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Abstract 23 

The calcifuge habit of plants is commonly explained in terms of high soil pH and its effects on nutrient availability, 24 

particularly that of phosphorus (P). However, most Proteaceae that occur on nutrient-impoverished soils in south-25 

western Australia are calcifuge, despite their ability to produce cluster-roots, which effectively mobilise soil P and 26 

micronutrients. We hypothesise that the mechanism explaining the calcifuge habit in Proteaceae is their sensitivity 27 

to P and calcium (Ca), and that soil-indifferent species are less sensitive to the interaction of these nutrients. In this 28 

study, we analysed growth, gas-exchange rate and chlorophyll fluorescence of two soil-indifferent and four calcifuge 29 

Hakea and Banksia (Proteaceae) species from south-western Australia, across a range of P and Ca concentrations in 30 

hydroponic solution. We observed Ca-enhanced P toxicity in all analysed species, but to different extents depending 31 

on distribution type and genus. Increasing P supply enhanced plant growth, leaf biomass and photosynthetic rates 32 

of soil-indifferent species in a pattern largely independent of Ca supply. In contrast, positive physiological responses 33 

to increasing [P] in calcifuges were either absent or limited to low Ca supply, indicating that calcifuges were far more 34 

sensitive to Ca-enhanced P toxicity. In calcifuge Hakeas, we attributed this to higher leaf [P], and in calcifuge Banksias 35 

to lower leaf zinc concentration. These differences help explain these species’ contrasting sensitivity to Ca-enhanced 36 

P toxicity and account for the exclusion of most Proteaceae from calcareous habitats. We surmise that Ca-enhanced 37 

P toxicity is a major factor explaining the calcifuge habit of Proteaceae, and, possibly, other P sensitive plants. 38 

 39 

Keywords 40 

calcium-enhanced phosphorus toxicity, Jurien Bay dune chronosequence, phosphorus-enhanced zinc requirement, 41 

photosynthesis, soil-indifferent 42 

 43 

Abbreviations 44 

AICc, Akaike’s Information Criterion corrected for finite sample sizes; Asat, light-saturated leaf-level photosynthetic rate; 45 

(C), calcifuge; Ci, intercellular CO2 concentration; CR, cluster roots; DMC, dry-matter content; DW, dry weight; Fv/Fm, 46 

variable over maximal leaf fluorescence; FW, fresh weight; GLS, generalised least squares; gs, stomatal conductance; IL, 47 

immature leaves; ML, mature leaves; NCR, non-cluster roots; Rdark, leaf dark respiration; (SI), soil-indifferent; ST, stems. 48 

 49 
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Introduction 50 

Calcifuge plants lack the ability to establish and grow in soils with high pH and calcium (Ca) concentrations (Tyler 51 

1992, Lee 1998). It is generally accepted that the primary limitation of calcareous soils to plant growth is the reduced 52 

availability of phosphorus (P) and micronutrients, including iron (Fe), zinc (Zn) and manganese (Mn), at elevated soil pH 53 

(Grime and Hutchinson 1967, Tyler 1996, Tyler and Olsson 2002). Under these conditions, the relative inefficiency of 54 

calcifuge plants to mobilise P (Tyler 1992), which is associated with low carboxylate-exudation rates (Ström et al. 1994, 55 

Tyler and Ström 1995), likely explains their exclusion from calcareous soils. However, the high [Ca] of calcareous soils 56 

might also be involved in the calcifuge habit of some species, as high [Ca] may interfere with the uptake of P and other 57 

elements (Jefferies and Willis 1964, Leggett et al. 1965, Hyde 1966). 58 

In Proteaceae, there is a clear separation between calcifuge and soil-indifferent species, with only a few of the >650 59 

species in south-western Australia naturally occurring on young (<7,000 yr), calcareous dunes (Hayes et al. 2014, 2019a, 60 

Zemunik et al. 2015). Along the Jurien Bay dune chronosequence, for example, most Proteaceae occur exclusively on 61 

the older (>120,000 yr), nutrient-impoverished, acidic dunes and are calcifuge (Hayes et al. 2014, 2019a, Zemunik et al. 62 

