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Summary

1. Proteaceae species in south-western Australia thrive on phosphorus-impoverished soils,

employing a phosphorus-mining strategy involving carboxylate-releasing cluster roots. Some

develop symptoms of phosphorus toxicity at slightly elevated soil phosphorus concentrations,

due to their low capacity to down-regulate phosphorus uptake. In contrast, Proteaceae species

in Chile, e.g. Embothrium coccineum J.R. Forst. & G. Forst., occur on volcanic soils, which

contain high levels of total phosphorus, but phosphorus availability is low.

2. We hypothesised that the functioning of cluster roots of E. coccineum differs from that of

south-western Australian Proteaceae species, in accordance with the difference in soil phospho-

rus status. With more phosphorus to be gained from the soil with high levels of total phospho-

rus, we expect less investment in biomass and more release of carboxylates. Furthermore, we

hypothesised that E. coccineum regulates its phosphorus-uptake capacity, avoiding phosphorus

toxicity when grown at elevated phosphorus levels. To test these hypotheses, E. coccineum

seedlings were grown at a range of phosphorus supplies in nutrient solution.

3. We show that E. coccineum allocated at least five times less biomass to cluster roots that

released at least nine times more carboxylates per unit cluster root weight compared with

south-western Australian species (e.g. Banksia, Hakea). The highest phosphorus supply caused

a growth inhibition and high leaf phosphorus concentration, without symptoms of phosphorus

toxicity. We accept our hypotheses on the functioning of cluster roots and the high capacity to

reduce the net phosphorus uptake in plants grown at a high-phosphorus supply.

4. This novel combination of traits indicates divergent functioning of Proteaceae species from

southern South America, exposed to frequent phosphorus input due to volcanic activity, in con-

trast with the functioning of south-western Australian Proteaceae species that thrive on severely

phosphorus-impoverished soils. These traits could explain the functioning of E. coccineum on

soils that are rich in total phosphorus, but with a low concentration of available phosphorus.

Key-words: carboxylates, cluster roots, phosphorus toxicity, phosphorus uptake, seed

phosphorus content, severely phosphorus-impoverished soils, trade-off, young volcanic soils

Introduction

Proteaceae are a predominantly southern-hemisphere fam-

ily with a Gondwanan origin, with their main centres of

diversity in Australia and South Africa (Pate, Verboom &

Galloway 2001; Barker et al. 2007). Many species are

renowned for their capacity to thrive on some of the

world’s most ancient and phosphorus- (P) impoverished

soils (Lambers et al. 2010, 2013a). This is possible, in part,

because the vast majority of Proteaceae species develop*Correspondence author. E-mail: hans.lambers@uwa.edu.au

© 2014 The Authors. Functional Ecology © 2014 British Ecological Society

Functional Ecology 2014 doi: 10.1111/1365-2435.12303



dense clusters of short-lived, fine, hairy rootlets at intervals

along main root axes (Purnell 1960; Lamont 2003). These

cluster roots release large amounts of carboxylates in an

exudative burst (Shane et al. 2004a; Shane & Lambers

2005). The role of carboxylate (e.g. citrate, malate) exuda-

tion from cluster roots in forming complexes with Ca2+

and oxides/hydroxides of Al3+ and Fe3+ during P solubili-

sation to enhance the acquisition by plants has been stud-

ied extensively (Gardner, Parbery & Barber 1981;

Dinkelaker, Hengeler & Marschner 1995; Ryan, Delhaize

& Jones 2001; Lambers et al. 2006).

Some Proteaceae species adapted to low-P soils develop

foliar symptoms of P toxicity when grown at soil P levels

just above those in their natural habitat (Grundon 1972;

Grose 1989; Lambers et al. 2002; Shane, Mccully &

Lambers 2004b; Hawkins et al. 2008; De Campos et al.

2013). Hakea prostrata R.Br. develops symptoms of P tox-

icity when the leaf P concentration is approximately 10 mg

P g�1 dry mass (DM), which is a value ‘associated with

development of P-toxicity symptoms in many other Prote-

aceae’ (Shane, Mccully & Lambers 2004b). These authors

showed that development of P toxicity is due to the spe-

cies’ low capacity to down-regulate its P-uptake systems.

The closely related Grevillea crithmifolia, which occurs on

slightly richer soils, shows down-regulation of its P-uptake

capacity and no signs of P toxicity when grown at higher P

supply (Shane & Lambers 2006). Similar differences have

been observed in a comparison of South African Protea-

ceae (Shane, Cramer & Lambers 2008). Mild symptoms of

P toxicity (i.e. yellow spots on some leaves and drying and

curling of leaf tips) were reported for Banksia attenuata

R.Br. and B. menziesii R.Br. plants grown at 10 lM P in

nutrient solution (De Campos et al. 2013). As did Shane,

Mccully & Lambers (2004b), the authors concluded that

this was due to these species having a low capacity to

down-regulate their P-uptake systems. A high capacity to

down-regulate its P-uptake capacity is crucial for any spe-

cies that occurs in a habitat with a high-P availability to

avoid P toxicity (Lambers et al. 2006).

