of leaf total P to nucleic acids, 

300 about 40%, than to lipids, about 20% (Fig. 5). The outcome was a nucleic acid [P] that was a 

301 third higher than in M. systena, while the lipid [P] was a third lower. The [P] in the small 

302 metabolite and residual P fractions were similar to those of M. systena on the stage 2 dune. 

303 These allocations resulted in a [Pi] that was only 60% of that in M. systena leaves on the 

304 same dune. Unlike in M. systena, there were no clear differences in any of the P pools 

305 between plants from younger stage 2 dune and plants from older stage 3 and 4 dunes (Figs. 4 

306 and 5). It is noteworthy that A. rostellifera did not occur on the oldest stage 5 dune. 

307 Hakea prostrata, with the lowest leaf total [P] on the stage 2 dune of the plants examined 

308 (Fig. 2), had a similar [P] as M. systena in the nucleic acid, metabolite and residual P 

309 fractions (Fig. 4). In contrast, H. prostrata had a remarkably low [P] in the lipid fraction on 

310 the stage 2 dune which was only one-third of that of M. systena and one-half of that of A. 

311 rostellifera. Despite the overall low leaf total [P], the comparatively low allocation of that P 

312 to phospholipids allowed H. prostrata to maintain 40% of its leaf P as Pi, which was similar 

313 to the concentration in leaves M. systena on this dune stage (Fig. 4). The leaf P allocation 

314 pattern for H. prostrata on stage 3 and 4 dunes was very much the same as on the stage 2 

315 dune. The only potential adjustments were a slight decrease in [Pi] on the stage 4 dune. This 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved

316 general lack of response in the leaf P allocation for H. prostrata between dune stages 2 and 4 

317 was similar to what we observed for A. rostellifera, albeit at a much lower total leaf [P] in H. 

318 prostrata. In leaves from H. prostrata on stage 5 soil, there were lower [P] in the Pi, nucleic 

319 acid and phospholipid fractions than in stage 4 leaves (Fig. 4). Thus, the leaf P allocation 

320 pattern on stage 5 soil was quite similar to that in M. systena leaves, except that the [P] in the 

321 lipid fraction was only about 30% of that in M. systena leaves. Overall, there was 

322 proportionally less Pi on the stage 5 dune, and proportionally more nucleic acid P, while the 

323 proportion of P in lipids was similar, regardless of dune age (Fig. 5) It is interesting to note 

324 that H. prostrata leaves had a significantly higher [P] in the small metabolite fraction on 

325 stage 3 soil than the leaves from the other plants on any of the soils examined. In fact, the [P] 

326 in the small metabolite fraction from H prostrata on stage 3 soil was higher than the residual 

327 [P]. The residual [P] in H. prostrata leaves was stable across all the soil stages. 

328 Examination of the leaf total N:P ratio for each P fraction showed that a decrease in Pi was 

329 associated with the observed increase in leaf total N : total P ratio in each species with soil 

330 age (Table 1). For M. systena and A. rostellifera, Pi was not only a common driver, but 

331 apparently the main driver for this increase. However, in H. prostrata, less P in the 

332 metabolite pool at stage 5 had a greater impact on the increase in total N:P ratio than in the 

333 other species.

334 There were strong positive correlations (R2 > 0.70) between leaf total [P] and both leaf [Pi] 

335 and total leaf organic P (Po) concentrations ([Po]) (Supporting Information Table S1), as 

336 expected (Veneklaas et al., 2012). Leaf [Po] correlated well with leaf [Pi] in both M. systena 

337 (R2 = 0.58) and A. rostellifera (R2 = 0.67), but not in H. prostrata (R2 = 0.16). However, only 

338 in M. systena was there a strong correlation between leaf Pi : Po and leaf total [P]. The strong 

339 correlation between leaf total [P] and [Po] was largely reflected in the behaviour of the 

340 individual nucleic acid, lipid and residual P pools. However, it was not reflected by the 

341 metabolite P pool. This was because the metabolite P pool did not change appreciably with 

342 leaf total [P] (Fig. 4). The only correlation between leaf total [N] and the organic P fractions 

343 was a somewhat positive correlation (R2 = 0.32) between leaf total [N] and leaf nucleic acid 

344 [P] in H. prostrata.
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345 Soil chemical properties

346 Soil pH directly under the sampled plants on dune stages 2 and 3 was neutral to alkaline, but 

347 was acidic on dune stages 4 and 5 (Table 2). The combined soil total [P] under the plants on 

348 dunes 2 and 3 was variable with no consistent pattern with age, but the average concentration 

349 on the two dunes was similar at 99 mg kg-1 and 104 mg kg-1, respectively (Table 2). The total 

350 [P] in soil was substantially lower, and the same, for the plants on dunes 4 and 5. Soil resin [P] 

351 is considered to be a meaningful measure of the Pi that is available to plants. The soil resin [P] 

352 under the plants averaged 1.3 mg kg-1 soil (Table 2). The soil resin [P] under all three species 

353 was lowest at stage 4. 

