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During long-term ecosystem development and its associated decline in soil phosphorus (P) 

availability, the abundance of mycorrhizal plant species declines at the expense of non-mycorrhizal 

species with root specialisations for P-acquisition, such as massive exudation of carboxylates. Leaf 

manganese (Mn) concentration has been suggested as a proxy for such a strategy, Mn concentration 

being higher in non-mycorrhizal plants that release carboxylates than in mycorrhizal plants. Shifts in 

nitrogen (N)-acquisition strategies also occur; nodulation in legumes is expected at low N availability, 

when sufficient P is available. We investigated whether two congeneric legume species (Bossiaea 

linophylla and B. eriocarpa) occurring along two long-term chronosequences on the south-western 

Australian coast and grown in a glasshouse at varying N and P supply exhibited plasticity in nutrient-

acquisition strategies. We hypothesised that the shifts in nutrient limitation and nutrient-acquisition 

strategies at the community level would also be found at the species level. Leaf N: P ratios and the 

responses to nutrient availability suggested that growth of both species exhibited P-limitation in all 

treatments, due to the very high leaf [N] of legumes afforded by symbiotic N fixation. Mycorrhizal 
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colonisation was not greater at higher P supply, and root exudation of carboxylates was not stimulated 

at low P supply; both were unrelated to leaf [Mn]. However, nodule production declined with 

increasing N supply. We conclude that intraspecific variation in nutrient acquisition and use is low in 

these species, and that the variation at the community level, observed in previous studies, is likely 

driven by high species turnover.  

Abbreviations – CV, coefficient of variation 

 

 

Introduction 

Nutrient limitation is an agronomic concept adopted in ecology, and difficult to quantify in 

native ecosystems without disrupting the systems (Chapin et al. 1986). Nutrient-limited crop plants 

respond to the addition of growth-limiting nutrients with an increased production of biomass 

(Vitousek et al. 2010, Meharg and Marschner 2012). In contrast, growth of native plants in nutrient-

impoverished ecosystems often hardly responds to nutrient addition, and these plants may even 

experience nutrient toxicity (Chapin et al. 1986, Specht 1963). This suggests that their adaptation to 

nutrient impoverishment, e.g. by inherently slow growth, may restrict their ability to respond to 

addition of nutrients. Understanding the response of native plants to changes in nutrient availability is 

important to understand the factors controlling their distribution and abundance in landscapes where 

soil nutrient levels vary greatly, and when subjected to eutrophication, for example increased 

atmospheric nitrogen (N) deposition (Phoenix et al. 2006, Bustamante et al. 2012) or phosphorus (P) 

arriving in run-off or dust (Lambers et al. 2013). Nutrient availability is one of the main drivers of 

plant species distributions (John et al. 2007, Perry et al. 2008), in part because plants can only 

germinate, grow and reproduce where they are able to tolerate local environmental conditions. 

Therefore, the ability to acquire nutrients is crucial for plant establishment. 

Nutrient-acquisition strategies at the community level vary with soil age and associated 

changes in growth-limiting soil nutrients (Walker and Syers 1976, Turner and Condron 2013, Hayes et 

al. 2014, Wardle et al. 2008, Zemunik et al. 2015). A chronosequence is a sequence of soils of 

different ages developed on similar parent materials and relief under the effect of constant climatic and 
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biotic factors (Stevens and Walker 1970). Pedogenic processes cause P loss from the soil, while N is 

absent from most parent materials and is accumulated by biological fixation, so that plant growth on 

young soils tends to be N-limited, and that on old soils P-limited (Walker and Syers 1976). The type 

and strength of nutrient limitation for plant growth can be assessed through nutrient addition 

experiments (Lannes et al. 2016), or by analysing foliar nutrient ratios, such as N: P (Güsewell 2004, 

Richardson et al. 2004, Vitousek et al. 2010, Wardle et al. 2004, Redfield 1958, Hayes et al. 2014). 

Such nutrient-addition experiments and analyses of foliar N: P ratios have highlighted shifts in nutrient 

limitation from N to P limitation of plant growth with increasing soil age and degree of weathering 

along long-term soil chronosequences (Laliberté et al. 2012, Vitousek and Farrington 1997, 

Richardson et al. 2004). Assessing nutrient-limitation and nutrient-acquisition strategies along 

gradients of nutrient availability can help explain species distributions across these gradients (Laliberté 

et al. 2013, Laliberté et al. 2014). 

Nutrient limitation of plant productivity influences the relative abundance of species with 

different nutrient-acquisition strategies. Plants can acquire P directly through their roots or through 

symbiosis with mycorrhizal fungi (Smith and Read 2008). Mycorrhizal plants are more prominent on 

younger, or more fertile soils, while morphological and physiological specialisations in non-

mycorrhizal cluster-rooted, or functionally similar, plants are more abundant on older, severely P-

impoverished soils (Zemunik et al. 2015, Oliveira et al. 2015, Abrahão et al. 2014, Zemunik et al. 

2018). Each strategy entails carbon (C) costs, which must be balanced against benefits in terms of 

acquisition of growth-limiting nutrients (Lynch and Ho 2005, Kaiser et al. 2015). Non-mycorrhizal 

morphological specialisations such as cluster roots exude a large amount of carboxylates 

(physiological specialisation) that may require half of daily photosynthates, if growth and respiration 

are included (Lambers et al. 2006); however, the highly-localised exudation of organic anions can 

desorb strongly-bound forms of P (Lambers et al. 2002, Jones 1998, Oburger et al. 2009, Ryan et al. 

2001). As a result of rapid rates of carboxylate release, soil manganese (Mn) is mobilised (Grierson 

and Attiwill 1989, Dinkelaker et al. 1995, Gardner et al. 1982) and can accumulate in leaves (Gardner 

and Boundy 1983, Shane and Lambers 2005, Muler et al. 2014). Arbuscular mycorrhizal fungi, one of 

several mycorrhizal types, also require a large carbon supply from the plant to build and maintain their 

hyphae, but these hyphae extend the P-acquisition volume well beyond P depletion zones around fine 

roots (Kikuchi et al. 2016, Bitterlich and Franken 2016, Raven et al. 2018). Arbuscular mycorrhizal 

colonisation significantly decreases the amount of Mn transferred to the host plant (Kothari et al. 
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1991, Nogueira et al. 2007, Bethlenfalvay and Franson 1989, Nazeri et al. 2014). Therefore, leaf [Mn] 

may be used as a proxy to understand if plants rely on carboxylate release or mycorrhizal associations 

for P-acquisition in P-poor soils (Lambers et al. 2015). Additionally, plants can exhibit root 

morphological plasticity, such as greater root length per unit dry mass of root (specific root length), or 

greater investment in root biomass relative to total biomass (root: mass ratio) in response to changes in 

nutrient availability (Kramer-Walter and Laughlin 2017). The shifts in relative abundance of 

mycorrhizal and non-mycorrhizal plants with changes in P availability are well studied (Zemunik et al. 

2015, Oliveira et al. 2015), while the within-species shifts in P-acquisition strategies with changes in P 

availability are relatively poorly known (Albornoz et al. 2016, Png et al. 2017, Pang et al. 2010, de 

Campos et al. 2013). Intraspecific variation in nutrient-acquisition can play a fundamental role in plant 

community responses to environmental change and community assembly (Kichenin et al. 2013, 

Kramer-Walter and Laughlin 2017). 

Investment in N-acquisition strategies also varies with soil N and P availability. Nitrogen can 

be acquired directly or through symbioses with N-fixing bacteria in root nodules, allowing plants to 

acquire atmospheric N (Vitousek et al. 2002). Nodule formation is inhibited by sufficient N supply 

(Streeter and Wong 1988), and increased by high P supply (Albornoz et al. 2016), due to plant growth 

stimulation increasing N demand (Robson et al. 1981). Nodule functioning represents large C and P 

costs (Ryle et al. 1979), but the additional N supply compensates for this C investment by allowing 

faster rates of photosynthesis (Tjepkema and Winship 1980). Some species use more than one 

nutrient-acquisition strategy, e.g. some legumes like Kennedia (Fabaceae), native to the south-western 

Australian kwongan, release carboxylates and form mycorrhizal associations and nodules (Adams et 

al. 2002, Ryan et al. 2012). It is likely that other co-occurring legumes also present all three strategies. 

Very few studies have tested the effects of nutrient addition on how species are positioned along the 

trade-off axis between C investment in mycorrhizas versus carboxylates (Ryan et al. 2012), or between 

mycorrhizas and nodules (Larimer et al. 2014).  

In this study, we determine the effect of increasing N and P supply on four nutrient-acquisition 

strategies (i.e. mycorrhizas, carboxylate release, root morphological plasticity and nodule formation) 

within two congeneric woody legumes, native to shrublands of south-western Australia. The species 

belong to the genus Bossiaea, are mycorrhizal, and associate with Bradyrhizobium spp. to fix N 

(Lange 1959, Parker 2015, Thrall et al. 2011, Brundrett and Abbott 1991). The species occur along 

two retrogressive soil chronosequences in Australia, on sand-dunes covering 2-million years of 
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pedogenesis (Turner et al. 2018). These chronosequences offer excellent model systems to test for 

changes in nutrient-acquisition-strategies with soil nutrient availability, while controlling for host 

identity. Total soil P concentration declines 40-fold along the Jurien Bay and 10-fold along the Warren 

chronosequence from the youngest to the oldest soils (Turner et al. 2018, Turner and Laliberté 2015). 

We also grew these species in a glasshouse in order to remove possible confounding factors driving 

nutrient-acquisition strategies in the field, such as biotic interactions and differences in soil pH. 

Bossiaea linophylla R.Br. occurs along all the stages of the Warren chronosequence, while B. 

eriocarpa Benth. occurs only at the three oldest stages of the Jurien Bay chronosequence. We 

examined four hypotheses. (a) Low P supply, regardless of N supply, would stimulate carboxylate 

release and increase leaf [Mn], inhibit arbuscular mycorrhizal colonisation, and increase investment in 

roots (e.g., increase specific root length and root: mass ratio). (b) High N supply at low P supply 

would inhibit nodulation in the glasshouse, whereas high P supply would enhance nodulation, because 

of the high P requirements of nodules. (c) Leaf nutrient concentrations would increase with increasing 

N and P availability, and suggest a switch from N to P limitation along the chronosequences in the 

field, but plants would have nutrient-conserving traits such as slow growth and little growth response 

to nutrient addition in the glasshouse. (d) B. eriocarpa would present less variation in nutrient-

acquisition and -use strategies between chronosequence stages and also between glasshouse treatments 

than B. linophylla as it only occurs in the oldest stages of the Jurien Bay chronosequence, which 

present less variation in soil pH and total P. 