The southern South American Proteaceae species

Embothrium coccineum J.R. Forst. & G. Forst. grows in

volcanic soils with high levels of total P, >1500 mg kg�1

(Borie & Rubio 2003) compared with those in south-wes-

tern Australian soils (<80 mg kg�1) (Lambers et al. 2006),

where Proteaceae species are abundant (Pate, Verboom &

Galloway 2001). In volcanic South American soils, P has

high reactivity with soil colloids, being adsorbed onto

non-crystalline material in the clay fraction (allophane),

oxides and hydroxides of Fe and Al and humus com-

plexes with Al and-Fe (Borie & Rubio 2003). No symp-

toms of P toxicity have ever been recorded for seedlings

of E. coccineum grown in sand and fertilised with nutrient

solution containing 1000 lM P (Z�u~niga-Feest, Delgado &

Alberdi 2010), nor in seedlings growing in nutrient solu-

tion with 50 lM P (Delgado et al. 2013). These results

suggest that E. coccineum is less sensitive to P toxicity

than some other Proteaceae species occurring in old and

infertile soils in Australia and South Africa (Lambers

et al. 2013a). Our aim was to test the effects of an

increased P supply on the development of P-toxicity

symptoms, carboxylate exudation and P uptake by roots

of E. coccineum seedlings. We hypothesised that E. cocci-

neum has a strong capacity to down-regulate its P-uptake

systems, thus avoiding P toxicity when grown at a high-P

supply. To test this hypothesis, we grew seedling in nutri-

ent solution at a range of P concentrations, as done

before with both P-sensitive and P-insensitive Proteaceae

species, and measured their P-uptake capacity. We also

hypothesised that E. coccineum, which naturally occurs on

soils with a high total P concentration but a low-P avail-

ability, will exhibit less investment in cluster-root biomass,

but show faster rates of carboxylate exudation compared

with that of species endemic to severely P-impoverished

soils. This hypothesis was tested by measuring the invest-

ment of biomass in cluster roots and the rate of release of

carboxylates from these cluster roots, and comparing the

results with information in the literature on species from

south-western Australia.

Materials and methods

COLLECT ION , DRY WEIGHT AND P CONTENT OF

SOUTHERN SOUTH AMERICAN PROTEACEAE SEEDS

To compare seed P reserves of southern South American Protea-

ceae species with those of south-western Australian species, which

produce large seeds with high-P content (Groom & Lamont 2010),

we collected seeds from six Proteaceae species during 2012 and

2013 growing in Chile: (i) Embothrium coccineum J.R. Forst. & G.

Forst., (ii) Gevuina avellana Mol., (iii) Lomatia hirsuta Lam. from

Parque Katalapi, Regi�on de los Lagos (41°310S – 72°450W), (iv)

Orites myrtoidea Poepp. & Endl. from Antuco, Regi�on del Bio-

Bio (37°200S – 71°410W), v) Lomatia dentata Ruiz et Pavon R.Br.

from the Universidad Austral de Chile, Regi�on de los R�ıos

(39°480S – 73°150W) and vi) Lomatia ferruginea Cav. R. Br. from

Puyehue (40°760S – 72°50W). Average seed weight for each species

was calculated from batches of 30 seeds (n = 3), and P concentra-

tions determined as outlined below.

PLANT MATER IAL AND GROWTH CONDIT IONS

Seeds of E. coccineum were sent to the plant growth facilities at

the University of Western Australia where they were sown in stan-

dard native plant soil mixture (pine bark, coco peat, river sand

(w/w/w; 5 : 2 : 3), pH 5�5).
After 2 months, 42 seedlings of uniform size were selected and

the soil was washed from the root systems. Each plant was trans-

ferred to a 2 L pot containing continuously aerated nutrient solu-

tion: 200 lM Ca(NO3)2, 200 lM K2SO4, 54 lM MgSO4, 20 lM
KCl, 0�24 lM MnSO4, 0�1 lM ZnSO4, 0�018 lM CuSO4, 2�4 lM
H3BO3, 0�03 lM Na2MoO4, 10 lM FeEDTA (pH 5�6). Root tem-

perature was maintained at 18–20 °C by placing the pots in a

root-cooling tank. Seedlings were assigned to one of six P treat-

ments (supplied as KH2PO4): 1, 10, 25, 50, 100 and 250 lM for

2 months (n = 6 plants per treatment). Entire nutrient solutions

including the P treatments were replaced daily. Plants were culti-

vated in glasshouses as above during spring (average conditions,

11/35 °C day/night; 13 11 h�1 photoperiod at 710 lmol m�2 s�1

photosynthetically active radiation).
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PLANT GROWTH MEASUREMENTS

Height and total dry weight were determined for each plant at the

beginning and end of the experiment. Relative growth rates

(RGR) were calculated as described previously (Barrow 1977): i.e.

RGR = (ln XFinal � ln XInitial)/(tFinal � tInitial); where X = height

(cm) or dry weight (g) and t = time (days). Cluster-root growth

was assessed by counting the number of cluster roots produced by

each plant per week.

MEASUREMENT OF NET P -UPTAKE RATES BY INTACT

ROOT SYSTEMS

Net P-uptake rates were determined as reported previously

(Shane, Szota & Lambers 2004c). Briefly, 24 h before the final

harvest, plants were transferred to individual pots containing basal

nutrient solution lacking P. The following day, basal nutrient solu-

tions were replaced and supplemented with 5 lM P (supplied as

KH2PO4). Following thorough mixing of the solution, samples

(1 mL) from each pot were taken at t = 0 and then at 30-min

intervals between 9 : 30 and 11 : 30 h. The [P] of each sample was

determined using the malachite green method (Motomizu, Wakim-

oto & Toei 1983). All P-depletion profiles were linear with respect

to time.

COLLECT ION OF ROOT EXUDATES

This was conducted using intact, whole root systems of transpir-

ing plants or excised cluster roots, and non-cluster roots. Excised

cluster roots were assigned to one of three stages of cluster-root

development, as defined previously by Delgado et al. (2013)

according to the number of days following rootlet initiation

(DAI), i.e. (i) juvenile 12 DAI, (ii) mature 13 to 25 DAI and

senescent: >25 DAI. Non-cluster roots were defined as un-

branched regions of young main root axes up to 3 cm proximal

from the tips. Root systems or excised roots were incubated for

3 h in basal nutrient solution (18–20 °C as above) lacking P.