2015). This is surprising, considering that most Proteaceae produce carboxylate-releasing cluster roots that acidify the 63 

rhizosphere, increasing the availability of P and micronutrients (Lambers et al. 2003; Shane and Lambers 2005). 64 

Interestingly, several Australian Proteaceae are sensitive to high soil P availability (Parks et al. 2000, Lambers et al. 65 

2002, Shane et al. 2004) due to a low capacity to down-regulate P-uptake rates (Shane et al. 2004, de Campos et al. 66 

2013) and a preferential allocation of P to mesophyll cells (Shane et al. 2004, Hawkins et al. 2008, Hayes et al. 2018). 67 

Whilst the plant-available [P] in calcareous soils across the Jurien Bay dune chronosequence (1.2 to 2.1 mg P kg-1 soil; 68 

Turner and Laliberté 2015) is higher than that of the adjacent acidic dunes (≤0.5 mg P kg-1 soil), it is unlikely high enough 69 

to exclude P-sensitive Proteaceae, given that P-toxicity symptoms are generally observed at plant-available [P] >10 mg 70 

kg-1 soil (Lambers et al. 2002, Shane and Lambers 2005). It has been suggested that high soil [P] might lead to increased 71 

Ca-uptake rates (de Kreij et al. 1992) and possibly to Ca toxicity, but the underlying mechanism has not been identified. 72 

Additionally, high Ca supplies might also inhibit plant growth (Grundon 1972) and increase P-uptake rates (Leggett et 73 

al. 1965, Hyde 1966, Robson et al. 1970), leading to P toxicity. It is possible then that the interplay between soil P and 74 

Ca is associated with the calcifuge habit of many Proteaceae. Whilst Hayes et al. (2019a) recently began to explore this 75 

nutrient interaction, thus far, no study has examined its effects on plant physiology and carbon metabolism, hence 76 

triggering this study. 77 
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We grew six Hakea and Banksia species (four calcifuge, two soil-indifferent) that naturally occur along the Jurien Bay 78 

dune chronosequence in south-western Australia (Hayes et al. 2014, 2019a, Zemunik et al. 2015) in hydroponic solution 79 

with varying P and Ca supplies. The aims of this study were to: 1) assess the physiological responses (plant growth, gas-80 

exchange rates, stomatal conductance, and chlorophyll fluorescence) of calcifuge and soil-indifferent Proteaceae to a 81 

range of P and Ca supplies; 2) determine if differences in the expression of P and/or Ca toxicity, and their impact on the 82 

plant’s carbon metabolism explain why calcifuge and soil-indifferent species are distributed differently across the Jurien 83 

Bay chronosequence; and 3) identify the mechanisms underpinning this nutrient interaction in leaves of Proteaceae. 84 

We hypothesised that growth and photosynthetic responses to varying P and Ca supplies would strongly depend on 85 

distribution type. Second, that soil-indifferent species would be less sensitive to P and Ca toxicity than calcifuges, being 86 

either unaffected by high P/Ca supplies or only affected at very high concentrations. Finally, we hypothesised that the 87 

toxicity symptoms, in conjunction with gas exchange responses, would provide clues as to how these nutrients interact 88 

in leaves, allowing us to propose a mechanism for P/Ca toxicity effects on physiological processes. 89 

 90 

Material and Methods 91 

Species selection 92 

We selected six Proteaceae species from two genera, Hakea and Banksia, which naturally occur along the Jurien Bay 93 

dune chronosequence (Hayes et al. 2014, 2019a, Zemunik et al. 2015). This chronosequence is located in south-western 94 

Australia, approximately 200 km north of Perth, and consists of a series of overlapping dune systems deposited during 95 

periods of high sea level over ≈2 million years, from the Early Pleistocene and Late Pliocene to the present (Turner and 96 

Laliberté 2015). These dune systems, formed through the deposition of carbonate-rich material (McArthur et al. 1991), 97 

increase in age with distance from the coast. With time, carbonate is leached from the upper horizons and soil pH, [Ca] 98 

and [P] gradually decline along the coast-inland gradient (Turner and Laliberté 2015). 99 