354 Soil [N] under the sampled plants ranged from 225 to 615 mg kg-1 soil (Table 2), except 

355 under A. rostellifera on the youngest stage 2 dune, where the [N] was about 1000 mg kg-1. 

356 Excluding this exception, the average soil [N] under all plants on stage 2 and 3 soils were 

357 similar at about 520 mg kg-1 soil. The soil [N] was also similar, but lower, under the sampled 

358 plants on stage 4 and 5 dunes, with an average of about 300 mg kg-1. 

359 Soil pH was the best soil characteristic to predict leaf total [P] when all the plants were 

360 examined as a single group (R2 = 0.39, Fig. 6). For M. systena, pH was the best predictor for 

361 leaf total [P] (R2 = 0.45, Fig. 6), followed by soil resin [P] (R2 = 0.20, Supporting 

362 Information Table S2). However, for H. prostrata, total soil [P] was the best predictor of leaf 

363 total [P] (R2 = 0.51, Supporting Information Table S2), while soil pH had the same power as 

364 it did for M. systena (R2 = 0.45, Fig. 6). Leaf total [P] in A. rostellifera was independent of 

365 the soil properties tested (Fig. 6, Supporting Information Table S2). Interestingly, foliar [P] 

366 was independent of soil [N] for all three species (Supporting Information Table S2). There 

367 was a positive correlation between soil total [N] and both soil total [P] (R2 = 0.71) and soil 

368 resin [P] (R2 = 0.69) when all plants were considered together (Supplemental Information 

369 Table S3). 

370

371 Discussion
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372 Leaves of M. systena, A. rostellifera and H. prostrata each had a distinct pattern of total [P] 

373 and of allocating P to five chemical fractions across a 2 million-year chronosequence near 

374 Jurien Bay, south-western Australia. There were similarities in the functioning of M. systena 

375 and H. prostrata which partially confirmed our main hypothesis that total [P] and 

376 P-allocation patterns would be similar for co-occurring species in this ecosystem. However, 

377 the lack of acclimation of P distribution patterns in leaves from A. rostellifera in response to 

378 different soils was contrary to our expectations. Therefore, the overall patterns of P allocation 

379 were not convergent among these three species from different families. Whether the distinct 

380 patterns and responses that we observed are family-level traits or simply species-dependent 

381 variation remains to be tested. However, the possibility that the diversity of P-allocation 

382 patterns may parallel the diversity of species in this species-rich environment is intriguing. 

383 The average species density in the ecosystem we studied ranges from about 27 species per 28 

384 m2 plot on stage 2 dunes up to about 48 species per 28 m2 plot on stage 5 dunes (Zemunik et 

385 al., 2016). By scrutinizing the diversity of P-allocation patterns in plants from this and other 

386 P-impoverished environments and the mechanisms that underlie them, we can identify and 

387 explore potential principles for developing future P-efficient crops to decrease the reliance on 

388 economically and environmentally expensive fertilizer (Lambers et al., 2011).

389 There was no demonstrable variation in leaf total [N] with soil age in A. rostellifera or H. 

390 prostrata, despite variation in soil [N]. These results were consistent with a hydroponics 

391 experiment where H. prostrata abstained from taking up excess N when both nitrate and Pi 

392 supplies were increased (Prodhan et al., 2016). In addition, N fertilisation had no impact on 

393 foliar [N] for five species in a lowland tropical forest in a P x N fertilization experiment (Mo 

394 et al., 2019). The constant leaf [N] in A. rostellifera was likely due to habitat restriction, 

395 rather than N restraint, as explored below. In contrast, leaf [N] in M. systena decreased 

396 approx. 20% with soil age over the chronosequence which was much less than the 65% 

397 decrease in leaf [P]. Together, these observations suggest that the trait of nitrate abstinence 

398 may indeed be present in other plants besides H. prostrata, but may not be present in all 

399 plants from P-impoverished environments. Determining the strength of the links between 

400 nitrate abstinence and the high photosynthetic P-use efficiency that is found in plants from 
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401 P-impoverished environments may provide additional design principles for creating crop 

402 plants with improvements in both photosynthetic P-use efficiency and photosynthetic N-use 

403 efficiency (PUE) (Prodhan et al., 2019).