 

Methods 

Field sampling 

Study area. We conducted the study along two retrogressive, long-term soil chronosequences on the 

south-western Australian coast (Fig. 1), each consisting of a series of parallel sand dunes deposited 

over more than 2 million years (Turner et al. 2018). Stages 1 to 3 correspond to dunes deposited 

during the Holocene (up to 6 500 years old), stages 4 and 5 correspond to dunes deposited during the 

Middle Pleistocene (120 000 to 500 000 years old) and stage 6 corresponds to Early Pleistocene dunes 

(up to 2 million years old) (Playford et al. 1976, Turner et al. 2018, Turner and Laliberté 2015). There 

are ten permanent 10 m x 10 m plots installed within each chronosequence stage at the Jurien Bay 

chronosequence and five 20 m x 20 m plots per stage at the Warren chronosequence (Laliberté et al. 
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2014, Turner et al. 2018). Minimum distance between plots was 2 km at the Jurien Bay 

chronosequence and 50 m at the Warren chronosequence (Hayes et al. 2014). The Jurien Bay 

chronosequence (30.29° S, 115.04° E) has a warmer (mean annual temperature, MAT, 19°C) and drier 

(mean annual precipitation, MAP, 533.2 mm) climate than the Warren chronosequence (34.62° S, 

115.89° E; MAT 15°C, MAP 1184 mm) (Turner et al. 2018). Changes in soil N and P availability 

across both sequences are consistent with predictions of long-term soil and ecosystem development 

(Walker and Syers 1976, Turner and Condron 2013). Total soil [P] is highest at the youngest stages 

and is lowest at the oldest stages (Fig. 2); total soil [N] is greatest at intermediate stages (Turner et al. 

2018). The total soil [P] of the soil is considerably higher at the Jurien Bay chronosequence (266 mg 

kg-1, 10 cm depth) than at the Warren chronosequence (25 mg kg-1). However, both chronosequences 

reach the same low levels of total soil [P] at the oldest stages (6 mg kg-1) (Turner et al. 2018). The 

proportion of P as organic P is higher along the Warren than at the Jurien Bay chronosequence (Turner 

et al. 2018). The pedogenic processes include loss of carbonates and a pH decline from approximately 

8 to 4 at both chronosequences. Complete soil and vegetation descriptions can be found in Turner et 

al. (2018) and detailed information about the Jurien Bay chronosequence in Turner and Laliberté 

(2015). An interesting feature of these landscapes is that they present high vascular plant species 

diversity and high endemism at very low nutrient availability (Hopper 2009, Hopper and Gioia 2004, 

Hopper et al. 2016, Zemunik et al. 2016). 

Species selection. We selected two congeneric native legume species that occur along the 

chronosequences and tested if the species switched nutrient-acquisition strategies according to N or P 

limitation along the chronosequences, and also in a glasshouse experiment. Bossiaea linophylla is an 

erect shrub, 0.4 to 2.2 m tall, growing in sandy soils, coastal limestone, dunes and granite rocks of the 

South-West Province of Australia, from Bunbury to Albany (FloraBase 2017). It occurs across all 

stages of the Warren chronosequence, with relative canopy cover of 5, 3, 9, 8 and 1% for stages 1, 2, 

3, 4 and 6, respectively (Zemunik et al. unpublished data). Bossiaea eriocarpa is an erect or spreading 

shrub to 1 m tall that grows on sandy soils of the South-West Province from Geraldton to Albany 

(FloraBase 2017); it grows within stages 4 to 6 of the Jurien Bay chronosequence, with relative cover 

of 4, 2 and 1%, in stages 4, 5 and 6, respectively (Zemunik et al. 2016). Both B. linophylla and B. 

eriocarpa are legumes and associate with N2-fixing Bradyrhizobium spp. to form nodules (Lange 

1959, Parker 2015, Thrall et al. 2011). Bossiaea is also colonised by arbuscular mycorrhizal fungi 

(Zemunik et al. 2015, Brundrett and Abbott 1991). Some south-western Australian herbaceous 
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legumes release large amounts of carboxylates (Ryan et al. 2012), and we expected Bossiaea to do the 

same, because of the relatively high leaf [Mn] of B. eriocarpa along the Jurien Bay chronosequence 

(Zemunik et al., unpublished data). 

Plant material. We collected mature, fully-expanded leaves of B. linophylla from three individuals 

per plot within 30 m, for five plots per chronosequence stage in November 2015 (Table S1). Bossiaea 

linophylla occurred at five stages (1-4 and 6). No plots were set up in the stage 5 described in Turner 

et al. (2018). Since B. eriocarpa does not occur along the entire chronosequence, we collected leaves 

from four individuals per plot in a total of 10 plots from three stages in September 2016 (Table S1). 

Bossiaea eriocarpa only occurred in one plot of stage 5, which is pedologically very similar to stage 4, 

both belonging to Spearwood dune system (Turner et al. 2018), so samples from stages 4 and 5 were 

pooled for statistical analyses. Leaves from both species were bulked per plot, oven-dried for 96 h at 

70°C and ground with a Geno/Grinder 2010 (SPEX SamplePrep, Metuchen, NJ) using ceramic 

bearings for 3 min at 1500 rpm. Leaf nutrient analyses were conducted at the ChemCentre, Perth, 

Australia. A subsample was digested in concentrated HNO3: HClO4 (3: 1 v/v) and Mn and P 

concentrations were analysed in an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-

OES, Varian Australia Pty Ltd, Australia). All digests were first analysed using a simultaneous Varian 

Vista Pro (Varian Australia Pty Ltd, Australia), radially configured ICP-OES equipment fitted with an 

Auto Sampler (CETAC ASX-510, Omaha, NE). A second subsample was analysed for total leaf [N]. 

Samples were digested using the Kjeldahl method with a mixture of salicylic and sulfuric acid with 

hydrogen peroxide (Bradstreet 1965), diluted and analysed by the Berthelot colourimetric 

determination (Searle 1984, Varley 1966) using a two-channel autoanalyser (Technicon AAII, 

Technicon Instrument Corporation, Tarrytown, NY). 

Field mycorrhizal colonisation. To measure arbuscular mycorrhizal colonisation, we collected at 

least 30 cm of young roots from the same plants from which we collected leaves and immediately 

cleaned them with water and stored them in ethanol (50% v/v). In the laboratory, we cleared the roots 

in KOH (10 % w/v) at room temperature for 7 days and further heated them in a water bath at 90°C for 

1-3 h. We acidified the roots in HCl (1% v/v) overnight and transferred them to Parker blue ink in 

white vinegar (5% v/v) for 3 hrs at room temperature (Vierheilig et al. 1998). We thoroughly rinsed 

the samples to remove excess ink and stored them in acidified glycerol (50% v/v with 5% HCl). We 

assessed mycorrhizal colonisation by counting the number of arbuscular mycorrhizal hyphae, 

arbuscules and vesicles in 30 cm of root using the slide method at 200 x magnification (Giovannetti 
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and Mosse 1980). We divided each 1 cm root fragment in 10 visual fields and then recorded the 

presence/absense of mycorrhizal structures in each field. The percentage was the average proportion of 

fields where mycorrhizal structures were present. 

 

Glasshouse experiment 

Set up. We set up a factorial design with four P treatments (0, 0.5, 5 and 50 mg P kg-1 soil) and three 

N treatments (10, 30 and 50 mg N kg-1 soil) with eight replicates for each treatment. The treatments 

we chose covered the range of total soil P and N along both chronosequences (Turner et al. 2018). We 

planted two plants per pot to allow measurement of carboxylates on one plant and mycorrhizal 

colonisation on the other (total number of pots per species: 4 x 3 x 8 = 96). We also had two non-

planted pots per treatment combination to measure microbial carboxylates. Since carboxylate 

concentration in non-planted pots was negligible, we did not discuss this data any further. 

Germination. We purchased seeds of B. linophylla and B. eriocarpa from Nindethana Seed Service, 

Western Australia. To break dormancy, we boiled the seeds for 60 s (Bell et al. 1993) and then soaked 

them overnight in aerated sterile deionised (DI) water. We surface-sterilised the seeds in 70% (v/v) 

ethanol for 10 s, rinsed three times in sterile DI water, submerged seeds for 10 s in 2% (v/v) sodium 

hypochlorite and then rinsed in DI water a further three times. We spread the seeds on two 18.5 cm 

diameter filter papers in 20 cm diameter Petri dishes and placed them in a controlled-temperature 

room in the dark at 15°C and sprayed daily with DI water (Bell et al. 1995). After the radicle emerged 

(21 to 48 days), seeds were transferred into steam-pasteurised washed coarse river sand in seed trays 

(cell dimensions: 36 × 38 × 60 mm) and kept in the dark until cotyledons emerged. As soon as the 

cotyledons emerged, the seed trays were transferred to a glasshouse with a shade cloth reducing the 

light intensity to 30% in January 2016. To keep the seedlings moist, seed trays were covered with a 

plastic cover. Between February and April 2016, the glasshouse temperatures varied between 13 and 

34°C during the day and between 13 and 24°C during the night. The relative humidity ranged from 31 

to 75% and peak irradiance varied from 700 to 2000 μmol m-2 s-1. The seedlings were watered every 

second day with DI water. 

Plant growth. We lined pots of 8.5 cm × 8.5 cm × 18 cm depth with plastic bags and filled with 1.08 

kg of air-dried, double steam-pasteurised, washed coarse river sand. We fertilised with a P- and N-free 

basal nutrient solution containing: K 62 mg kg-1, S 43 mg kg-1, Ca 27 mg kg-1, Fe 14 mg kg-1, Cl 35 mg 
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kg-1, Mg 7.9 mg kg-1, Cu 1.3 mg kg-1, Zn 2.3 mg kg-1, Mn 9.4 mg kg-1, B 0.12 mg kg-1, Mo 0.09 mg kg-

1. We added N as potassium nitrate (KNO3) at 10, 30 or 50 mg N kg-1 soil (N10, N30, N50) and P as 

monopotassium phosphate (KH2PO4) at 0, 0.5, 5 or 50 mg P kg-1 soil (P0, P0.5, P5, P50). We did not 

include a zero N treatment, as native legumes showed poor establishment in such a treatment in 

previous experiments (Png et al. unpublished data). 