Most Proteaceae that occur along the chronosequence are found exclusively on older, acidic dunes, where soil [Ca] 100 

and [P] are much lower than on calcareous dunes (Hayes et al. 2014, 2019a, Zemunik et al. 2015). These species are 101 

referred to as calcifuge (C). However, a few Proteaceae species occur on both young, calcareous dunes and on old, acidic 102 

ones (Dixon, 2011), being referred to as soil-indifferent (SI). In this study, we selected four calcifuge (Hakea flabellifolia 103 

Meisn., H. incrassata R.Br., Banksia menziesii R.Br. and B. attenuata R.Br.) and two soil-indifferent species (H. prostrata 104 

R.Br. and B. prionotes Lindl.). 105 
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 106 

Plant growth 107 

Plants were grown from seeds collected in November, 2013 from populations along the Jurien Bay chronosequence 108 

(Turner and Laliberté, 2015) and transferred to hydroponics. Seeds from calcifuge species (H. flabellifolia, H. incrassata, 109 

B. menziesii, and B. attenuata) were collected from two or more populations on acidic soils. Seeds from soil-indifferent 110 

species (H. prostrata and B. prionotes) were collected from populations on both acidic and calcareous soils (at least two 111 

from each soil-type). 112 

This study was divided into two separate experiments. The Hakeas were grown between February and September 113 

2014, and the Banksias between June 2014 and March 2015. Seeds were sterilised with 1% (w/v) sodium hypochlorite 114 

- an additional sterilisation with 70% (v/v) ethanol was performed for Banksias - and sown on moist filter paper in 20 115 

cm Petri dishes until the primary root and cotyledons emerged (15˚C, 12h of light). The seedlings were then transferred 116 

by placing the single initial root through floating plastic mesh into trays containing 3 l of continuously-aerated nutrient 117 

solution. The strength of the nutrient solution (pH 5.8) was increased, from ‘25% growth’ to ‘100% growth’ (Table S1), 118 

as the plants became larger. The complete nutrient solution was replenished 1-3 times per week, depending on seedling 119 

size. Temperature was continuously increased (15˚C to 21˚C) to acclimate plants, and after six (Hakea) or ten (Banksia) 120 

weeks of initial establishment, the seedlings were transferred to 4.5 l pots and moved to the glasshouse. In total, 320 121 

Hakea and 256 Banksia plants (80 and 64 per Hakea and Banksia species, respectively) of uniform size were selected 122 

for the experiment (n= 8-10 plants per species per treatment). 123 

Plants were transferred in pairs to 4.5 l pots, with each plant held in place by a grey foam disk, creating a light-tight 124 

seal around the base of the stem. Each pot contained 4 l of continuously-aerated nutrient solution, maintained at 18˚C 125 

by a root-cooling tank. During acclimation, the nutrient solution was kept at ‘25% growth’ (Hakea) or increased from 126 

‘25% growth’ to ‘50% growth’ (Banksia). During growth and acclimation, P and Ca were supplied at 0.1 µM and 10 µM, 127 

respectively (Table S1). Plants were maintained in the glasshouse during acclimation for eight (Hakea) or six (Banksia) 128 

weeks, after which the treatment period began. 129 

During treatment, plants were supplied with either ‘25% to 33% basal’ or ‘50% basal’ nutrient solution (Hakea and 130 

Banksia, respectively; Table S1). This solution was supplemented with P (0.1, 10 µM; supplied as KH2PO4) and Ca (0, 0.1, 131 

0.6, 6 mM; supplied as CaCl2), with eight treatments in total. The complete nutrient solution with the treatments were 132 

replenished three times per week. The experiments were conducted in a temperature-controlled glasshouse at a mean 133 
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temperature of 17˚C (Hakea) and 21˚C (Banksia), with root temperatures maintained at 18˚C. Plants were grown under 134 

treatment for 11 weeks, after which the gas-exchange measurements were performed, and the plants harvested. 135 

During harvest, plants were separated into subsamples: mature leaves (ML; fully-expanded leaves), immature leaves 136 