404 Nitrogen : phosphorus ratios less than 10 and greater than 20 are indicative of N and P 

405 limitation of plant productivity, respectively (Güsewell, 2004). While these threshold values 

406 may not hold universally for determining absolute N or P limitation (Craine et al., 2008), the 

407 trend in N:P ratio for a species along the chronosequence should be informative about 

408 relative nutrient limitation. Thus, the generally increasing leaf N:P ratios with soil age for M. 

409 systena and H. prostrata supported increasing P limitation with increasing soil age (Laliberté 

410 et al., 2012). Increases in N:P ratio with increasing soil age is a general feature of this 

411 ecosystem (Hayes et al., 2014; Guilherme Pereira et al., 2019). The increases in N:P ratio in 

412 the current study were driven almost entirely by decreasing [P], as previously observed for 

413 this ecosystem (Hayes et al., 2014). 

414 Hakea prostrata had an N:P ratio of about 21 on dune stages 2 to 4, but was more highly P 

415 limited on stage 5 (N:P ratio 39). This species, which functions at a very high PPUE (Shane 

416 & Lambers, 2005b; Lambers et al., 2011), never had a leaf total [P] as high a M. systena, 

417 even on the younger soils where it was less P limited. Its leaf total [P] was lowest on the 

418 oldest, most P-impoverished dune, as found previously (Sulpice et al., 2014; Lambers et al., 

419 2015a). This species has a very high P-acquisition capacity, based on the production of 

420 cluster roots (Shane et al., 2004b). However, cluster-root formation is suppressed by 

421 increasing Pi availability (Shane et al., 2004a,b), which may restrict the upper limits of leaf 

422 [P] in its natural habitat.

423 Like H. prostrata, the N:P ratio in leaves from M. systena increased with soil age, from about 

424 19 on dune stages 2 and 3 to 37 on dune stage 5. However, the intermediate N:P ratio on dune 

425 4, where H. prostrata had its lower N:P ratio, indicates M. systena was somewhat less 

426 resilient to P limitation than H. prostrata. Melaleuca systena had the broadest range of leaf 

427 [P], and was the most flexible with respect to the response of leaf total [P] to soil age. 

428 Therefore, it occupied a more generalist position than the other two species, not only 
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429 functioning at the low leaf [P] found on the stage 5 dune, but also at the weaker P limitation 

430 on the stage 2 dune by accumulating a higher leaf [Pi]. This flexibility may arise from the 

431 mycorrhizal life-style of M. systena at one extreme, and facilitation dependent on 

432 P-mobilising neighbours at the other. Melaleuca systena forms both arbuscular mycorrhizal 

433 (AM) and ectomycorrhizal (ECM) associations (Brundrett, 2009), and showed a strong shift 

434 from AM to ECM associations between stage 2 and stage 4 soils in a glasshouse experiment 

435 (Albornoz et al., 2016). On all soils, the density of associations along the root for M. systena 

436 was about twice that for A. rostellifera, which also forms both AM and ECM associations 

437 (Albornoz et al., 2016). The density of associations may explain the high leaf [P] in M. 

438 systena on the youngest soils examined here. On dune 5 soils at the other end of the P 

439 limitation spectrum on the chronosequence, P-mining strategies such as cluster-root 

440 formation are expected to dominate over P-scavenging strategies such as mycorrhizal 

441 associations (Lambers et al., 2008). However, M. systena does not have a P-mining strategy. 

442 On these soils, P liberation by the action of other plants that do have proficient P-mining 

443 strategies, such as Proteaceae, may facilitate P scavenging by M. systena so that it could 

444 acquire the very low, but sufficient, amounts of P needed to sustain growth (Lambers et al., 

445 2018). 