After this period, solutions were syringe-filtered to 0�2 lm and

stored at �20 °C. Lyophilised samples were resuspended in 93%

(v/v) 25 mM KH2PO4 + 7% (v/v) methanol (pH 2�5) for HPLC

analysis.

CARBOXYLATE IDENT IF ICAT ION AND

QUANT IF ICAT ION

Chromatographic analysis was carried out by HPLC (Waters/Mil-

lipore, Milford, MA, USA) 600E dual head pump, 717 plus auto-

sampler and a 996 photo-diode array (PDA) detector. Analysis

was performed on an Altima C-18 column (250 9 4�6 mm, I.D.)

with 5 lm particle size (Alltech Associates, Deerfield, IL, USA).

Mobile phase [93% (v/v) 25 mM KH2PO4 + 7% (v/v) methanol

(pH 2�5)] was passed through the column at 1 mL min�1. Detec-

tion of carboxylates was at 210 nm. Carboxylate identification

and quantification was carried out as previously described

(Cawthray 2003).

DETERMINAT ION OF T ISSUE TOTAL

P CONCENTRAT IONS

At the end of the experiment, plants were separated into leaves,

stems, cluster roots and non-cluster roots, and dried to constant

weight at 65 °C. Tissue or seed samples were powdered using a

mortar and pestle, and total P determinations were carried out

after acid digestion using the malachite green method (Shane,

Szota & Lambers 2004c).

DETERMINAT ION OF PLANT-AVA ILABLE AND TOTAL

P CONCENTRAT IONS IN SOIL

‘Plant-available’ (Olsen) soil P was measured by extracting soil

with 0�5 M NaHCO3, at pH 8�5, according to Olsen & Sommers

(1982) and determined colourimetrically by the phospho-

antimonylmolybdenum blue complex method (Drummond &

Maher 1995). Total soil P was determined after digestion of 1 g of

soil, using nitric acid and perchloric acid (1 : 1). Subsequently, the

acid mixture was filtered and made to 250 mL with deionised

water. Then, 5 mL subsample was mixed with a reagent contain-

ing sulphuric acid (0�5 M), ammonium molybdate tetrahydrate

(4 mM), potassium antimonyl tartrate (0�5 mM) and ascorbic acid

(30 mM) in deionised water. Finally, the blue colour of the com-

plex was measured spectrophotometrically at 880 nm, as described

above.

PHOSPHORUS DESORPT ION INTO THE SOIL SOLUT ION

AS AFFECTED BY C ITRATE

To examine the effect of citric acid on P desorption into the soil

solution, citric acid solutions were prepared at 0, 1, 5, 10, 20, 50,

100, 500 and 1000 lM in 5 mM KCl (pH 4�5). Five millilitre of

each citrate solution was added to 1 g (n = 6) of steam-sterilised

air-dried Karakatta sand (this soil is a typical severely P-impover-

ished soil in the region upon which numerous species of Protea-

ceae thrive). Details of the soil characteristics and preparations

prior to be used in the experiment are given in Suriyagoda et al.

(2012). Samples were rotated on an end-over-end shaker at

30 rpm for 20 min and then centrifuged (16 000 g for 20 min).

The resultant supernatants were syringe-filtered to 0�45 lm. Citric

acid identification and quantification and P concentration were

done for clarified extracts as described above. In order to best

describe the citrate adsorption and P desorption of the soil with

the equilibrium soil solution citrate concentration, nonlinear

model fitting was performed using PROC NLIN in SAS, and the

best fitted model was judged by the coefficient of determination

(R2).

STAT IST ICAL ANALYS IS

To determine whether there were significant differences in relative

growth rates in height and biomass, carboxylate exudation rate,

Net P-uptake and tissue P concentration of E. coccineum seedlings

as dependent on P supply during growth, one-way ANOVAs were

applied with post hoc Tukey tests. The same test was applied to

determine significant differences in dry weight, P concentration

and content of seeds of six South American Proteaceae species. To

determine significant differences in number of cluster a factorial

ANOVA was carried out, using the main factor (number of cluster

roots) and their interaction: P supply (1–250 lM P) and Time

(weeks). All analyses were carried out with ORIGIN 8.0 software

(OriginLab corporation, Northampton, UK). Differences among

the values were considered significant at P-value ≤0�05.

Results

VAR IAT ION IN SEED MASS , P CONCENTRAT ION AND

CONTENT

Mean seed dry weight (DW) ranged from 5�3 to 17�2 mg

amongst the six species (Table 1). Gevuina avellana showed

by far the largest seed mass and the lowest seed [P]; its

higher total P content was accounted for by its very large

© 2014 The Authors. Functional Ecology © 2014 British Ecological Society, Functional Ecology
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dry mass compared with that of the other species. Average

seed P concentration of the six species was 3�2 mg g�1

DW.

SOIL P CONCENTRAT IONS IN THE NATURAL HAB ITAT

In Chile, Orites myrtoidea only grows on the Andes Moun-

tains (37–39°S). Total and ‘plant-available’ P from the soil

where this species grows was as high as 4300 mg kg�1 and

only 5�2 mg kg�1, respectively. The other Proteaceae spe-

cies occur in both Chile and Argentina (36–44°S)
(Steubing, Alberdi & Wenzel 1983); total soil P was con-

siderably higher than that in the habitat of south-western

Australian and South African Proteaceae, but ‘plant-avail-

able’ soil P in their habitats were relatively low (Table 1).