On top of the sand was added 120 g of field soil, which was intended to act as inoculum for 

arbuscular mycorrhizal fungi and rhizobia. We did so to maximise the chances that the inoculum 

interacts with roots of very small seedlings following emergence. The use of inoculum as top-soil only 

was effective in previous studies in our group (Png 2016). The field soil was a 1:1 mix of soil 

collected under B. eriocarpa and B. aquifolium. We collected the soil under B. eriocarpa from 0-10 

cm in a sandy soil in bushland at Harrisdale in the Perth metropolitan area (32°10’ S, 115°92’ E), 

Australia. We collected the soil under B. aquifolium from 0-10 cm in a lateritic soil in bushland at 

Waroona, ~100 km south of Perth, Australia. We used the field soil mix to represent the diversity of 

habitats of occurrence of Bossiaea in the field. We did not have access to soil under B. linophylla at 

the time of the experimental set-up, but arbuscular mycorrhizal fungi are known to associate with a 

wide range of plant species hosts (Smith and Read 2008). 

Chemical analyses of the soils were conducted at ChemCentre, Perth, Australia (Table 1). 

Total N was measured after digestion with sulfuric acid, in the presence of a catalyst. Using a 

Technicon AA11 segmented flow auto-analyser (Technicon Instrument Corporation, City, NY), the 

digest was diluted, and N was determined by reaction with chlorine and salicylic acid to form a blue 

compound (Berthelot reaction). Total P was determined using the same digest colourimetrically as the 

phosphomolybdenum blue complex (Murphy and Riley 1962) with a Shimadzu UV-Vis 

spectrophotometer (Columbia, MD). Other soil nutrients were measured using the Mehlich-3 

extraction followed by ICP-OES analysis in a Arian Vista axial ICP-OES (Rayment and Lyons 2011). 

Three months after the first seeds germinated (April 2016 - autumn), seedlings were 

transplanted to the pots prepared with nutrients and soil inoculum. After transplanting, the soil surface 

in each pot was covered with 10 g of polyethylene beads to minimise soil evaporation. Over the 

following three months, we watered the plants with deionised water to 90% field capacity three times 

a week, and then to 70% once a week from June 2016. We recorded pot weight before each watering. 
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The position of the pots was re-randomised fortnightly. Between April and August, the glasshouse 

temperatures varied between 10 and 27°C during the day, and between 10 and 22°C during the night. 

The relative humidity ranged from 28 to 82% and peak irradiance varied from 900 to 1500 μmol m-2 s-

1. 

Harvest. Plants were harvested in August 2016. We removed and separated the two plants per pot for 

either carboxylate collection (plant A) or mycorrhizal colonisation analysis (plant B). For plant A, the 

soil that remained attached to the roots after gently tapping the roots was considered rhizosphere soil 

(Veneklaas et al. 2003). To collect the rhizosphere carboxylates, we gently immersed the roots 

covered with rhizosphere soil of plant A in a known volume (~20 ml) of 0.2 mM CaCl2 for 1 min. We 

filtered 1 ml of the rhizosphere extract with a 22-μm syringe filter into 25 μl of concentrated 

orthophosphoric acid and froze the samples at -20°C. Carboxylate concentrations were determined 

using HPLC, following Cawthray (2003). Working standards of tartaric, formic, malic, malonic, lactic, 

acetic, maleic, citric, succinic, oxalic, fumaric, cis-aconitic and trans-aconitic acids were used. After 

carboxylate collection, we rinsed the plant in deionised water, removed the excess water with a paper 

towel, and separated the roots, the stem and the leaves. Leaves and stems were dried at 70°C for 4 d. 

Roots were wrapped in damp paper towels in a zip lock bag for a maximum of 48 h at 4°C. Nodules 

were then counted and removed and the whole root system floated in a transparent tray in water and 

scanned, and analysed for root length, root surface area and average diameter with WinRhizo 

(WinRhizo system, Regent Instruments, Montreal, Canada). Roots were then dried at 70°C for 4 d. 

Root: mass ratios were calculated as the ratio between root and total plant dry mass. Plants were 

considered dead when leaves and stem had turned brown. Plants exhibiting these symptoms were 

rewatered for one month and those that did not recover were confirmed as dead. 

Mycorrhizal analysis. To measure mycorrhizal colonisation, roots of plant B were rinsed and treated 

as for the field samples, except for staining. We treated the stem and leaves as described above for 

plant A. Root samples were stained in Trypan Blue (0.05% w/v) for an hour in a water bath at 90°C, 

rinsed and stored as described for field samples. We assessed mycorrhizal colonisation using the 

intersect method by counting the number of arbuscular mycorrhizal hyphae, arbuscules and vesicles at 

each intersect (Giovannetti and Mosse 1980) for at least 180 intersects. Note that the assessment 

method used for the field samples can result in a slightly higher estimate of the level of colonisation 

than the method used for the glasshouse samples (Giovannetti and Mosse 1980). 
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Leaf nutrient concentrations. Leaf samples were bulked per pot for nutrient analyses. Dry leaves 

were ground as described above, a subsample was digested using concentrated HNO3: HClO4 (3:1) 

and analysed for P and Mn concentrations in an Inductively Coupled Plasma Optical Emission 

Spectrometer (ICP-OES, Perkin Elmer 5300DV, Waltham, MA). A second subsample was used for 

determination of total N concentration using the combustion method (Elementar Vario Macro, Hanau, 

Germany). All the glasshouse nutrient analyses were performed at Earth and Environment Analysis 

Laboratory (EEAL), The University of Western Australia. To estimate the control of nutrient uptake, 

we calculated coefficients of variation (CV) of leaf nutrient concentrations. 

 

Statistical analyses 

All statistical analyses for the field data and glasshouse experiment involved model selection 

using corrected Akaike Information Criterion (AICc). For the field data, linear models were used to 

compare plant attributes among stages, modelled as categorical variables to test specific differences 

among chronosequence stages. A model with intercept only (null model) (Mac Nally et al. 2018) was 

compared with a model with chronosequence stage as an independent variable. We checked model 

assumptions graphically (Zuur et al. 2009), and if they were not met, variance was modelled using 

generalised least square models (gls) with the nlme package (Pinheiro et al. 2017). If the models 

presented residual heteroscedasticity or non-normality, nutrient concentrations were modelled using 

generalised linear models (glm) with gamma distribution. Because mycorrhizal colonisation is a 

percentage, we modelled it using beta regressions with the betareg package (Cribari-Neto and Zeileis 

2010), adding 10-11 to all the values, because zeros cannot be included in betareg. We selected random 

terms in gls and fixed terms in all the models using the corrected Akaike Information Criterion (AICc) 

(Zuur et al. 2009). If the differences in AICc between models were less than two units, we chose the 

most parsimonious model (Arnold 2010). If the term chronosequence stage was in the selected model, 

Tukey’s post-hoc comparisons were performed with the lsmeans package (Lenth 2016). 

For the glasshouse experiment, two-way ANOVAs were used to model differences between 

the plant attributes measured in N and P supply treatments, modelled as categorical variables. We 

compared a null model with models with P and N supply, with and without interactions, as 

independent variables, and with only P or only N supply as independent variables. To meet model 

assumptions gls, glm and betareg were used as described above. Post-hoc comparisons were 
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undertaken as described above. All statistics were undertaken in R 3.3.2 (R Development Core Team 

2017). 

 

Results 

Field data 

Leaf [P] of B. linophylla followed total soil [P] along the high-rainfall Warren 

chronosequence, being lowest in younger and older soils (Fig. 2A, Fig. 3A, CV of leaf [P] = 32%, 

Table S2). It increased from 0.8 ± 0.1 mg P g-1 DW (least square mean ± CI) at the younger 

chronosequence stages (1-2) to 1.3 ± 0.2 mg P g-1 DW at the intermediate stages (3-4), and decreased 

again to 0.6 ± 0.2 mg P g-1 at the oldest stage (Fig. 3A). By contrast, B. eriocarpa along the low-

rainfall Jurien Bay chronosequence maintained a similar, relatively low, leaf [P] (0.4 ± 0.1 mg P g-1 

DW) at stages 4-6 (Fig. 3B, Table S2, CV = 19%). Leaf [N] of B. linophylla was greatest at stage 3 

(21 ± 2 mg N g-1 DW), being lower on younger and older soils (Fig. 3C, Table S2, CV= 16%). Again, 

B. eriocarpa maintained a similar leaf [N] at stages 4-6 (19 ± 1 mg N g-1 DW, Fig. 3D, Table S2, 

CV=11%). Leaf N: P ratios of B. linophylla were similar among stages 1-4 (19 ± 2 mg N g-1 DW), and 

higher at stage 6 (28 ± 3 mg N g-1 DW, Fig. 3E, Table S2, CV=109%). Leaf N: P ratios of B. 

eriocarpa were similar among stages 4-6 and greater than those of B. linophylla (43-48 ± 2 mg N g-1 

DW, Fig. 3F, CV= 11%).  

Leaf [Mn] varied greatly among chronosequence stages (Fig. 4A-B). In B. linophylla, the leaf 

[Mn] started at 11 ± 2 mg Mn kg-1 DW at stage 1, and reached a very high 568 ± 163 mg Mn kg-1 DW 

at stage 6 (Fig. 4A, Table S2, CV=150%). In B. eriocarpa, leaf [Mn] varied around 24 ± 8 mg Mn kg-1 

DW at stages 4 and 5, but increased to 98 ± 8 mg Mn kg-1 DW at stage 6 (Fig. 4B, Table S2). 

The proportion of root length colonised by arbuscular mycorrhizal fungi was similar at all 

stages for both species (Fig. 4C-D). In B. linophylla, mycorrhizal colonisation varied from 35 ± 9% at 

the first stages to 58 ± 13% at stage 4 (Fig. 4C, Table S2). In B. eriocarpa, mycorrhizal colonisation 

varied between 24 ± 6% at stage 6 and 32 ± 7% at stages 4-5 (Fig. 4D, Table S2). 