446 The higher and constant leaf total [P] in A. rostellifera on all soils on which it was found 

447 agrees with previous findings that many legumes function at high total leaf [P] (Sprent, 1999; 

448 Albornoz et al., 2016; Moir et al., 2016; Guo et al., 2017). The high leaf [P], combined with 

449 a high N:P ratio of 30 on all soils, suggests that A. rostellifera was operating at its lower 

450 threshold of leaf [P], and was therefore restricted to soil microhabitats where P availability 

451 was high enough to support its P-demanding life style. This conclusion provides a possible 

452 explanation as to why this species was absent from the highly P-limiting stage 5 dunes. The 

453 high and constant leaf [P] was likely facilitated by AM and ECM associations. In a 

454 glasshouse experiment, the fungal associations in this species shifted from predominantly 

455 AM on stage 2 soil to ECM on stage 4 soil (Albornoz et al., 2016). The absence of A. 

456 rostellifera from the stage 5 dunes may have been due to the low likelihood of mycorrhizal 

457 associations contributing strongly to P acquisition in these extremely P-impoverished soils 
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458 (Lambers et al., 2018). Furthermore, facilitation by neighboring plants on this dune was 

459 evidently unable to satisfy the P demands of A. rostellifera. 

460 Resin P, our measure of plant-available P, did not vary much across the dunes. Yet, there 

461 were large differences in leaf total [P] across the dunes for both M. systena and H. prostrata. 

462 Potential explanations are provided by the correlations between leaf [P] and the other leaf and 

463 soil characters tested. For M. systena, leaf [P] correlated most strongly with soil pH (r2 = 

464 0.44), not with resin P (r2 = 0.20). The low positive correlation with resin P may have been 

465 because this assay, which uses unbuffered water to desorb Pi from the soil sample, only 

466 accessed part of the Pi pool available to M. systena roots. For H. prostrata, leaf [P] correlated 

467 with soil pH to the same extent as for M. systena (r2 = 0.45). However, leaf [P] correlated 

468 more strongly with soil total [P] (r2 = 0.51) than with pH, and surprisingly did not correlate at 

469 all with resin [P] (r2 = 0.003). This suggests that H. prostrata had access to a P source 

470 different from that measured as resin [P] and that M. systena could not access. At least part of 

471 this additional source was likely Pi that was tightly bound to soil minerals and liberated by 

472 the activity of its carboxylate-releasing cluster roots. This pool would be more available in 

473 soils of higher pH. Another source of P that was not measured by the resin P assay is organic 

474 P. Organic P in the top 10 cm of soil is 10% to 15% of the total soil P in dunes 2 and 3, and 

475 35% to 40% on dunes 4 and 5 (Turner et al., 2018). The cluster roots of H. prostrata exude 

476 purple acid phosphatases (Shane et al., 2014) that could liberate a portion of this organic P as 

477 Pi, especially on the acidic soils of stages 4 and 5.

478 The behaviour of the P fractions with soil age gave clues to the adaptive mechanisms 

479 underlying the acclimations of M. systena and H. prostrata to P limitation that were lacking 

480 in A. rostellifera. Unlike M. systena and H. prostrata, A. rostellifera maintained a relatively 

481 high and constant [P] for almost all of its leaf P fractions regardless of soil. The maintenance 

482 of a high leaf [Pi] on all soils was surprising. Most plants store excess P as Pi in the vacuole, 

483 which they can then draw upon as P availability decreases. This was the case for both M. 

484 systena and H. prostrata. The maintenance of high [Pi] in A. rostellifera raises intriguing 

485 questions: why are such high [Pi] needed in the leaf and why is the plant unable to divert this 

486 Pi to other P fractions as occurs in the other two species? 
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487 The concentration of small P-containing metabolites in A. rostellifera was low, but constant. 

488 Metabolic pathway activity at low metabolite concentrations can be accommodated either by 

489 enzymes with a higher substrate affinity (lower Km) or by higher Vmax. The Vmax can be 

490 raised either by adaptation of the enzyme, or by producing more enzyme. High [P] and [N] 

491 suggest that A. rostellifera functioned at higher enzyme concentrations. Opting for more 

492 enzyme, perhaps as a storage mechanism for fixed N, may explain why many legumes 

493 function at relatively high leaf protein and N concentrations (Hayes et al., 2014; Pampana et 

494 al., 2016; Dissanayaka et al., 2017; Sprent et al., 2017), and why we found a very high 

495 concentration of nucleic acids in A. rostellifera. Most of the nucleic acid fraction would be 

496 rRNA involved in protein synthesis (Veneklaas et al., 2012). Therefore, our results suggest 

497 that some legumes may function at high leaf [N] and [P], because evolution has selected for 

498 allocating P to rRNA and N to protein instead of allocating P to the metabolite fraction, 

499 which would allow high enzyme activity with lower enzyme levels. It would be interesting to 