INFLUENCE OF P SUPPLY ON GROWTH AND

CLUSTER-ROOT FORMAT ION OF E . COCCINEUM

Two months following initiation of P treatments, the rela-

tive growth rates for height and biomass accumulation

(RGRH and RGRB, respectively) were maximal for seed-

lings supplied with 10 lM P during growth (Fig. 1). How-

ever, RGRH and RGRB were reduced significantly only

for seedlings grown at the highest P supply (250 lM). As

[P] supplied for growth was increased, there was a steady

increase in biomass allocated to shoots, while biomass

allocation to the roots decreased (Fig. 2). By the end of

the experiment, cluster roots were present only on plants

supplied with 1 or 10 lM P, comprising <5% of the total

plant biomass (Fig. 2). Significant differences were found

in cluster-root number and their interaction (P supply and

time) based on factorial ANOVA (P-value ≤0�05). The reduc-

tion in numbers of cluster roots with increasing P supply

took approximately 5 weeks (Fig. 3a).

INFLUENCE OF P SUPPLY ON T ISSUE P

CONCENTRAT ION OF E . COCCINEUM

Seedlings cultivated for 3 weeks at 10–250 lM P shed 10–

40% of their leaves (see Fig. S1a, Supporting information).

Shed leaves, had eightfold greater leaf [P] compared with

mature fully expanded leaves at the end of the experiment

(Table 2). Prior to shedding, these leaves showed necrosis,

with yellow and black spots on the foliage (Fig. S1b,c).

The [P] of mature fully expanded leaves and stems

increased sixfold and ninefold, respectively, as the P sup-

plied for growth was increased from 1 to 250 lM (Table 2).

Root [P] increased from 1�0 to 2�3 mg P g�1 DW.

Table 1. Dry weight, phosphorus (P) concentrations and contents of seeds of six South American Proteaceae species and total and ‘plant-

available’ (Olsen) soil P in the top 20 cm in the natural habitat in Chile

Species

Weight*

(mg seed�1) [P] (mg g�1)

Total seed P

(lg)
Total soil P

(mg kg�1) pH (H2O)

Olsen P

(mg kg�1)

Embothrium coccineum 17�2 (0�6) b 4�7 (0�2) a 80�6 (4�8) b 1648 4�4–5�6 0�1–2�6*
Orites myrtoidea 11�3 (0�5) c 3�4 (0�2) ab 37�9 (0�7) c 4300 5�4 5�2
Gevuina avellana 354�2 (11�1) a 2�2 (0�2) b 762�6 (110�8) a 1648 4�4–5�6 0�1–2�6*
Lomatia ferruginea 8�8 (0�2) cd 3�2 (0�4) ab 28�4 (2�6) cd 2575 5�2 2

Lomatia dentata 6�3 (0�1) d 2�2 (0�2) b 14�1 (1�4) d 1957 5�6 13�2**
Lomatia hirsuta 5�3 (0�1) d 3�6 (1�2) b 18�5 (6�5) d 1648 4�4–5�6 0�1–2�6*

Each value represents the mean (SE in parentheses, n = 3). Values not sharing the same the lowercase letter within each column are signifi-

cantly different (P ≤ 0�05).
*Data from Donoso- ~Nanculao et al. (2010).

**Data from Krause (1996).
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Seedlings supplied with 1 lM P had the lowest leaf [P],

while seedlings supplied with 50 or 250 lM P had a signifi-

cantly higher leaf [P] concentration (Table 2). Seedlings

provided with 10, 25 or 100 lM P had a mean leaf [P] of

1�5 mg P g�1, but this was not significantly different from

either the higher or lower mean leaf [P] (Table 2). These

results show great variability in seedling response to differ-

ent P supply, even at the same P treatment, especially at

higher P supply. However, regardless of P concentration

supplied to seedlings, there were no symptoms of P toxicity.

INFLUENCE OF P SUPPLY ON RATES OF CARBOXYLATE

EXUDAT ION

Fast carboxylate-exudation rates were determined for

plants grown at 1 lM P (Fig. 4), compared with seedlings

grown at higher P levels. Malic and citric acid were the

major carboxylates exuded, with only trace amounts of

cis-aconitic, fumaric and trans-aconitic acid detected

(Fig. 4). Similar results were obtained for excised cluster

roots; however, no citric acid was detected in exudates of

non-cluster roots (Table 3).

INFLUENCE OF P SUPPLY ON P-UPTAKE RATES

Net P-uptake rates measured at 5 lM P for all plants, irre-

spective of the P concentration in the nutrient solution

during growth, were significantly reduced for plants grown

at high-P concentration in the nutrient solution compared

with plants grown at 1 lM P (Fig. 5). This reduction in

P-uptake capacity shows that E. coccineum has the capac-

ity to down-regulate its high-affinity P-transport system

which avoided P-toxicity symptoms and allowed 100%

seedling survival.
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Table 2. Tissue phosphorus (P) concentrations of Embothrium coccineum seedlings grown at 1, 10, 25, 50, 100 or 250 lM P supply

Treatment

P concentration (mg g�1 DW)

Cotyledons Shed leaves Mature leaves Stems Non-cluster roots Cluster roots

Pre-treatment* 0�3 (0�0) - - 1�1 (0�2) ab 1�0 (0�2) c 4�9 (0�6) a 1�5 (0�5) a
1 lM - - - 0�5 (0�1) b 0�8 (0�2) c 1�0 (0�1) bc 0�5 (0�1) b
10 lM - 12�9 (2�1) a 1�2 (0�2) ab 1�9 (0�4) bc 0�8 (0�1) c 0�4 (0�1) b
25 lM - 15�8 (0�8) a 1�3 (0�1) ab 2�9 (0�9) b 1�9 (0�4) b - - -