 

Glasshouse experiment 
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Leaf [P] increased with increasing N and P supply for both species (Fig. 5A, b no P-N 

interaction). In both species leaf [P] approximately doubled from P0-P50 (Fig. 5B, CV of leaf [P] of B. 

linophylla = 52%, B. eriocarpa =39%). Leaf [N] also varied with increasing N and P supplies in both 

species (Fig. 5C, D, Table S3, no interaction between N and P supply). In B. linophylla, leaf [N] 

increased approximately 30% between P0-P50 and 15% between N10-N50 (CV= 17%). In B. 

eriocarpa, maximum leaf [N] variation was 26% between N10-N50 (CV= 18%). Leaf N: P ratios 

decreased with increasing P supply, but increased with increasing N supply for both species (Fig. 5E, 

F, Table S3, no N-P interaction). In B. linophylla N: P ranged from 25 ± 5 in P50/N10 to 52 ± 6 in 

P0/N50 (CV= 27%). In B. eriocarpa N: P ranged from 32 ± 5 to 63 ± 7 in the same treatments (CV= 

23%). 

Total dry biomass was very similar for the two species, and increased more than three-fold 

between P0 and P50 (Fig. 6, Table S3), but did not vary with increasing N supply (Table S3). Total 

biomass in B. linophylla varied from 0.12 ± 0.03 g in P0 to 0.40 ± 0.11 g in P50; and from 0.12 ± 0.06 

g to 0.43 ± 0.13 g in B. eriocarpa in the same treatments. Changes in the total biomass were due to 

increases in leaf, stem and root biomass in both species (Fig. 6). However, root length, root volume 

and root surface area increased with increasing P supply in B. linophylla only (data not shown, Table 

S3). Root: mass ratio decreased with P supply in B. linophylla and decreased with increasing P supply, 

but increased with increasing N supply, in B. eriocarpa (data not shown, Table S3). 

While increasing N supply did not affect biomass in B. linophylla, specific root length (root 

length/root dry weight) decreased with increasing P supply and increased with increasing N supply in 

the P0 and P0.5 treatments, but decreased with increasing N supply in the P5 and P50 supplies (data 

not shown, Table S3). Specific root length did not vary with P and N supply in B. eriocarpa (data not 

shown, Table S3).  

We detected citrate (59-98% of total amount of rhizosphere carboxylates for B. linophylla and 

0-77% for B. eriocarpa), malate (0-38% for B. linophylla and 7-74% for B. eriocarpa), malonate (0-

1% for B. linophylla and 0-23% in B. eriocarpa) and lactate (undetected for B. linophylla and 0-20% 

in B. eriocarpa) in decreasing order of amounts (Fig. 7). We also detected acetate, maleate and 

fumarate, but in much lower amounts. Total carboxylate amount in B. linophylla was positively 

affected by both increasing P and N supply (P-N interaction), but we did not find differences in 

pairwise comparisons between treatment combinations (Fig. 7C, Table S3). Total carboxylates in the 
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rhizosphere varied from 2.4 ± 1.3 μmol g-1 root DW at P0/N10 to 13.5 ± 31.7 μmol g-1 root DW at 

P0/N50 in B. linophylla. In the P50 treatment, B. linophylla showed 5.8 ± 4.6 μmol g-1 root DW at 

N10 and 22.9 ± 23.2 μmol g-1 root DW at N50. The total amount of carboxylates in the rhizosphere of 

B. eriocarpa was one order of magnitude less than that in B. linophylla (Fig. 7D, Table S3). Total 

carboxylates decreased with increasing N supply, with no pairwise differences, from 0.39 ± 0.26 μmol 

g-1 root DW at N10 to 0.07 ± 0.08 μmol g-1 root DW at N50. 

Mycorrhizal colonisation decreased with increasing N supply in B. linophylla, but was 

independent of P supply (Fig. 8A, Table S3). In B. eriocarpa, mycorrhizal colonisation decreased with 

increasing P supply, being highest at intermediate N supply (N30) (23 ± 1% colonisation) and lowest 

in P0.5 (4 ± 2% colonisation, Fig. 8B, Table S3). Numbers of nodules per plant decreased with 

increasing N supply for both species, but increased with increasing P supply in B. linophylla (Fig. 

8C,D, Table S3; note no P-N interaction). In the P0 treatment, B. linophylla presented 11 nodules at 

N10, but only 1 nodule at N50, and in the P50 treatment, 24 nodules at N10 and 14 at N50. In B. 

eriocarpa, only N supply affected nodule formation. Numbers of nodules of B. eriocarpa decreased 

from 10 in N10 to 5 in N50 (Fig. 8D, Table S3). 

Leaf [Mn] of B. linophylla decreased with increasing P supply, but increased with increasing 

N supply (Fig. 9A, no N-P interaction). In B. linophylla, leaf [Mn] halved from P0 to P50, but 

increased 30% between N10-N30 (CV= 26%). However, total leaf Mn content (leaf [Mn] multiplied 

by leaf mass), increased with increasing P supply (data not shown) so the decrease in leaf [Mn] with 

increasing P supply was due to a dilution effect. In B. eriocarpa leaf [Mn] decreased 30% with 

increasing P supply from P0 to P50, being constant among N treatments (Fig. 9B, CV= 24%) and total 

leaf Mn content of B. eriocarpa did not change with increasing N or P supply (data not shown). 

Mortality rate increased with increasing N supply in both species and was unaffected by P 

supply (Fig. S1, Table S3). In B. linophylla, mortality rates increased from 29% at N10 to 75% at N50 

(Fig. S1A). In B. eriocarpa, mortality rates increased from 23% at N10 to 53% at N50 (Fig. S1B). 

 

Discussion 

We investigated whether P and N availability affected P- and N-acquisition strategies of two 

legume species native to the south-western Australian kwongan by investigating foliar [P], [N] and 
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[Mn] and root mycorrhizal colonisation along two chronosequences with distinct P and N availabilities 

(Turner et al. 2018). Additionally, we investigated how varying P and N supply affected foliar [P] and 

[N], biomass production and allocation, root morphology, rhizosphere carboxylate amount, 

mycorrhizal colonisation and nodulation in a glasshouse experiment. We observed few differences in 

physiological (e.g. carboxylate release) and symbiotic P-acquisition strategies, but did observe 

differences in the specific root length and and root: mass ratio. Our results show that growth of two 

Bossiaea species is usually P-limited due to the supply of N from N-fixation, and that the two species 

presented different shifts in nutrient-acquisition strategies with change in nutrient-

availability.Together, these findings have implications for the occurrence of the two species along the 

two chronosequences. 

Phosphorus-acquisition strategies at different nutrient availabilities 

We tested if nutrient-acquisition strategies of Bossiaea shifted as observed at the community-level by 

Zemunik et al. (2015). We rejected our hypothesis that low P supply would stimulate carboxylate 

exudation, but instead observed a greater reliance on morphological modifications (e.g., greater 

specific root length) for P uptake. We found that for B. linophylla, increasing P supply increased the 

amount of rhizosphere carboxylates (Fig. 7c). A similar result was observed by D’Angioli et al. (2017) 

for Zea mays and by Huang et al. (2017) for Agonis flexuosa (Myrtaceae), which also grows along the 

entire Warren chronosequence. When grown in a glasshouse, the amount of rhizosphere carboxylates 

of A. flexuosa increased two-fold between 0 and 30 mg P kg-1 soil treatments. The increased amount of 

carboxylates in the rhizosphere of A. flexuosa occurred in the treatments with lowest root: shoot ratios 

and highest photosynthetic rates, possibly indicating release of excess C by the roots (Huang et al. 

2017). The amount of rhizosphere carboxylates of B. linophylla (maximum ~20 µmol g-1 root DW) 

was of the same order of magnitude as those found in several other glasshouse studies for a range of 

species, native and exotic, for example, several Kennedia species inoculated with arbuscular 

mycorrhizal fungi (Ryan et al. 2012) and Cullen australasicum, Bituminaria bituminosa, Medicago 

sativa and Trifolium subterraneum (Nazeri et al. 2014). However, they were much less than those 

presented for Cicer arietinum and Lupinus albus by Veneklaas et al. (2003) and K. nigricans by 

Suriyagoda et al. (2012) and Ryan et al. (2012) (100-200 µmol g-1 root DW). At the lowest P supplies, 

B. linophylla appeared to rely on morphological adaptations such as greater specific root length, rather 

than on carboxylates. The rhizosphere carboxylate amounts of B. eriocarpa were one order of 

magnitude less than those in B. linophylla, and they decreased with increasing N supply, rather than 
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increasing P supply. Despite the lower rhizosphere carboxylate amounts in B. eriocarpa, the leaf [P] 

and total biomass were similar to those of B. linophylla, possibly because B. eriocarpa invested in 

alternative P-acquisition strategies, such as the release of phosphatases into the soil as observed in 

other legumes which occur along the Jurien Bay chronosequence (Png et al. 2017). Bossiaea eriocarpa 

also invested more in root biomass, as shown by the greater root: mass ratio at low P. The large 

confidence intervals of total carboxylates in the N50 treatments in B. linophylla are likely due to the 

small sample size, because of the high mortality rate in this treatment. In B. eriocarpa, the greatest 

mortality was observed in the P0/N50, and did not affect sample size of N50 at other P treatments as 

strongly as in B. linophylla. 

The proportion of arbuscular mycorrhizal plant species decreases along the Jurien Bay 

chronosequence (Zemunik et al. 2015), so we expected that the proportion of the root length colonised 

by the fungi would decrease also along the chronosequence within a single species. We expected that 

the proportion of the root colonised by mycorrhizal fungi would be low at a very low P supply, high at 

intermediate P supply and also be low at high P supply. However, we rejected our hypothesis that 

mycorrhizal colonisation would vary with P availability in the field. In fact, colonisation was constant 

along the chronosequences for both species. At the oldest stages, the costs of maintaining a 

mycorrhizal symbiosis are expected to be greater than the nutritional benefits (Lambers et al. 2018, 

Raven et al. 2018). However, at extremely low soil [P], where B. eriocarpa occurs, mycorrhizal fungi 

might have a different role. Rather than increase the uptake of P, the fungi may provide protection 

against soil pathogens (Albornoz et al. 2017, Laliberté et al. 2015, Lambers et al. 2018). Because the 

total soil [P] at the youngest stages of the Warren chronosequence is much lower than that at the 

youngest stages at Jurien Bay (Turner et al. 2018), it is likely that the role of mycorrhizal fungi in 

pathogen defence dominates much earlier during pedogenesis. This might explain why colonisation 

was constant along the two chronosequences. 

In the glasshouse experiment, increasing P supply did not affect mycorrhizal colonisation in 

the roots of B. linophylla, similar to that reported for Viminaria juncea (de Campos et al. 2013). 