(IL; soft expanding leaves and shoots), stems (ST), cluster roots (CR) and non-cluster roots (NCR). All sub-samples were 137 

weighed fresh (FW), rinsed in deionised water, oven-dried (70˚C, 72 h) and weighed again dry (DW). Plant growth was 138 

defined as final minus initial total plant biomass (FW), according to the following equation:  139 

Plant	growth	!" =	 (ML	!"	$%&'(+ IL	!"	$%&'( + ST	!"	$%&'( + NCR	!"	$%&'( + CR	!"	$%&'() − Seedling	!"	%&%)%'( 140 

 141 

Nutrient analyses 142 

Mature leaves, stems and non-cluster root samples of five individual plants per species/treatment combination were 143 

analysed for total [P], [Ca] and [Zn]. The dried samples were ground (2010 Geno/Grinder, SPEX SamplePrep, Metuchen, 144 

USA) using plastic vials and yttria-stabilised zirconium ceramic beads. The finely-ground tissue samples were then acid-145 

digested using concentrated nitric acid under heat, and analysed for nutrient concentration using inductively coupled 146 

plasma optical-emission spectrometry (ICP; National Measurements Institute, Perth, Australia) on an axially configured 147 

Varian Vista Pro (Varian Australia Pty Ltd., Mulgrave, Australia). 148 

 149 

Gas-exchange measurements 150 

Light-saturated photosynthesis (Asat) and leaf dark respiration (Rdark) rates were measured on mature, healthy, fully-151 

expanded leaves of >four individuals per species/treatment combination using an infra-red gas analyser (LI-6400XT; LI-152 

COR BioSciences, Lincoln, USA). Photosynthetic measurements were carried out at 2500 μmol photons m-2 s-1, which 153 

was saturating, but not damaging, to all species. Leaves were exposed to 400 µmol CO2 mol-1 air during measurements 154 

using the built-in LI-6400XT CO2 controller. All photosynthetic measurements were performed on leaves that had been 155 

exposed to at least 2 h of daytime illumination, whilst the dark respiration measurements were made 4 h after sunset. 156 

Measurements were made under ambient temperature (17.3 ± 0.0°C for Hakea and 22.8 ± 0.1°C for Banksia) with the 157 

relative humidity set between 50-70% on two leaves per plant, and the results averaged for each individual. 158 

 159 

Chlorophyll fluorescence measurements 160 

Leaf chlorophyll fluorescence was measured simultaneously to the dark respiration rates using a LI-6400XT (LI-COR 161 

BioSciences, Lincoln, USA). The variable over maximal fluorescence (Fv/Fm) measurements were carried out on plants 162 
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dark-acclimated for more than 4 h. Reaction centre closure was achieved by applying a 0.8 s pulse of saturating light. 163 

Fv/Fm was calculated as the variable over the maximum fluorescence (Krause and Weis, 1991). 164 

 165 

Statistical analyses 166 

Differences in total plant growth, leaf biomass, dry matter content (DMC), light-saturated photosynthetic rate (Asat), 167 

leaf dark respiration (Rdark), stomatal conductance (gs), intercellular CO2 concentration (Ci), and variable over maximal 168 

fluorescence (Fv/Fm) among P and Ca treatments for each Hakea and Banksia species were tested using generalised 169 

least squares (GLS) models. The residuals of the models were screened for normality through formal tests (Shapiro-Wilk 170 

and Anderson-Darling) and inspected for heteroscedasticity, visually and through Fligner-Killeen tests, with appropriate 171 

variance structures being applied to the models when necessary. Model selection was based on Akaike's Information 172 

Criterion corrected for finite sample sizes (AICc; Tables S2-S8) and the Tukey’s HSD post-hoc test was used to determine 173 

differences among treatment combinations (McCulloch and Neuhaus 2005). The relationship between Asat and leaf [Ca], 174 

and between leaf [Zn] and leaf [P], was inspected through regression analysis. These models were also selected based 175 

on Akaike's Information Criterion corrected for finite sample sizes (AICc), and the models' parameters (P-values, R2 and 176 