50 lM - 17�2 (1�6) a 2�9 (0�7) a 6�9 (1�1) a 1�9 (0�5) b - - -

100 lM - 18�2 (2�1) a 2�1 (0�6) ab 6�3 (0�9) ab 1�5 (0�1) bc - - -

250 lM - 19�2 (0�5) a 3�2 (1�1) a 7�2 (1�3) a 2�3 (0�6) b - - -

All values represent means (SE in parentheses, n = 4). Values not sharing the same the lowercase letter within each column are signifi-

cantly different (P ≤ 0�05).
*Pre-treatment: 4-month old seedlings grown in a soil mixture (pine bark, coco peat and river sand; 5 : 2 : 3) were transferred to nutrient

solution with the indicated P concentration.

-, Cotyledons were removed at the beginning of the experiment.

- -, Seedlings did not shed leaves.

- - -, Seedlings grown over 10 lM P did not develop cluster roots.
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CITRATE ADSORPT ION AND P DESORPT ION

When citric acid concentrations in the soil solution were

increased, the amount of citrate adsorbed onto the low-P

south-western Australian soil increased, but at a very slow

rate, even at a high-equilibrium soil solution citric acid

concentration (Fig. 6b). In the absence of citric acid in soil

solution, solution P concentrations were 0�1 mg P kg�1

soil DW, while with the sorption of citrate onto soil, the

soil solution P concentration increased to 0�5 mg P kg�1

soil DW (Fig. 6b).

Discussion

In accordance with our hypotheses, E. coccineum, which

naturally occurs on high-P soils with low-P availability,

exhibited traits that differ remarkably from those described

for Proteaceae species occurring on severely P-impover-

ished soils in Australia and South Africa.

INFLUENCE OF P SUPPLY ON GROWTH AND T ISSUE P

CONCENTRAT ION OF E . COCCINEUM

At high-P supply, E. coccineum seedlings initially showed

reduced growth (height and biomass) and symptoms of P

toxicity. However, all seedlings recovered, showing a RGR

at an optimum P supply of 0�033 g g�1 day�1 over a per-

iod of 60 days. This value is only slightly higher than that

of the south-western Australian Banksia grandis Willd.

(0�026 g g�1 day�1) grown in soil supplied with an opti-

mum level of P over a period of 63 days (Barrow 1977).

Therefore, the recovery of E. coccineum seedlings after

having been exposed to high-P supply was not due to rapid

growth, but rather to suppression of its P-uptake capacity,

as discussed below.

After 3 weeks of growth at a high-P supply, E. coccine-

um seedlings showed symptoms of P toxicity. However,

seedlings recovered after they shed some of their older

leaves with very high [P] (>10 mg P g�1 DW), a ‘value

associated with development of P-toxicity symptoms in

many other Proteaceae’ (Shane, Mccully & Lambers

2004b), and began to produce new leaves. This result

reveals the capacity of this species to acclimate to high-P

conditions. In this regard, it is noteworthy that E. coccine-

um has been reported as a facultative evergreen species,

since it is capable of shedding its leaves under stress condi-

tions, for example cold or drought (Escobar et al. 2006).

So far, there are no reports on the ability of E. coccineum

to shed its leaves under high-P conditions, but we do know

that leaves of E. coccineum can show a very low-P remo-

bilisation efficiency in its natural habitat (Lambers et al.

2012).
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Fig. 4. Rates of carboxylate exudation from intact root systems of

transpiring plants after 2 months growth at different phosphorus

(P) supplies of Embothrium coccineum seedlings. All values repre-

sent means � SE (n = 3). Values not sharing the same lowercase

letter within each black or hatched bars are significantly different

(P ≤ 0�05). n.d = not detected.

Table 3. Rates of citrate and malate exudation from excised clus-

ter roots and non-cluster roots of Embothrium coccineum after

2 months of phosphorus (P) treatment at 1 or 50 lM P

Treatment Tissue

Exudation rate

(nmol g�1 FW s�1)

Malate Citrate

1 lM P Juvenile cluster roots 0�1 (0�1) b 2�9 (1�5) b
1 lM P Mature cluster roots 1�3 (0�6) a 14�0 (5�3) a
1 lM P Senescent cluster roots 0�0 (1�0) b ND

1 lM P Non-cluster roots 1�0 (0�1) a ND

50 lM P* Non-cluster roots 0�6 (0�3) b ND

All values represent means (SE in parentheses, n = 3). Values not

sharing the same the lowercase letter within each column are sig-

nificantly different (P ≤ 0�05).
ND: not detected.

*Seedlings grown at 50 lM P did not develop cluster roots.
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Fig. 5. Net phosphorus- (P) uptake rates from intact root systems

of transpiring plants of Embothrium coccineum seedlings deter-

mined at 5 lM P for plants grown for 2 months at different P sup-

plies, ranging from 1 to 250 lM. As the same concentration was

used during P-uptake measurements, the results compare P-uptake

capacity, rather than the P-uptake rate during growth at different

concentrations. Each point represents the mean, and bars are SE

(n = 6). Values not sharing the same lowercase letter are signifi-

cantly different. All plants in all treatments appeared healthy,

without any foliar symptoms of P toxicity.
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In seedlings grown at high-P supply, the [P] in mature