Instead, root colonisation declined with increasing N supply. The decrease in mycorrhizal colonisation 

at high N supply can be explained by an increased allocation to photosynthesis, and a lower resource 

allocation to roots and, particularly, lower C-transfer to root symbionts (Marschner et al. 1996, 

Johnson 2010). This pattern is expected when enough P is supplied to the plant. The mycorrhizal 

colonisation response to nutrient addition in B. eriocarpa differed from that in B. linophylla. 
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Mycorrhizal colonisation decreased with increasing P supplies and was greatest at intermediate N 

supplies. Thus, we partially rejected our hypothesis of changes in mycorrhizal colonisation with P 

supply in the glasshouse. Therefore, the shift in the prevalence of species that acquire nutrients 

through arbuscular mycorrhizas along the chronosequence observed at the community level in Jurien 

Bay (Zemunik et al. 2015) did not happen within Bossiaea species, either in the glasshouse or in the 

field. The changes in the proportion of species that use nutrient-acquisition through mycorrhizas in the 

field must therefore be due to species turnover (Laliberté et al. 2013, Zemunik et al. 2016), rather than 

within-species changes in nutrient-acquisition strategies. 

 

Leaf [Mn] and nutrient-acquisition strategies  

Leaf [Mn] cannot be compared among chronosequence stages due to large differences in soil 

pH which affect Mn availability. Therefore, we only present within-stage comparisons with co-

occurring species. We expected that leaf [Mn] would increase with increased carboxylate release and 

decrease with increased mycorrhizal colonisation. If Bossiaea released more carboxylates than co-

occurring species at each stage, we would expect them to have greater leaf [Mn] (Lambers et al. 

2015); thus, we only partly accepted our hypothesis based on field data. Co-occurring carboxylate-

releasing species, including Proteaceae, along the Warren chronosequence (Huang et al. 2017) and 

along the Jurien Bay chronosequence (Hayes et al. 2014) present similar leaf [Mn] to those of 

Bossiaea; this may indicate facilitation by neighbouring plants, as demonstrated in glasshouse 

experiments (Muler et al. 2014). The similarity between leaf [Mn] of these species may be due to the 

root intermingling observed in the field, where we rarely found Bossiaea roots separated from cluster 

roots of other species. However, any role of facilitation needs to be confirmed using targeted 

glasshouse experiments (Lambers et al. 2018). We surmise that the increase in leaf [Mn], relative to 

that of other species at the same location, along the chronosequences is a combination of increased 

availability through mobilisation by rhizosphere microbiota and facilitation. 

 

Nitrogen-acquisition strategies at different P and N availabilities 

We expected N limitation to stimulate N-fixation, provided enough P was available (Sprent 

1999). In fact, we confirmed our hypothesis that increased N supply would reduce nodulation; 
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however, increased P supply only stimulated nodulation in B. linophylla. In the glasshouse 

experiment, we found that high N supply effectively decreased nodule formation in both species as 

expected (Streeter and Wong 1988). Nitrate application reduces nitrogenase activity and induces 

nodule senescence, for example, due to down-regulation of genes involved in mitochondrial ATP 

generation (Cabeza et al. 2014). In B. linophylla, nodule formation was also stimulated at high P 

supply, as expected due to the high P-cost of nodulation (Raven 2012, Pang et al. 2011). The range of 

leaf [P] was greater among treatments in B. linophylla than in B. eriocarpa. This might explain why 

nodule formation in B. eriocarpa responded only to increasing N, but not to increasing P supply. 

Therefore, we observed that N and P availability can drive changes in N-acquisition strategies in 

Bossiaea.  

 

Leaf P and N concentrations 

Leaf [N] and [P] of the glasshouse-grown plants were similar to those of plants in the field. 

Leaf [P] in the field (0.2-1.3 mg P g-1 DW) and in the glasshouse (0.3-0.9 mg P g-1 DW) were below 

the global average leaf [P] (1.43 mg P g-1 DW) estimated by Vergutz et al. (2012), while leaf [N] of 

both field (15-21 mg N g-1 DW) and glasshouse-grown plants (15-28 mg N g-1 DW) were equal to, or 

even higher than the global average (18.4 mg N g-1 DW) (Vergutz et al. 2012). The high [N] may 

reflect the inherently high N demand of legumes (Vitousek et al. 2002, Sprent 1999, Hayes et al. 

2014). 

We hypothesised that leaf [N] and [P] would increase with increasing supply and, indeed, leaf 

[N] and [P] of both field- and glasshouse-grown plants generally increased with increasing N and P 

supplies for both species. While leaf [N] and [P] of B. eriocarpa in the field were unchanged along the 

last three chronosequence stages, where it occurs, this was likely due to the similar soil availabilities 

of these nutrients.  

Leaf [P] and [N] of B. eriocarpa were similar to those of the N-fixing species, but higher than 

the concentrations of species with other nutrient-acquisition strategies, at the same chronosequence 

stages of Jurien Bay (Hayes et al. 2014). Leaf [P] of B. eriocarpa in the field was very similar to that 

of co-occurring legumes from stages 4 to 6, and lower than leaf [P] and [N] of legumes from the 

younger stages where B. eriocarpa does not occur (Png et al. 2017).  
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In the glasshouse experiment, Bossiaea plants increased in leaf [N] to a small extent and 

seemed to down-regulate N uptake with increasing N availability. However, the high mortality rate of 

B. linophylla (75%) and B. eriocarpa (50%) at the highest N supply (50 mg kg-1), especially at low P 

supply (0 and 0.5 mg P kg-1 soil), might indicate a threshold beyond which N uptake cannot be down-

regulated. The mortality may therefore be due to a stoichiometric imbalance (Schulze 1989), rather 

than N-toxicity, because mortality decreased at higher P supplies. Lower mortality at higher P supplies 

might also be due to the dilution of the N when biomass increased. Also, the total N supplied to the 

plants was readily available, in the form of potassium nitrate. In the field, total soil [N] can be higher, 

but is in less available organic forms (Turner and Laliberté 2015), and, thus, less likely to cause 

toxicity.  

 

Nutrient limitation, leaf N:P ratios and growth 

Nutrient limitation is diagnosed by how primary productivity and other biological processes 

respond to added nutrients (Vitousek et al. 2010). Nitrogen to P ratios above 16 indicate P-limitation 

of plant growth (Redfield 1958, Wardle et al. 2004). We expected that the growth of Bossiaea would 

switch from N to P limitation along the chronosequences, in accordance with the ecosystem 

development model of Walker and Syers (1976). Along the Warren chronosequence, N:P ratios of B. 

linophylla ranged between 17 and 19 along the first four stages, and reached 28 at the last stage, 

indicating P-limitation at all stages. Since B. eriocarpa only occurred at the last three stages of the 

Jurien Bay chronosequence, all of which have low P availability, it was not surprising that N:P ratios 

between 43 and 48 indicated growth of all plants was P-limited. The apparent P limitation of plant 

productivity in Bossiaea can be due to the high leaf [N], supported by N-fixation in nodules. 

Therefore, our results did not support our hypothesis that Bossiaea would switch from N to P 

limitation along the chronosequences, due to their high leaf [N].  

We assessed the nutrient limitation of young Bossiaea plants, measuring variation in growth 

with varying N and P supply in a glasshouse experiment. We expected that species that occur in P-

impoverished soils would present slow growth rates in order to reduce nutrient demand (Lambers and 

Poorter 1992). Indeed, Bossiaea did show conservative nutrient-use traits such as slow growth, but 

they also did respond to P addition in a modest way. The plants accumulated less than one gram of dry 

weight in five months, even at the highest nutrient supply. Co-occurring legumes from the same 
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stages, Acacia pulchella and Jacksonia floribunda, accumulated up to 5 g at similar nutrient supplies 

(50 mg P kg-1 soil, 25 mg N kg-1 soil) and up to 10 g at higher N supplies (300 mg N kg-1 soil) in six 

months (Png 2016). The slow growth of Bossiaea reveals a very conservative nutrient-use strategy. 

Despite the slow biomass accumulation, total biomass of both species more than tripled from P0 to 

P50, but it did not respond to increasing N supply, probably due to tight regulation of N-uptake. The 

range of P supplies represented the maximum variation of total soil [P] in the field along the 

chronosequences (Turner et al. 2018). Thus, our glasshouse results suggest that the growth of B. 

linophylla and B. eriocarpa seedlings in the field might be P-limited, not N-limited. The very high N:P 

ratios of glasshouse-grown plants support this contention (>25 in all treatments). Liebig´s law of the 

minimum proposes that growth is determined by the scarcest nutrient (Güsewell 2004). Since N-

fixation provides the plants with enough N, it is possible that increased N supply also increased P 

demand, leading to this apparent P-limitation.  

 

Differences in nutrient-acquisition strategies between the two Bossiaea species 

We observed very distinct responses to nutrient availability in both species. We emphasise 

that the responses to multiple nutrients are more complex than those of single nutrient-addition 

experiments due to possible interactions and stoichiometric effects. Bossiaea linophylla occurred at all 

the stages of the Warren chronosequence, with the greatest relative canopy cover at intermediate 

stages 3 and 4. Presence at all stages requires the ability to extract nutrients from a wide array of soils, 

from alkaline to acidic. The availability of many nutrients varies with soil pH (Lambers et al. 2008); 

therefore, their acquisition requires different strategies, and implies phenotypic plasticity in nutrient-

acquisition strategies or the presence of ecotypes adapted to each soil pH and stage of soil 

development (De Jong 2005, Kramer-Walter and Laughlin 2017). Bossiaea eriocarpa was restricted to 

the older P-impoverished soils, more abundant at intermediate stages. The three stages where it 

occurred presented similar N and P availabilities and pH, and B. eriocarpa also presented the same 

nutrient-acquisition strategies at all stages where it occurred, probably reflecting the similar leaf [N] 

and [P] at different stages. When grown in the glasshouse, B. eriocarpa grew well with the wide range 

of N and P supplies with acidic pH, and presented less variable leaf [P]. Therefore, we surmise that its 

occurrence in the field is due to its low capacity to acquire nutrients at high soil pH, or lower 

phenotypic plasticity in P acquisition and use. A restricted capacity of B. eriocarpa to acquire 
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nutrients in alkaline soils may indicate a specialisation, as opposed to the generalist capacity of B. 

linophylla to occupy a wider range of soil pH.  