β; standardised regression coefficients) were presented whenever significant (P<0.05). All the statistical analyses were 177 

performed with the R software platform (R Development Core Team). 178 

 179 

Results 180 

Plant growth and tissue quality 181 

Hakea prostrata (SI) and Banksia prionotes (SI) both showed an increase in growth with increasing P supply, except 182 

at 6 mM Ca (P<0.001; Fig. 1A). There was also a significant effect of Ca supply on plant growth (P<0.001 and P=0.037 for 183 

H. prostrata and B. prionotes, respectively), with increasing Ca supply negatively affecting the production of biomass. 184 

Banksia menziesii (C) showed a similar pattern, with increased growth in response to higher P supply (P<0.001; Fig. 1A), 185 

except at 6 mM Ca. There was also a significant effect of Ca supply on the growth of this species (P=0.002), with plants 186 

under high-P conditions showing a significant decrease in growth at 6 mM Ca. In contrast, H. flabellifolia (C) showed no 187 

difference in growth with increasing P and Ca supply (Fig. 1A). Banksia attenuata (C) also showed little variation among 188 

treatments, even though there was a significant effect of both P and Ca supply on plant growth (P=0.035 and P=0.006, 189 

respectively). Hakea incrassata (C) showed no increase in plant growth with increasing [P]. Rather, this species either 190 
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showed similar or decreased growth with additional P (P<0.001; Fig. 1A). There was also a significant – and negative – 191 

effect of Ca supply on the growth of H. incrassata (P=0.026). 192 

Hakea prostrata (SI) and Banksia prionotes (SI) both showed an increase in leaf biomass with increasing P supply, 193 

regardless of Ca supply (P<0.001; Fig. 1B). There was a marginally significant effect of [Ca] on leaf biomass of H. prostrata 194 

(P=0.063), a trend that was not seen in B. prionotes (P=0.994). Banksia menziesii (C) and B. attenuata (C) also showed 195 

an increase in leaf biomass with increasing P supply (P<0.001; Fig. 1B), but this response depended on the Ca supply: in 196 

B. menziesii, we found increase in all Ca treatments, except 6 mM Ca, whilst in B. attenuata we only found an increase 197 

in the 0.1 mM Ca treatment. In contrast, H. flabellifolia (C) showed no differences in leaf biomass with higher P supply 198 

(P=0.769), and even though there was a significant effect of [P] (P<0.001) on the leaf biomass of H. incrassata (C), there 199 

was little variation among treatments for this species. There was no significant effect of [Ca] on leaf biomass of any of 200 

the calcifuge species. 201 

In terms of DMC, H. prostrata (SI) and B. prionotes (SI) both showed an increase with increasing P supply (P<0.001; 202 

Fig. 1C). There was also a significant effect of Ca supply on DMC of B. prionotes (P<0.001), with increasing [Ca] leading 203 

to higher DMC, a trend not found in H. prostrata (P=0.178). The calcifuge species, in contrast, showed no difference in 204 

DMC with increasing P or Ca supply. 205 

 206 

Photosynthesis, stomatal conductance and intercellular CO2 concentration 207 

Hakea prostrata (SI) showed faster photosynthetic rates with increasing P supply (P<0.001; Fig. 2A), except at 6 mM 208 

Ca. There was also a significant effect of Ca supply (P<0.001), with increasing [Ca] negatively affecting rates of plants in 209 

the high-P treatment. Banksia prionotes (SI), similarly, showed faster photosynthetic rates with increasing [P] (P<0.001; 210 

Fig. 2A). In this species, however, the increasing [Ca] did not affect photosynthesis, with plants within each P treatment 211 

showing similar rates across Ca treatments. Banksia menziesii (C) showed a somewhat similar pattern, with increased 212 

photosynthetic rates in response to higher [P] (P<0.001; Fig. 2A). However, this positive effect was not observed at the 213 

6 mM Ca treatment. Banksia attenuata (C), in contrast, showed no differences in photosynthesis with increasing P and 214 