leaves of E. coccineum was maintained below toxic levels,

showing lower values than those in the stem. Several

authors have suggested that the stems or roots act as a sink

for excess P, thus reducing P-toxicity symptoms in Protea-

ceae (e.g. Banksia ericifolia L.f. (Parks, Haigh & Cresswell

2000); Hakea prostrata (Shane, Mccully & Lambers

2004b); Grevillea crithmifolia R.Br. (Shane & Lambers

2006). Parks, Haigh & Cresswell (2000) and Shane,

Mccully & Lambers (2004b) concluded that when stems or

roots exceed their P-storage capacity, the leaf [P] increases

to toxic levels (>10 mg P g�1 DW), leading to visible P-

toxicity symptoms. In our study, the [P] in stem was much

higher than that in the P-sensitive species B. ericifolia and

H. prostata (4 and 1�5-fold higher, respectively), suggesting

that E. coccineum has a greater P-storage capacity in its

stem (Table 2). In G. crithmifolia, a P-tolerant species,

stem [P] was not measured. However, the authors reported

that ‘excess’ P was allocated to roots. The [P] in roots of

E. coccineum was 3�5-fold lower than that in G. crithmifoli-

a, but as other authors have suggested, we propose that

both roots and stems may have a function in buffering leaf

[P], thus avoiding P toxicity. Phosphorus concentrations in

E. coccineum show significant seasonal variation, being

higher in the stem during winter, corresponding to around

70% of total P content of the plants (Z�u~niga-Feest et al.

2009); the P content in the stem then declines when shoot

growth increases in spring. This shows that E. coccineum

can function at a range of P availabilities.

INFLUENCE OF P SUPPLY ON RATES OF P UPTAKE

At the beginning of the experiment, upon a transfer to a

high-P supply, E. coccineum showed P-toxicity symptoms

(See Fig. S1). These initial P-toxicity effects would appear

to be a typical response when plants are transferred from

low- to high-P supply, as found by Cogliatti & Clarkson

(1983) in Solanum tuberosum L. We hypothesise that ini-

tially E. coccineum did not quickly down-regulate its

P-uptake capacity; however, once the seedlings had accli-

mated to the high-P supply, they did show down-regula-

tion of their net P-uptake capacity, allowing a seedling

survival rate of 100%. The new leaves formed during the

experiment did not show symptoms of P toxicity (See Fig.

S2), and no significant differences in leaf [P] were found at

high-P levels in the nutrient solution (Table 2). This can be

explained by the P-uptake rates of roots of E. coccineum,

measured at 5 lM P, decreasing from 0�34 to 0�03 nmol

P g�1 root FW s�1 in seedlings grown at 1 and 250 lM P,

respectively.

The values found for P-uptake rates in E. coccineum

were much higher than those of other Proteaceae species

(Table 4), suggesting a greater ability to adapt to soil with

high total P. We surmise that this was due to a small

extent to the higher growth rate of E. coccineum and lar-

gely to the presence of relatively more young non-woody

roots (Fig. 3). Therefore, a greater proportion of the entire

root system was taking up P from the nutrient solution.

EVIDENCE FOR A TRADE-OFF BETWEEN INVESTMENT

OF CARBON IN CLUSTER-ROOT B IOMASS AND IN

CARBOXYLATE EXUDAT ION

Cluster-root formation was progressively inhibited after

5 weeks at high [P] in the nutrient solution, and completely

inhibited above 25 lM P, in the same way as has been

shown in studies on other Proteaceae species grown in

nutrient solution (Shane et al. 2003; Shane, Mccully &
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Fig. 6. Model summarising the experimen-

tal present data on Embothrium coccineum

and literature data on Hakea prostrata,

showing divergent investment in and

functioning of cluster roots of a Proteaceae

species from Chile vs. that of species in

south-western Australia. (a) Cluster-root

production and citrate release as dependent

on soil characteristics in Embothrium cocci-

neum (left) and Hakea prostrata (right). (b)

The amount of citrate sorbed onto soil

(black circles) and phosphorus (P) de-

sorbed into soil solution (white circles) as

dependent on the equilibrium citric acid

concentration in the soil solution for a low-

P south-western Australian soil (total P

concentration = 60 mg kg�1), and their fit-

ted relationships (lines). Each value repre-

sents the mean; bars are SE (n = 4). (c)

Sorption of malate on five mineralogically

diverse soils from Hawaii; reproduced from

Hue (1991).
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Lambers 2004b; Shane, Szota & Lambers 2004c). At 1 lM
P, E. coccineum produced, on average, nine cluster roots

per plant, and the biomass allocation to the cluster roots

was quite low (<5% of total biomass). These results agree

with other reports on E. coccineum (Gonzalez 1990;

Delgado et al. 2013; Donoso- ~Nanculao et al. 2013; Piper

et al. 2013). However, Hakea prostrata (Shane, Szota &

Lambers 2004c) and Grevillea crithmifolia (Shane &

Lambers 2006) grown at low-P supply in nutrient solution

allocate approximately 25% of their total biomass to clus-

ter roots. In a comparison of six Banksia species grown in

soil, investment in cluster-root biomass was, on average,

60% of the total biomass (range 32–75%) (Denton, Vene-

klaas & Lambers 2007). Therefore, E. coccineum allocated

much less resources to cluster-root formation than south-

western Australian Proteaceae species do.

At low-P supply, the carboxylate-exudation rates were

faster than those at a high-P supply (Fig. 4), as has been

reported for other species bearing cluster roots when grow-

ing under low-P conditions (Neumann & R€omheld 1999;

Neumann et al. 1999; Kihara et al. 2003; Shane et al.