500 find out more about the allocation of P to the leaf fractions in other legumes that obviously do 

501 function under stronger P limitation and grow at stage 5, e.g., Jacksonia floribunda (Hayes et 

502 al., 2014), Bossiaea linophylla (Abrahão et al., 2018) and Fabaceae species found on similar 

503 soils near Moora, such as Gompholobium sp., Jacksonia aff. stricta, Jacksonia ulicifolia and 

504 Mirbelia spinose (Pate & Bell, 1999).

505 This study shows that plants along the Jurien Bay chronosequence have a diversity of 

506 strategies for the allocation of P to leaves and for distributing that P among different P 

507 fractions within the leaves. Unlike M. systena or H. prostrata, A. rostellifera did not adjust 

508 allocation of P to leaf P fractions on the soils examined, probably because it has evolved to 

509 operate at low P metabolite levels, but relatively high nucleic acid, phospholipid and protein 

510 levels. Compared with H. prostrata, M. systena is able to acquire and store higher levels of 

511 leaf Pi on the least P-impoverished soils, while both species are able to adjust P allocation to 

512 nucleic acids to a similar extent. Both species are also able to adjust P allocation to 

513 phospholipids. However, H. prostrata operates at a considerably lower concentration of 

514 phospholipids than M. systena on all soils of the chronosequence. This study allows us to 

515 begin to understand how P-allocation patterns, like PPUE (Guilherme Pereira et al., 2019), 
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516 influence plant distribution along a soil chronosequence in a biodiversity hotspot.
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Table 1. Ratios for total leaf nitrogen (N) to phosphorus (P) in each P-containing leaf fraction. 

Melaleuca systena Acacia rostellifera Hakea prostrata

Dune Stage 2 3 4 5 2 3 4 2 3 4 5

Leaf N / 

Total leaf P

16.6±2.6

Bb

21.6±1.8

ABb

26.2±3.4

ABab

37.0±4.4

a

28.6±1.3

Aa

28.1±1.6

Aa

33.0±2.4

Aa

22.0±2.5

ABb

18.9±2.2

Bb

21.9±1.4

Bb

39.3±2.3

a

Leaf N / Pi
52±15

Bb

76±11

Ab

88±11

Bb

172±10∗a

114±5

Aab

100±6

Ab

133±9

Ab

62±11

Bb

63±14

Ab

60±8

Bb

131±7∗a

Leaf N / 

Nucleic Acid P

63±5

Ba

68±4

Aa

78±12

ABa

89±7

a

78±3

Aa

81±6

Aa

92±7

Aa

63±2

Bb

68±7

Ab

59±1

Bb

89±6

a

Leaf N / 

Lipid P

66±7

Ba

105±13

Aa

112±13

Aa

98±11∗a

154±8

Aa

140±13

Aa

160±12

Aa

153±19

Aa

123±16

Aa

164±52

Aa

224±2∗a

Leaf N / 

Metabolite P

424±54

Aa

379±38

Ba

328±37

Ba

380±40

a

2685±990

Aa

2092±651

Aa

1383±289

Aa

430±76

Aab

193±35

Bb

296±43

Bab

932±397

a

Leaf N / 

Residual P

252±21

Ba

275±10

Ba

304±26

ABa

264±32

a

373±15

Aa

397±9

Aa

345±29

Aa

280±24

Ba

281±25

Ba

235±8

Ba

314±42

a

Means ± standard error (n = 5) are given. Different letters represent significantly different values (p < 0.05). Values were compared among 

species at the same dune stage (upper-case letters) and within a species across the dune stages (lower-case letters). For dune stage 5, * indicates 

values for Melaleuca systena and Hakea prostrata that were significantly different by Student’s T test (p < 0.05).

Table 2. Characteristics of the soil at the base of the sampled plants. 
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Melaleuca systena Acacia rostellifera Hakea prostrata