Ca supplies (P=0.795 and P=0.115, respectively; Fig. 2A). Hakea flabellifolia (C) showed no increase in photosynthesis 215 

with increasing P supply. In fact, these plants either showed similar or reduced photosynthetic rates with additional P 216 

(P<0.001; Fig. 2A). There was also a significant effect of Ca supply, with increasing Ca concentration leading to reduced 217 

photosynthetic rates (P<0.001). In H. incrassata (C), there was only an increase in photosynthetic rates with increasing 218 

P supply when plants were growing without Ca (0 mM). In all other cases, the increasing [P] reduced assimilation rates 219 
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(P<0.001; Fig. 2A). There was also a significant effect of Ca supply (P<0.001), with increasing [Ca] leading to a decrease 220 

in photosynthesis with as little as 0.1 mM Ca. 221 

Hakea prostrata (SI) showed higher stomatal conductance (gs) with increased P supply (P<0.001; Fig. 2B), except in 222 

high-Ca treatments (0.6 and 6 mM). There was also a significant effect of Ca (P<0.001) on gs, with increasing Ca supply 223 

negatively affecting the rates of plants in the high-P treatment. Banksia prionotes (SI), likewise, showed higher gs with 224 

increased P supply (P<0.001; Fig. 2B), except in the 6 mM Ca treatment. In these plants, the Ca treatment had no effect 225 

on gs (P=0.085). Hakea incrassata (C), in contrast, showed lower gs with increasing [P] (P<0.001; Fig. 2B), except in the 226 

0 and 6 mM Ca treatments. In all other calcifuge species, there were no differences in gs with varying P supply (P=0.866, 227 

P=0.296 and P=0.869 for H. flabellifolia, B. menziesii and B. attenuata, respectively). There was, however, a significant 228 

effect of Ca supply in all calcifuge species (P<0.01; Fig. 2B), with decreased gs in response to higher [Ca], particularly in 229 

high-P conditions.  230 

In terms of leaf intercellular CO2 concentration (Ci; Fig. 2C), H. prostrata (SI) showed no variation with increasing P 231 

supply, except at 6 mM Ca, in which Ci declined with the higher [P]. In these plants, the Ca treatment did not affect Ci 232 

(P=0.901). In B. prionotes (SI), Ci decreased with increasing P supply, but only in low-Ca conditions (0 and 0.1 mM Ca). 233 

There was no significant effect of Ca supply (P=0.227) on this species’ Ci. In H. flabellifolia (C) and H. incrassata (C), the 234 

increasing [P] led to higher Ci (P=0.002 and P<0.001 for H. flabellifolia and H. incrassata, respectively), especially in the 235 

high-Ca treatments. There was no significant effect of [Ca] (P=0.679 and P=0.091 for H. flabellifolia and H. incrassata, 236 

respectively) on these species’ Ci. In calcifuge Banksias, there were no changes in Ci with increasing [P] and/or [Ca]. 237 

 238 

Chlorophyll fluorescence and dark respiration rates 239 

Hakea prostrata (SI) showed higher Fv/Fm with increasing P supply (P<0.001; Fig. 3), except in the 0 and 0.6 mM Ca 240 

treatments. There was also a significant effect of Ca supply (P<0.001), with increasing [Ca] reducing the Fv/Fm of plants 241 

under low-P conditions. In B. prionotes (SI), Fv/Fm did not change with increasing P or Ca supply, except at 0.1 mM Ca, 242 

in which it increased with the higher [P]. Similarly, calcifuge Banksias showed no differences in Fv/Fm with increasing P 243 

and/or Ca supplies (Fig. 3). The calcifuge Hakeas, on the other hand, showed no differences in Fv/Fm with increasing P 244 

supply (P=0.067 and P=0.182 for H. flabellifolia and H. incrassata, respectively). There was, however, a significant effect 245 

of Ca supply on the Fv/Fm of both species (P=0.003; Fig. 3), with increasing [Ca] reducing Fv/Fm of plants in the high-P 246 

treatment, a trend not found in low-P conditions. 247 
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There were virtually no differences in leaf dark respiration rates with increasing P and/or Ca supply (Fig. S1) for both 248 

soil-indifferent and calcifuge species. However, Banksias showed consistently slower rates than Hakeas. 249 