2004a; Pe~naloza et al. 2005). When the root system was

excised and separated into cluster and non-cluster roots, the

exudation of citrate from mature cluster roots was signifi-

cantly greater than that of young cluster roots, while in exu-

dates of non-cluster roots this organic anion was not

detected (Table 3). Interestingly, our results for exudation

of E. coccineum were nine times faster than those of seven

Australian Proteaceae species, whose intact cluster roots

showed rates of approximately 1�6 nmol g�1 FW s�1 (Roe-

lofs et al. 2001) and 22 times higher than the rate during

the exudative burst of H. prostrata (Shane et al. 2004a). In

addition, the carboxylate exudation from mature cluster

roots of E. coccineum (13–23 days after rootlet initiation;

Delgado et al. 2013) lasted for a longer period than that in

H. prostrata, where the peak of exudation rate (cit-

rate + malate) was observed between 12 and 13 days after

emergence (Shane et al. 2004a). We conclude that the South

American E. coccineum invests far less biomass in cluster

roots, but that these clusters release carboxylates over a

longer period and at a much faster rate when compared

with south-western Australian Proteaceae species (Fig. 6a).

A similar contrast between investment in and function-

ing of cluster roots as discussed above for E. coccineum

and H. prostrata has been found for Lupinus cosentinii

Guss. when compared with L. albus L. grown in sand with

a sparingly soluble P form (Pearse et al. 2007). Lupinus

cosentinii produced a small amount of cluster-root biomass

(5% of total root biomass) compared with L. albus (47%

of total root biomass). However, L. cosentinii produced

significantly more carboxylates (253 lmol g�1 root DW)

compared with L. albus (140 lmol g�1 root DW). In the

case of E. coccineum, the larger amount of carboxylates

exuded from relatively few clusters is associated with the

form of P in the soils in which this species grows naturally.

Despite large amounts of total P, this P is scarcely avail-

able, due to the low pH and the high aluminium and iron

concentrations of these soils (Steubing, Alberdi & Wenzel

1983; Lambers et al. 2012). Souto, Premoli & Reich (2009)

reported that ‘plant-available’ P in the habitats of 26 pop-

ulations of E. coccineum in Patagonia ranges from 0�09 to

44 mg P kg�1 soil, with 26% of soils sampled showing

values below 1 mg P kg�1. Therefore, the rapid carboxyl-

ate-exudation rate from cluster roots of E. coccineum

might be more effective for this species that colonises

young deposits of volcanoes, agricultural or forest mar-

gins, clearcuts or landslides (Escobar et al. 2006). It should

be emphasised that the proposed model pertains to the

population of E. coccineum used in our study and relates

to the soil in the natural habitat of this population. Given

the wide distribution of E. coccineum (Souto, Premoli &

Reich 2009), it would be interesting to explore both eco-

typic and phenotypic variation, as dependent on soil type

in the natural habitats of this species. The main point we

make in our model is that carboxylate exudation from

cluster roots is not only important for plants naturally

occurring on P-impoverished soils, but also when soils

contain large amounts of P, of which most is poorly avail-

able for plants lacking specialised P-mining roots

(Lambers et al. 2012). The question that remains to be

Table 4. Comparison of characteristics found for Embothrium coccineum in this study with published data on Proteaceae species endemic

to other regions in the world

Species

Range of P

treatments (lM)

Range of net

P-uptake rate

(nmol P g�1 FW s�1)

Mature leaf [P]

(mg g�1 DW) Reference

E. coccineum J.R. Forst. & G. Forst.* 1–250 0�34–0�03 0�49 –3�16 This study

Hakea prostrata R.Br.† 0–10 0�06–0�02 0�02–13�6 Shane, Szota & Lambers (2004c)

Grevillea crithmifolia R.Br.† 0–200 0�09–0�04 0�15–2�50 Shane & Lambers (2006)

Protea compacta R.Br.‡ 0�01–1 0�03–0�02 0�1–0�7 Shane, Cramer & Lambers (2008)

Protea obtusifolia Bueck ex Meissner‡ 0�01–1 0�05–0�03 0�2–1�0 Shane, Cramer & Lambers (2008)

Leucadendron meridianum I.J. Williams‡ 0�01–1 0�08–0�04 0�1–1�2 Shane, Cramer & Lambers (2008)

Banksia attenuata R.Br.† 0–10 0�04–0�02 2–16 De Campos et al. (2013)

B. menziesii R.Br.† 0–10 0�03–0�02 1–20 De Campos et al. (2013)

*South America, †south-western Australia, ‡South Africa.
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answered is as follows: is there is a trade-off between car-

bon investment in a large amount of biomass in cluster

roots that release a relatively small amount of carboxylates

and a lower investment in cluster-root biomass with clus-

ters releasing far more carboxylates as dependent on soil

mineralogy? The essence of this trade-off is summarised in

Fig. 6a, comparing the present results on E. coccineum

with published information on the south-western Austra-

lian H. prostrata.

Our results related to citrate sorbed onto soil and P

desorbed into soil solution for a south-western Australian

P-impoverished soil showed that even though the equilib-

rium soil solution citric acid concentration was increased

to very high levels, only a very small amount of citrate was

adsorbed onto the sandy soil (Fig 6b). A similar trend was

reported by Hue (1991) in the adsorption of malate onto

oxisol, ultisol and vertisol. However, the amount adsorbed

on to andisol was very high (Fig. 6c). The small amount of

citrate adsorbed in sandy soils implies that a small amount

of soil P is desorbed into the soil solution. In rhizosphere

soil of L. albus clusters, the citric acid concentration in

solution is 1�1 mmol kg�1 soil; at 20% water content, this

amounts to approximately 5�5 mM (Dinkelaker, R€omheld

& Marschner 1989). This is in excess of citrate required to

desorb most P in a sandy soil (Fig. 6b). However, in a

strongly P-sorbing andisol (Hue 1991; Jara et al. 2006),

such a high carboxylate concentration would make

substantially more P available.