 

Concluding remarks 

For the two species studied here, we found that the shifts in nutrient-limitation and in nutrient-

acquisition strategies at the species level are not the same as previously observed at the community 

level. While we acknowledge that the responses to multiple nutrients are more complex than that of 

single-nutrient addition experiments, we emphasise that the former remain useful, and practical, to aid 

our understanding of shifts in nutrient-acquisition strategies, and the ability of plants to occur, along 

natural gradients of soil fertility such as chronosequences. The amount of rhizosphere carboxylate was 

not up-regulated at low P supply, but the species invested in morphological adaptations for P uptake. 

Mycorrhizal colonisation of Bossiaea did not change along the chronosequences, possibly due to a 

relatively unimportant role for the fungi in nutrient uptake at very low P availability, and to their 

provision of defence against soil pathogens. Nodule formation was down-regulated by increased N 

supply, as expected. We conclude that, although the two species belong to the same genus, they have 

distinct nutrient demands and phenotypic responses to nutrient additions, probably reflecting their 

capacity to occupy different soils in the south-western Australian vegetation mosaic. 

 

Author contributions 

A.A. designed and performed the experiment and field collections, analysed and interpreted the data, 

and wrote the manuscript. R.S.O., M.H.R., E.L. and H.L. supervised the experimental design, 

interpretation and discussion of the results, and wrote the manuscript. All authors read and approved 

the manuscript. 

 

Acknowledgments − This work was supported by Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior (Capes, PhD scholarship to A. A. and Project Grant PVE 88881.068071/2014-01) and 

by the School of Plant Biology of the University of Western Australia. We thank the Western 

Australian Department of Parks and Wildlife for the licenses to work in Jurien Bay (License 

SW017907 and Regulation 4 Authority Permit CE005400). We also would like to thank A. Frémont, 

This article is protected by copyright. All rights reserved.



 22 

J. Smits, G. Reboul, P. Hayes, D. Kidd, T. Lardner, G. Cawthray, R. Creasy, B. Piasini, F. Nge, R. 

Pires and E. Halladin for the practical support at the University of Western Australia and in the field. 

MHR was funded by ARC Future Fellowship FT140100103. 

 

 

References 

Abrahão A, Lambers H, Sawaya A, Mazzafera P, Oliveira R (2014) Convergence of a specialized root 
trait in plants from nutrient-impoverished soils: phosphorus-acquisition strategy in a 
nonmycorrhizal cactus. Oecologia 176: 345-355 

Adams MA, Bell TL, Pate JS (2002) Phosphorus sources and availability modify growth and 
distribution of root clusters and nodules of native Australian legumes. Plant, Cell Environ 25: 
837-850 

Albornoz FE, Burgess TI, Lambers H, Etchells H, Laliberté E (2017) Native soilborne pathogens 
equalize differences in competitive ability between plants of contrasting nutrient‐acquisition 
strategies. J Ecol 105: 549-557 

Albornoz FE, Lambers H, Turner BL, Teste FP, Laliberté E (2016) Shifts in symbiotic associations in 
plants capable of forming multiple root symbioses across a long‐term soil chronosequence. 
Ecol Evol 6: 2368-2377 

Arnold TW (2010) Uninformative parameters and model selection using Akaike's Information 
Criterion. J Wildl Manage 74: 1175-1178 

Bell DT, Plummer JA, Taylor SK (1993) Seed germination ecology in southwestern Western 
Australia. Bot Rev 59: 24-73 

Bell DT, Rokich DP, McChesney CJ, Plummer JA (1995) Effects of temperature, light and gibberellic 
acid on the germination of seeds of 43 species native to Western Australia. J Veg Sci 6: 797-
806 

Bethlenfalvay GJ, Franson RL (1989) Manganese toxicity alleviated by mycorrhizae in soybean. J 
Plant Nutr 12: 953-970 

Bitterlich M, Franken PC (2016) Connecting polyphosphate translocation and hyphal water transport 
points to a key of mycorrhizal functioning. New Phytol 211: 1147-1149 

Bradstreet RB (1965) The Kjeldahl method for organic nitrogen. Elsevier, New York 

Brundrett MC, Abbott L (1991) Roots of jarrah forest plants. I. Mycorrhizal associations of shrubs and 
herbaceous plants. Aust J Bot 39: 445-457 

Bustamante MMC, Brito DQD, Kozovits AR, Luedemann G, Mello TRBd, Pinto AdS, Munhoz CBR, 
Takahashi FSC (2012) Effects of nutrient additions on plant biomass and diversity of the 
herbaceous-subshrub layer of a Brazilian savanna (Cerrado). Plant Ecol 213: 795-808 

This article is protected by copyright. All rights reserved.



 23 

Cabeza R, Koester B, Liese R, Lingner A, Baumgarten V, Dirks J, Salinas-Riester G, Pommerenke C, 
Dittert K, Schulze J (2014) An RNA sequencing transcriptome analysis reveals novel insights 
into molecular aspects of the nitrate impact on the nodule activity of Medicago truncatula. 
Plant Physiol 164: 400-411 

Cawthray GR (2003) An improved reversed-phase liquid chromatographic method for the analysis of 
low-molecular mass organic acids in plant root exudates. J Chromatogr 1011: 233-240 

Chapin FS, Vitousek PM, Van Cleve K (1986) The nature of nutrient limitation in plant communities. 
Am Nat 127: 48-58 

Cribari-Neto F, Zeileis A (2010) Beta Regression in R. Journal of Statistical Software 34: 1-24 

D’Angioli AM, Viani RAG, Lambers H, Sawaya ACHF, Oliveira RS (2017) Inoculation with 
Azospirillum brasilense (Ab-V4, Ab-V5) increases Zea mays root carboxylate-exudation rates, 
dependent on soil phosphorus supply. Plant Soil 410: 499-507 

de Campos MC, Pearse SJ, Oliveira RS, Lambers H (2013) Viminaria juncea does not vary its shoot 
phosphorus concentration and only marginally decreases its mycorrhizal colonization and 
cluster-root dry weight under a wide range of phosphorus supplies. Ann Bot-London 111: 
801-809 

De Jong G (2005) Evolution of phenotypic plasticity: patterns of plasticity and the emergence of 
ecotypes. New Phytol 166: 101-118 

Dinkelaker B, Hengeler C, Marschner H (1995) Distribution and function of proteoid roots and other 
root clusters. Bot Acta 108: 183-200 

FloraBase (2017) FloraBase–Information on the Western Australian Flora. Department of 
Conservation and Land Management, Western Australia.  

Gardner WK, Boundy KA (1983) The acquisition of phosphorus by Lupinus albus L. IV. The effect of 
interplanting wheat and white lupin on the growth and mineral composition of the two species. 
Plant Soil 70: 391-402 

Gardner WK, Parbery DG, Barber DA (1982) The acquisition of phosphorus by Lupinus albus L . I. 
Some characteristics of the soil/root interface. Plant Soil 68: 19-32 

Giovannetti M, Mosse B (1980) An evaluation of techniques for measuring vesicular arbuscular 
mycorrhizal infection in roots. New Phytol 84: 489-500 

Grierson PF, Attiwill PM (1989) Chemical characteristics of the proteoid root mat of Banksia 
integrifolia L. Aust J Bot 37: 137-143 

Güsewell S (2004) N: P ratios in terrestrial plants: variation and functional significance. New Phytol 
164: 243-266 

Hayes P, Turner BL, Lambers H, Laliberté E (2014) Foliar nutrient concentrations and resorption 
efficiency in plants of contrasting nutrient-acquisition strategies along a 2-million-year dune 
chronosequence. J Ecol 102: 396-410 

Hopper SD (2009) OCBIL theory: towards an integrated understanding of the evolution, ecology and 
conservation of biodiversity on old, climatically buffered, infertile landscapes. Plant Soil 322: 
49-86 

This article is protected by copyright. All rights reserved.



 24 

Hopper SD, Gioia P (2004) The southwest Australian floristic region: evolution and conservation of a 
hotspot of biodiveristy. Annu Rev Ecol Syst 35: 623-650 

Hopper SD, Silveira FA, Fiedler PL (2016) Biodiversity hotspots and Ocbil theory. Plant Soil 403: 
167-216 

Huang G, Hayes PE, Ryan MH, Pang J, Lambers H (2017) Peppermint trees shift their phosphorus-
acquisition strategy along a strong gradient of plant-available phosphorus by increasing their 
transpiration at very low phosphorus availability. Oecologia 185: 387-400 

John R, Dalling JW, Harms KE, Yavitt JB, Stallard RF, Mirabello M, Hubbell SP, Valencia R, 
Navarrete H, Vallejo M (2007) Soil nutrients influence spatial distributions of tropical tree 
species. Proc Natl Acad Sci USA 104: 864-869 

Johnson NC (2010) Resource stoichiometry elucidates the structure and function of arbuscular 
mycorrhizas across scales. New Phytol 185: 631-647 

Jones DL (1998) Organic acids in the rhizosphere – a critical review. Plant Soil 205: 25-44 

Kaiser C, Kilburn MR, Clode PL, Fuchslueger L, Koranda M, Cliff JB, Solaiman ZM, Murphy DV 
(2015) Exploring the transfer of recent plant photosynthates to soil microbes: mycorrhizal 
pathway vs direct root exudation. New Phytol 205: 1537-1551 

Kichenin E, Wardle DA, Peltzer DA, Morse CW, Freschet GT (2013) Contrasting effects of plant 
inter- and intraspecific variation on community-level trait measures along an environmental 
gradient. Funct Ecol 27: 1254-1261 

Kikuchi Y, Hijikata N, Ohtomo R, Handa Y, Kawaguchi M, Saito K, Masuta C, Ezawa TC (2016) 
Aquaporin-mediated long-distance polyphosphate translocation directed towards the host in 
arbuscular mycorrhizal symbiosis: application of virus-induced gene silencing. New Phytol 
211: 1202-1208 

Kothari S, Marschner H, Römheld V (1991) Effect of a vesicular–arbuscular mycorrhizal fungus and 
rhizosphere micro‐organisms on manganese reduction in the rhizosphere and manganese 
concentrations in maize (Zea mays L.). New Phytol 117: 649-655 

Kramer-Walter KR, Laughlin DC (2017) Root nutrient concentration and biomass allocation are more 
plastic than morphological traits in response to nutrient limitation. Plant Soil 416: 539-550 

Laliberté E, Grace JB, Huston MA, Lambers H, Teste F, Turner BL, Wardle DA (2013) How does 
pedogenesis drive plant diversity? Trends Ecol Evol 28: 331-340 

Laliberté E, Lambers H, Burgess TI, Wright SJ (2015) Phosphorus limitation, soil‐borne pathogens 
and the coexistence of plant species in hyperdiverse forests and shrublands. New Phytol 206: 
507-521 

Laliberté E, Turner BL, Costes T, Pearse SJ, Wyrwoll K, Zemunik G, Lambers H (2012) Experimental 
assessment of nutrient limitation along a 2-million-year dune chronosequence in the south-
western Australia biodiversity hotspot. J Ecol 100: 631-642 

Laliberté E, Zemunik G, Turner BL (2014) Environmental filtering explains variation in plant 
diversity along resource gradients. Science 345: 1602-1605 

This article is protected by copyright. All rights reserved.