 250 

Photosynthesis and leaf calcium relationship 251 

In H. prostrata (SI), there was a significant correlation between Asat and leaf [Ca], regardless of P supply (P=0.008, 252 

R2=0.15, β=-0.42 for plants under low-P conditions, and P<0.001, R2=0.49, β=-0.71 for plants under high-P conditions; 253 

Fig. 4). This trend was also observed in the calcifuge species H. flabellifolia (P=0.018, R2=0.26, β=-0.55 for plants under 254 

low-P conditions and P<0.001, R2=0.55, β=-0.76 for plants under high-P conditions) and H. incrassata (P=0.042, R2=0.18, 255 

β=-0.47 for plants under low-P conditions and P<0.001, R2=0.49, β=-0.72 for plants under high-P conditions). However, 256 

H. prostrata under high-P conditions showed consistently higher Asat than those under low-P conditions, except when 257 

leaf [Ca] reached very high levels (≈30 mg Ca g-1 DW). In contrast, the calcifuge Hakeas in the high-P treatment either 258 

showed identical Asat, under relatively low leaf [Ca], or slower rates than plants in low-P conditions, especially when the 259 

leaf [Ca] exceeded 10 mg Ca g-1 DW (Fig. 4). 260 

In B. prionotes (SI), there was no significant correlation between Asat and leaf [Ca], regardless of P supply (P=0.100 261 

and P=0.555 for plants in low- and high-P treatments, respectively; Fig. 4). The same trend was found in B. attenuata 262 

(C; P=0.342 and P=0.268 for plants in low- and high-P treatments, respectively), and for B. menziesii (C) under low-P 263 

conditions (P=0.113). There was, however, a significant correlation between Asat and leaf [Ca] for B. menziesii growing 264 

under high-P conditions (P=0.048, R2=0.17, and β=-0.46). 265 

 266 

Leaf zinc and leaf phosphorus relationships 267 

In soil-indifferent and calcifuge Hakeas, there was no significant correlation between leaf [Zn] and leaf [P], regardless 268 

of P supply (P=0.112 and P=0.327 for H. prostrata in low- and high-P treatments, respectively; P=0.872 and P=0.732 for 269 

H. flabellifolia in low- and high-P treatments, respectively; and P=0.268 and P=0.104 for H. incrassata in low- and high-270 

P treatments, respectively; Fig. 5). In soil-indifferent and calcifuge Banksias, there was also no correlation between leaf 271 

[Zn] and leaf [P] for plants growing in low-P conditions (P=0.094, P=0.403 and P=0.341 for B. prionotes, B. menziesii, and 272 

B. attenuata, respectively). Under high-P conditions, however, there was a positive correlation between leaf [Zn] and 273 

leaf [P] for all Banksia species (P<0.001, R2=0.44, β=0.67 for the B. prionotes; P<0.001, R2=0.48, β=0.71 for B. menziesii; 274 

and P=0.016, R2=0.24, β=0.53 for the B. prionotes). 275 

 276 
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Leaf toxicity and/or deficiency symptoms 277 

In Hakea, there was a distinct difference between soil-indifferent and calcifuge species in terms of their responses 278 

to increasing P and Ca supply. Hakea prostrata (SI) showed slight leaf chlorosis with increased Ca supply under low-P 279 

conditions (0.1 μM P), a symptom aggravated at high-P conditions (10 μM P; Fig. 6). In the treatments where no Ca was 280 

supplied, increased [P] alone did not cause visual toxicity or deficiency symptoms. The calcifuge species H. flabellifolia 281 

and H. incrassata also showed leaf chlorosis with increased Ca supply under low-P conditions (0.1 μM P, Fig. 6). However, 282 

under high-P conditions (10 μM P), these species showed major chlorosis and extensive necrosis with increasing [Ca].  283 

In Banksia, soil-indifferent and calcifuge species showed relatively similar responses to increasing P and Ca supply. 284 