PHOSPHORUS NUTR IT ION AND SPEC IES

D ISTR IBUT ION AS DEPENDENT ON SOIL P

Phosphorus toxicity has been observed in many Australian

and South African Proteaceae species (Nichols & Beardsell

1981; Lambers et al. 2002; Shane, Mccully & Lambers

2004b; Hawkins et al. 2008; De Campos et al. 2013). How-

ever, not all Australian and South African Proteaceae spe-

cies are sensitive to elevated P supply. Shane & Lambers

(2006) reported that Grevillea crithmifolia (a south-western

Australian Proteaceae species) does not present P-toxicity

symptoms when grown at 200 lM P. These authors

suggested that the insensitivity to developing P-toxicity

symptoms is related to G. crithmifolia naturally occurring

in places with somewhat greater P availability. We also

associate the P insensitivity of E. coccineum with a P-rich

soil type in which this species grows naturally compared

with that of P-sensitive Australian and South African Pro-

teaceae species (see fig. 8 in Lambers et al. (2012)).

Southern South American species growing in their natu-

ral habitat have, on average, very high leaf [P] compared

with plants in other regions in the world (Lambers et al.

2011). This contrast is particularly strong when comparing

Proteaceae species from southern South America and

south-western Australia (Lambers et al. 2012). Several

authors have reported that species naturally occurring in

nutrient-poor soils tend to produce large seeds with high

nutrient content, providing nutrients to seedlings and thus

ensuring their survival and establishment (Milberg, P�erez-

Fern�andez & Lamont 1998; Kidson & Westoby 2000;

Vaughton & Ramsey 2001; Groom & Lamont 2010). Our

results on dry mass and P concentration in seeds of E. coc-

cineum and five other Chilean Proteaceae species (Table 1)

showed much lower seed mass and seed P concentrations

than those found for Proteaceae species growing in nutri-

ent-poor soils in south-western Australian and the Cape

Floristic Region of South Africa. The values for the south-

western Australian species are 86 � 23 mg DW and

13�2 � 0�8 mg P g�1 DW, and those for south-western

African species are 53 � 11 mg DW and 5�8 � 0�8 mg

P g�1 DW, respectively (Groom & Lamont 2010), com-

pared with 11�5 � 1�4 mg DW (excluding seed mass of

G. avellana which was 354 � 11 mg DW) and

3�2 � 0�4 mg P g�1 DW, on average, for southern South

American Proteaceae species. This suggests that the inves-

tigated South American Proteaceae species have not

evolved to accumulate large P reserves in their seeds,

unlike south-western Australian and South African Protea-

ceae species, which evolved in old, climatically buffered,

infertile landscapes (Hopper 2009). Henery & Westoby

(2001) reported that plants with smaller seeds have a

greater dispersal and colonisation potential. This could

also be relevant for E. coccineum, which has a wide geo-

graphical distribution, from 35� S to 56� S in Chile and

Argentina (Escobar et al. 2006). The soils in which this

colonising species grows are characterised by high total

soil P compared with those in Australian soils (Lambers

et al. 2008, 2010, 2012), but containing low levels of

‘plant-available’ P, due to the strong sorption to oxides

and hydroxides of Fe and Al (Borie & Rubio 2003).

Delgado et al. (2013) found rapid exudation of carboxy-

lates and acid phosphatase by cluster roots compared with

non-cluster roots of E. coccineum, thus showing a similar

functioning as other Proteaceae species naturally occurring

in ancient and highly weathered soils in Australia and

South Africa (Shane & Lambers 2005). Lambers et al.

(2012) proposed that the role for species with cluster roots

that grow on young P-rich soil with low-P availability in

southern South America is to access strongly sorbed P,

and then act as ecosystem engineers, providing P in leaf lit-

ter for neighbouring plants without cluster roots. That

capacity of species bearing cluster roots to make the rela-

tively unavailable P available to other plants could be an

ecologically important trait in young volcanic soils (Lam-

bers, Clements & Nelson 2013b). This key trait shown by

E. coccineum must be considered in future ecological resto-

ration work, especially for seedling establishment through

an increased P acquisition in soils with poor nutritional

status, as suggested by Piper et al. (2013).

Concluding remarks

This study documents novel responses related to P nutri-

tion in E. coccineum a southern South American Protea-

ceae species endemic to young relatively P-rich volcanic
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soils, with low-P availability. First, we show down-regula-

tion of net P-uptake capacity as well as P storage in woody

stems occur simultaneously in plants grown at relatively

high-P supply. Second, we found relatively fast rates of

carboxylate exudation and relatively little investment in

cluster-root biomass, when compared with south-western

Australian species. We surmise that this allows E. coccine-

um to effectively solubilise P from P-rich volcanic soils

with high-P sorption capacity. Together, these traits

explain why this Proteaceae species persist in soils with

very high total P where P is relatively unavailable.
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Supporting Information

Additional Supporting information may be found in the online

version of this article:

Fig. S1. Influence of different phosphorus (P) supplies, ranging

from 1 to 250 lM P in the nutrient solution, on the occurrence of

foliar P-toxicity symptoms in Embothrium coccineum seedlings. (a)

Percentage shed and new leaves of total leaf weight. (b) Leaf

symptoms of P toxicity as indicated by dark and yellow spots

(solid arrow) and new healthy leaves (dashed arrow) on a seedling

supplied with 250 lM P. (c) Leaf showing symptoms of P toxicity

just prior to shedding after three weeks following initiation of P

treatments.

Fig. S2. (a) Seedling of Embothrium coccineum at the beginning

and (b) at the end of the experiment.
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