 25 

Lambers H, Ahmedi I, Berkowitz O, Dunne C, Finnegan PM, Hardy GESJ, Jost R, Laliberté E, Pearse 
SJ, Teste FP (2013) Phosphorus nutrition of phosphorus-sensitive Australian native plants: 
threats to plant communities in a global biodiversity hotspot. Cons Physiol 1: 1-21 

Lambers H, Albornoz F, Kotula L, Laliberté E, Ranathunge K, Teste FP, Zemunik G (2018) How 
belowground interactions contribute to the coexistence of mycorrhizal and non-mycorrhizal 
species in severely phosphorus-impoverished hyperdiverse ecosystems. Plant Soil in press:  

Lambers H, Chapin FS, Pons TL (2008) Plant Physiological Ecology. Springer, New York 

Lambers H, Hayes PE, Laliberté E, Oliveira RS, Turner BL (2015) Leaf manganese accumulation and 
phosphorus-acquisition efficiency. Trends Plant Sci 20: 83-90 

Lambers H, Juniper D, Cawthray GR, Veneklaas EJ, Martínez-Ferri E (2002) The pattern of 
carboxylate exudation in Banksia grandis (Proteaceae) is affected by the form of phosphate 
added to the soil. Plant Soil 238: 111-122 

Lambers H, Poorter H (1992) Inherent variation in growth rate between higher plants: a search for 
physiological causes and ecological consequences. Adv Ecol Res 23: 187-261 

Lambers H, Shane MW, Cramer MD, Pearse SJ, Veneklaas EJ (2006) Root structure and functioning 
for efficient acquisition of phosphorus: matching morphological and physiological traits. Ann 
Bot-London 98: 693-713 

Lange RT (1959) Additions to the known nodulating species of Leguminosae. Antonie van 
leeuwenhoek 25: 272-276 

Lannes LS, Bustamante MM, Edwards PJ, Olde Venterink H (2016) Native and alien herbaceous 
plants in the Brazilian Cerrado are (co-) limited by different nutrients. Plant Soil 400: 231-243 

Larimer AL, Clay K, Bever JD (2014) Synergism and context dependency of interactions between 
arbuscular mycorrhizal fungi and rhizobia with a prairie legume. Ecology 95: 1045-1054 

Lenth RV (2016) Least-Squares Means: The R Package lsmeans. J Stat Softw 69: 1-33 

Lynch JP, Ho MD (2005) Rhizoeconomics : Carbon costs of phosphorus acquisition. Plant Soil 269: 
45-56 

Mac Nally R, Duncan RP, Thomson JR, Yen JDL (2018) Model selection using information criteria, 
but is the ‘best’model any good? J Appl Ecol: DOI: 10.1111/1365-2664.13060 

Marschner H, Kirkby E, Cakmak I (1996) Effect of mineral nutritional status on shoot-root 
partitioning of photoassimilates and cycling of mineral nutrients. J Exp Bot 47: 1255-1263 

Meharg A, Marschner P (2012) Marschner's mineral nutrition of higher plants. Exp Agric 48: 305 

Muler AL, Oliveira RS, Lambers H, Veneklaas EJ (2014) Does cluster-root activity benefit nutrient 
uptake and growth of co-existing species? Oecologia 174: 23-31 

Murphy J, Riley JP (1962) A modified single solution method for the determination of phosphate in 
natural waters. Anal Chim Acta 27: 31-36 

Nazeri NK, Lambers H, Tibbett M, Ryan MH (2014) Moderating mycorrhizas: arbuscular 
mycorrhizas modify rhizosphere chemistry and maintain plant phosphorus status within 
narrow boundaries. Plant, Cell Environ 37: 911-921 

This article is protected by copyright. All rights reserved.



 26 

Nogueira M, Nehls U, Hampp R, Poralla K, Cardoso E (2007) Mycorrhiza and soil bacteria influence 
extractable iron and manganese in soil and uptake by soybean. Plant Soil 298: 273-284 

Oburger E, Kirk GJD, Wenzel WW, Puschenreiter M, Jones DL (2009) Interactive effects of organic 
acids in the rhizosphere. Soil Biol Biochem 41: 449-457 

Oliveira RS, Galvao HC, de Campos MCR, Eller CB, Pearse SJ, Lambers H (2015) Mineral nutrition 
of campos rupestres plant species on contrasting nutrient-impoverished soil types. New Phytol 
205: 1183-1194 

Pang J, Ryan MH, Tibbett M, Cawthray GR, Siddique KH, Bolland MD, Denton MD, Lambers H 
(2010) Variation in morphological and physiological parameters in herbaceous perennial 
legumes in response to phosphorus supply. Plant Soil 331: 241-255 

Pang J, Tibbett M, Denton MD, Lambers H, Siddique KH, Ryan MH (2011) Soil phosphorus supply 
affects nodulation and N: P ratio in 11 perennial legume seedlings. Crop Pasture Sci 62: 992-
1001 

Parker MA (2015) The spread of Bradyrhizobium lineages across host legume clades: from Abarema 
to Zygia. Microb Ecol 69: 630-640 

Perry GLW, Enright N, Miller B, Lamont B (2008) Spatial patterns in species-rich sclerophyll 
shrublands of southwestern Australia. J Veg Sci 19: 705-716 

Phoenix GK, Hicks WK, Cinderby S, Kuylenstierna JC, Stock WD, Dentener FJ, Giller KE, Austin 
AT, Lefroy RD, Gimeno BS (2006) Atmospheric nitrogen deposition in world biodiversity 
hotspots: the need for a greater global perspective in assessing N deposition impacts. Global 
Change Biol 12: 470-476 

Pinheiro J, Bates D, DebRoy S, Sarkar D, Team RC (2017) nlme: Linear and nonlinear mixed effects 
models. R package version 3.1-128. Available at https://CRAN.R-project.org/package=nlme. 

Playford PE, Low G, Cockbain AE (1976) Geology of the Perth Basin, Western Australia. Geological 
Survey of Western Australia,  

Png GK (2016) Symbiotic nitrogen fixation during long-term ecosystem development: environmental 
constraints and ecological consequences. DPhil Thesis, The University of Western Australia, 
Crawley 

Png GK, Turner BL, Albornoz FE, Hayes PE, Lambers H, Laliberté E (2017) Greater root phosphatase 
activity in nitrogen‐fixing rhizobial but not actinorhizal plants with declining phosphorus 
availability. J Ecol 105: 1246-1255 

R Development Core Team (2017) R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria 

Raven J, Lambers H, Smith S, Shaver G, Westoby M (2018) Costs of acquiring phosphorus by 
vascular land plants: patterns and implications for plant coexistence. New Phytologist: in press 

Raven JA (2012) Protein turnover and plant RNA and phosphorus requirements in relation to nitrogen 
fixation. Plant Sci 188: 25-35 

Rayment GE, Lyons DJ (2011) Soil chemical methods: Australasia, vol 3. CSIRO publishing,  

This article is protected by copyright. All rights reserved.



 27 

Redfield AC (1958) The biological control of chemical factors in the environment. Am Sci 46: 230A-
221 

Richardson SJ, Peltzer DA, Allen RB, McGlone MS, Parfitt RL (2004) Rapid development of 
phosphorus limitation in temperate rainforest along the Franz Josef soil chronosequence. 
Oecologia 139: 267-276 

Robson AD, Haua GWO, Abbott LK (1981) Involvement of phosphorus in nitrogen fixation by 
subterranean clover (Trifolium subterraneum L.). Aust J Plant Physiol 8: 427-436 

Ryan MH, Tibbett M, Edmonds‐Tibbett T, Suriyagoda LDB, Lambers H, Cawthray GR, Pang J 
(2012) Carbon trading for phosphorus gain: the balance between rhizosphere carboxylates and 
arbuscular mycorrhizal symbiosis in plant phosphorus acquisition. Plant Cell Environ 35: 
2170-2180 

Ryan PR, Delhaize E, Jones DL (2001) Function and mechanism of organic anion exudation from 
plant roots. Annu Rev Plant Physiol Plant Mol Biol 52: 527-560 

Ryle GJA, Powell CE, Gordon AJ (1979) The respiratory costs of nitrogen fixation in soyabean, 
cowpea, and white clover. I Nitrogen Fixation and the respiration of the nodulated root. J Exp 
Bot 30: 135-144 

Schulze E-D (1989) Air pollution and forest decline in a spruce (Picea abies) forest. Science: 776-783 

Searle PL (1984) The Berthelot or indophenol reaction and its use in the analytical chemistry of 
nitrogen. A review. Analyst 109: 549-568 

Shane MW, Lambers H (2005) Manganese accumulation in leaves of Hakea prostrata (Proteaceae) 
and the significance of cluster roots for micronutrient uptake as dependent on phosphorus 
supply. Physiol Plant 124: 441-450 

Smith SE, Read DJ (2008) Mycorrhizal Symbiosis. 3rd ed. edn. Academic Press, London 

Specht R (1963) Dark Island heath (Ninety-Mile Plain, South Australia). VII. The effect of fertilizers 
on composition and growth, 1950-60. Aust J Bot 11: 67-94 

Sprent JI (1999) Nitrogen fixation and growth of non-crop legume species in diverse environments. 
Perspect Plant Ecol Evol Syst 2: 149-162 

Stevens PR, Walker TW (1970) The chronosequence concept and soil formation. Q Rev Biol 45: 333-
350 

Streeter J, Wong PP (1988) Inhibition of legume nodule formation and N2 fixation by nitrate. Crit Rev 
Plant Sci 7: 1-23 

Suriyagoda LDB, Lambers H, Renton M, Ryan MH (2012) Growth, carboxylate exudates and nutrient 
dynamics in three herbaceous perennial plant species under low, moderate and high 
phosphorus supply. Plant Soil 358: 105-117 

Thrall PH, Laine A-L, Broadhurst LM, Bagnall DJ, Brockwell J (2011) Symbiotic effectiveness of 
rhizobial mutualists varies in interactions with native Australian legume genera. PLoS One 6: 
e23545 

Tjepkema JD, Winship LJ (1980) Energy requirement for nitrogen fixation in actinorhizal and legume 
root nodules. Science 209: 279-281 

This article is protected by copyright. All rights reserved.