Dune Stage 2 3 4 5 2 3 4 2 3 4 5

pH
7.3 ± 0.2

Aa

7.2 ± 0.3

Aa

5.9 ± 0.3 

Ab

6.0 ± 0.2 

b

7.7 ± 0.2 

Aa

7.3 ± 0.2 

Aa

6.6 ± 0.1 

Ab

7.2 ± 0.2 

Aa

7.7 ± 0.1 

Aa

6.2 ± 0.1 

Ab

5.8 ± 0.3 

b

Soil P (mg kg-1)
46 ± 3

Bb

153 ± 33

Aa

21 ± 1

Ab

19 ± 1

b

199 ± 23 

Aa

99 ± 11 

ABb

23 ± 1 

Ac

53 ± 6

Ba

61 ± 7

Ba

26 ± 2

Ab

25 ± 5

b

Resin P (mg kg-1)
1.2 ± 0.2 

Bab

1.6 ± 0.3 

Aa

0.7 ± 0.1 

Ab

1.1 ± 0.2 

ab

2.1 ± 0.2 

Aa

1.5 ± 0.1 

Aab

1.0 ± 0.3 

Ab

1.3 ± 0.1 

Bab

1.2 ± 0.1 

Aab

0.7 ± 0.1 

Ab

1.7 ± 0.4 

a

Soil N (mg kg-1)
431 ± 52

Bab

614 ± 112

Aa

276 ± 21

Ab

373 ± 36

ab

998 ± 105

Aa

593 ± 92

Ab

281 ± 34

Ab

479 ± 26

Ba

492 ± 52

Aa

225 ± 29

Ab

445 ± 102

ab

Soil N: Resin P
392 ± 58

Aa

384 ± 26

Aa

387 ± 25

Aa

386 ± 47∗a

472 ± 27

Aa

454 ± 119

Aa

313 ± 56

Aa

357 ± 23

Aab

408 ± 45

Aa

358 ± 13

Aab

263 ± 10∗b

Means ± standard error (n = 5) are given. Different letters represent significantly different values (p < 0.05). Values were compared among 

species at the same dune stage (upper-case letters) and within a species across the dune stages (lower-case letters). For dune stage 5, * indicates 

values for Melaleuca systena and Hakea prostrata that were significantly different Student’s T test (p < 0.05).
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707 Fig. 1. Jurien Bay dune chronosequence (upper panel) and plants used in this study (lower 

708 panels). The photograph over the chronosequence was taken from the Peron Slopes. The 

709 youngest Quindalup dune system, which includes unvegetated mobile dunes, is adjacent to 

710 the Indian Ocean at the top of the photograph. At Jurien Bay, the oldest Bassendean dunes 

711 abut the inland Peron Slopes to the east. (Photographs: chronosequence, E. Laliberté; Acacia 

712 rostellifera, G. Zemunik; Hakea prostrata, P. Finnegan; Melaleuca systena, H. Lambers)

713

714 Fig. 2. Total foliar phosphorus (P) concentration. Means ± standard error (n = 5) are given. 

715 Different letters represent significantly different values (p < 0.05). Values were compared 

716 among species at the same dune stage (upper-case letters) and within a species across the 

717 dune stages (lower-case letters). For dune stage 5, the values for Melaleuca systena and 

718 Hakea prostrata were not significantly different by Student’s T test (p < 0.05).

719

720 Fig. 3. Total foliar nitrogen (N) concentration. Means ± standard error (n = 5) are given. 

721 Different letters represent significantly different values (p < 0.05). Values were compared 

722 among species at the same dune stage (upper-case letters) and within a species across the 

723 dune stages (lower-case letters). For dune stage 5, the values for Melaleuca systena and 

724 Hakea prostrata were not significantly different by Student’s T test (p < 0.05). NF: Not 

725 found.

726

727 Fig. 4. Foliar phosphorus (P) fractions concentration. Means ± standard error (n = 5) are 

728 given. Different letters represent significantly different values (p < 0.05). Values were 

729 compared among species at the same dune stage (upper-case letters) and within a species 

730 across the dune stages (lower-case letters). For dune stage 5, * indicates values for Melaleuca 

731 systena and Hakea prostrata that were significantly different Student’s T test (p < 0.05).

732

733 Fig. 5. Foliar phosphorus (P) fractions percentage. Means ± standard error (n = 5) are given. 

734 Different letters represent significantly different values (p < 0.05). Values were compared 

735 among species at the same dune stage (upper-case letters) and within a species across the 

736 dune stages (lower-case letters). For dune stage 5, * indicates values for Melaleuca systena 
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737 and Hakea prostrata that were significantly different Student’s T test (p < 0.05).

738

739 Fig. 6. Correlation between total foliar phosphorus (P) concentration and soil pH. The data 

740 from each of the three target species was either combined across all three species (A) or 

741 analysed separately for Melaleuca systena (B), Acacia rostellifera (C) or Hakea prostrata (D). 

742 Each point represents an individual plant. Linear trend lines with R2 values are shown on 

743 each plot. 
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