 28 

Turner BL, Condron LM (2013) Pedogenesis, nutrient dynamics, and ecosystem development: the 
legacy of T.W. Walker and J.K. Syers. Plant Soil 367: 1-10 

Turner BL, Hayes PE, Laliberté E (2018) A climosequence of chronosequences in southwestern 
Australia. Eur J Soil Sci 69: 69-85 

Turner BL, Laliberté E (2015) Soil development and nutrient availability along a 2 million-year 
coastal dune chronosequence under species-rich Mediterranean shrubland in Southwestern 
Australia. Ecosystems 18: 287-309 

Varley J (1966) Automatic methods for the determination of nitrogen, phosphorus and potassium in 
plant material. Analyst 91: 119-126 

Veneklaas EJ, Stevens J, Cawthray GR, Turner S, Grigg AM, Lambers H (2003) Chickpea and white 
lupin rhizosphere carboxylates vary with soil properties and enhance phosphorus uptake. Plant 
Soil 248: 187-197 

Vergutz L, Manzoni S, Porporato A, Novais RF, Jackson RB (2012) Global resorption efficiencies and 
concentrations of carbon and nutrients in leaves of terrestrial plants. Ecol Monogr 82: 205-220 

Vierheilig H, Coughlan AP, Wyss U, Piché Y (1998) Ink and vinegar, a simple staining technique for 
arbuscular-mycorrhizal fungi. Appl Environ Microbiol 64: 5004-5007 

Vitousek PM, Cassman K, Cleveland C, Crews T, Field CB, Grimm NB, Howarth RW, Marino R, 
Martinelli L, Rastetter EB (2002) Towards an ecological understanding of biological nitrogen 
fixation. Biogeochemistry 57: 1-45 

Vitousek PM, Farrington H (1997) Nutrient limitation and soil development: experimental test of a 
biogeochemical theory. Biogeochemistry 37: 63-75 

Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus limitation: 
mechanisms, implications, and nitrogen–phosphorus interactions. Ecol Appl 20: 5-15 

Walker TW, Syers JK (1976) The fate of phosphorus during pedogenesis. Geoderma 15: 1-19 

Wardle DA, Bardgett RD, Walker LR, Peltzer DA, Lagerström A (2008) The response of plant 
diversity to ecosystem retrogression : evidence from contrasting long-term chronosequences. 
Oikos 117: 93-103 

Wardle DA, Walker LR, Bardgett RD (2004) Ecosystem properties and forest decline in contrasting 
long-term chronosequences. Science 305: 509-513 

Zemunik G, Lambers H, Turner BL, Laliberté E, Oliveira RS (2018) High abundance of non-
mycorrhizal plant species in severely phosphorus-impoverished Brazilian campos rupestres. 
Plant Soil: 1-17 

Zemunik G, Turner BL, Lambers H, Laliberté E (2015) Diversity of plant nutrient-acquisition 
strategies increases during long-term ecosystem development. Nat Plants 1: 15050 

Zemunik G, Turner BL, Lambers H, Laliberté E (2016) Increasing plant species diversity and extreme 
species turnover accompany declining soil fertility along a long‐term chronosequence in a 
biodiversity hotspot. J Ecol 104: 792-805 

This article is protected by copyright. All rights reserved.



 29 

Zuur A, Ieno E, Walker N, Saveliev A, Smith G (2009) Mixed effects models and extensions in 
ecology with R. Gail M, Krickeberg K, Samet JM, Tsiatis A, Wong W, editors. New York, 
NY: Spring Science and Business Media:  

 

 
Supporting Information 
 
Additional Supporting Information may be found in the online version of this article: 
 
Table S1. Study plot locations within the dune systems of the high-rainfall Warren and low-rainfall 

Jurien Bay chronosequences.  

Table S2. Model selection of the fixed factors in the field-collected nutrient concentrations and 

mycorrhizal colonisation of Bossiaea linophylla and B. eriocarpa along the Warren and Jurien Bay 

chronosequences, respectively.  

Table S3. Model selection of the fixed factors in a glasshouse experiment where Bossiaea linophylla 

and B. eriocarpa were grown at variable N and P supplies. 

Fig. S1. Mortality of Bossiaea linophylla (A) and B. eriocarpa (B) grown in a glasshouse at a range of 

nitrogen (N) and phosphorus (P) supplies. 

 

 

Figure legends 

Table 1. Soil chemical analyses of the substrates used in the glasshouse experiment. Nutrient and 

aluminium (Al) concentrations are reported in mg kg-1. M3 refers to Mehlich-3 extractions. Total 

nitrogen (N) and phosphorus (P) were determined after extraction with sulfuric acid. Percentages 

under soil names refer to the proportion of each soil used in the pots. 

 

Fig. 1. Stages of the dune chronosequences in south-western Australia. Warren chronosequence (A, B, 

C) and Jurien Bay chronosequences (D, E) are a series of dunes deposited along the south-western 

Australian coast over 2 million years. A) The youngest stage of the Warren chronosequence; dunes are 

relatively mobile. B) Stages 2 to 5 of the Warren chronosequence; the canopy is more closed and 

understorey community composed of woody shrubs. C) Last stage of the Warren chronosequence; 
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open canopy, herbaceous understorey. D) Woody shrubs of stages 4 and 5 of the Jurien Bay 

chronosequence. E) Banksia woodland in stage 6 of the Jurien Bay chronosequence. 

 

Fig. 2. Total soil phosphorus (P) concentrations along the Warren (A) and Jurien Bay (B) 

chronosequences. The analyses were conducted in five plots per stage. Data from Turner et al. (2017). 

 

Fig. 3. Leaf phosphorus (P) and nitrogen (N) concentrations (in mg g-1 dry weight), and N: P ratios of 

Bossiaea linophylla along the Warren chronosequence (A, C, E) and B. eriocarpa along the Jurien Bay 

chronosequence (B, D, F). Points represent least-square means and bars, 95% confidence intervals. 

Chronosequence age increases with stage. 

 

Fig. 4. Leaf manganese concentrations (mg Mn kg-1 dry weight) of Bossiaea linophylla along the 

Warren chronosequence (A) and B. eriocarpa along the Jurien Bay chronosequence (B). Percentage of 

root length colonised by arbuscular mycorrhizal fungi in roots of B. linophylla along the Warren 

chronosequence (C) and B. eriocarpa along the Jurien Bay chronosequence (D). Points represent least-

square means and bars, 95% confidence intervals. Chronosequence age increases with stage. 

 

Fig. 5. Leaf nutrient concentrations (mg g-1 dry weight) of Bossiaea linophylla and B. eriocarpa 

grown in a glasshouse at a range of nitrogen (N) and phosphorus (P) supplies. P concentrations (A) 

and (B), N concentrations C) and D), leaf N:P ratios (E) and (F). Points represent least-square means 

and bars, 95% confidence intervals. 

 

Fig. 6. Total plant biomass divided into leaves, roots and stems of Bossiaea linophylla (A) and B. 

eriocarpa (B) grown in a glasshouse at a range of nitrogen (N) and phosphorus (P) supplies. Least-

square means and 95% confidence intervals are shown. There was no effect of N supply, so the tissue 

dry weights were averaged across N treatments, and no interaction of P supply with N supply, except 

for stem dry weight of B. eriocarpa where P and N supply affected stem biomass. 
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Fig. 7. Proportion of each carboxylate in the rhizosphere of Bossiaea linophylla (A) and B. eriocarpa 

(B) grown in a glasshouse at a range of nitrogen (N) and phosphorus (P) supplies. The values are mean 

per treatment. (C) Total carboxylate amounts in the rhizosphere of Bossiaea linophylla (C) and B. 

eriocarpa (C). The insert in (B) shows the same data with a different range of y axis values to 

represent the variation in rhizosphere carboxylates of B. eriocarpa at a smaller scale. Points represent 

least-square means and bars, 95% confidence intervals.  

 

Fig. 8. The percentage of root length colonised by mycorrhizal fungi (A, B) and number of nodules for 

Bossiaea linophylla (A, C) and B. eriocarpa (B, D) grown in a glasshouse at a range of nitrogen (N) 

and phosphorus (P) supplies. Points represent least-square means and bars, 95% confidence intervals. 

Phosphorus treatments did not affect root length colonised by arbuscular mycorrhizal fungi in B. 

linophylla (A) and number of nodules in B. eriocarpa (D); therefore, we grouped P treatments within 

N treatments. 

 

Fig. 9. Leaf manganese (Mn) concentrations of Bossiaea linophylla (A) and B. eriocarpa (B) grown in 

a glasshouse at a range of nitrogen (N) and phosphorus (P) supplies. Points represent least-square 

means and bars, 95% confidence intervals. Nitrogen is only shown in the figures when included in the 

best model. Nitrogen treatments did not affect leaf [Mn] in B. eriocarpa; therefore we grouped N 

treatments within P treatments. 
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Table 1. Soil chemical analyses of the substrates used in the glasshouse experiment. Nutrient and aluminium (Al) concentrations are reported in mg kg-1. M3 

refers to Mehlich-3 extractions. Total nitrogen (N) and phosphorus (P) were determined after extraction with sulfuric acid. Percentages under soil names refer 

to the proportion of each soil used in the pots. 

 
pH pH N P Al Ca Cu Fe K Mg Mn Zn 

 
(H2O) (CaCl2) (total) (total) (M3) (M3) (M3) (M3) (M3) (M3) (M3) (M3) 

Washed river sand (90%) 6.6 6.1 <0.05 31 72 78 0.2 50 9 38 7.4 2.4 

Harrisdale sand 

Bossiaea eriocarpa (5%) 
5.1 4 0.43 15 46 250 0.1 15 6 31 1.3 0.3 

Waroona lateritic soil 

B. aquifolium (5%) 
6.1 5.1 1.78 250 550 200 0.5 37 92 53 12 <0.1 
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