Banksia prionotes (SI) showed slight leaf chlorosis and limited necrosis with increased Ca supply under both low- and 285 

high-P conditions (Fig. 6). The calcifuge species B. menziesii and B. attenuata also showed chlorosis with increased [Ca] 286 

under low- and high-P conditions, with some also showing leaf-tip necrosis and red blotching, particularly B. menziesii 287 

at 10 μM P and 6 mM Ca. In Banksia, increasing [P] within the same Ca treatments primarily caused leaf chlorosis. 288 

 289 

Discussion 290 

Several explanations for the consistent absence of calcifuge plants from calcareous soils have been proposed over 291 

the last decades, with most focusing on the high soil pH of calcareous habitats (Lee 1998). Soil pH is the dominant factor 292 

influencing the availability of mineral nutrients, and pH effects on the plant-availability of nutrients such as P, Fe, Zn, 293 

and Mn have often been suggested as limitations to the establishment and growth of calcifuge plants (Tyler 1992, Tyler 294 

and Olsson 2002). When grown in calcareous soils, calcifuge species typically show P-deficiency symptoms, and this is 295 

thought to be associated with their relative inability to modify the rhizosphere through the exudation of carboxylic acids 296 

(Ström et al. 1994, Tyler and Ström 1995). This low carboxylate-exudation rate might also explain the micronutrient 297 

deficiency usually exhibited by calcifuge species (Tyler and Ström 1995, Tyler 1996, Tyler and Olsson 2002). 298 

Interestingly, despite the clear relationship between root exudation and the ability to access P and micronutrients 299 

in calcareous soils, the calcifuge habit is not limited to species with low carboxylate-exudation rates. Most Proteaceae 300 

in south-western Australia, for example, are excluded from young, calcareous soils (Hayes et al. 2014, Zemunik et al. 301 

2015). Under P-limiting conditions, these species develop cluster roots, which release large amounts of carboxylates 302 

that solubilise mineral-bound P and micronutrients (Shane and Lambers 2005). Cluster roots also exude phosphatases, 303 

providing access to P in organic sources (Shane and Lambers 2005). It is therefore very unlikely that P deficiency is the 304 
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reason why these species are excluded from calcareous environments, especially considering that they are prevalent in 305 

adjacent dunes in which the soil P concentration and availability is much lower (Hayes et al. 2014, Turner and Laliberté 306 

2015). It is possible, however, that because of the relatively higher soil [P] in younger dunes, Proteaceae are excluded 307 

from these calcareous soils due to P toxicity. These species have a low capacity to down-regulate their P uptake system 308 

(Shane et al. 2004, de Campos et al. 2013), and preferentially allocate P to photosynthetically-active cells (Shane et al. 309 

2004, Hawkins et al. 2008, Hayes et al. 2018) making them more vulnerable to both increased soil [P] and leaf [P]. 310 

In this study, we examined the physiological responses of calcifuge and soil-indifferent Proteaceae to high P and Ca 311 

supplies and tested the hypothesis that P toxicity, more specifically Ca-enhanced P toxicity, determines the calcifuge 312 

habit of most Proteaceae, and that this is due to leaf cell-specific nutrient interactions and their effects on the plant’s 313 

physiology. We found that the studied species were affected in distinctly different ways by contrasting P and Ca supplies, 314 

with their responses being dependent on genus and distribution. Therefore, we discuss each group separately. 315 

 316 

Soil-indifferent Hakea 317 

Hakea prostrata (SI) showed increased growth with increasing P supply, indicating that they experienced P limitation 318 

at 0.1 μM P (Fig. 1A). Their photosynthetic rates also increased with additional P (Fig. 2A). Interestingly, the effects of P 319 

on photosynthesis and stomatal conductance were not entirely coupled: the positive effect of additional P on stomatal 320 

conductance was not observed at 0.6 and 6 mM Ca (Fig. 2B), whilst the rates of photosynthesis were faster at 0.6 mM 321 

Ca, indicating that P and Ca, when interacting, affect these parameters differently. 322 

Limiting P supply reduces leaf expansion (Kavanová et al. 2006) and the total number of leaves (Lynch et al. 1991), 323 

thus reducing the sink demand for photosynthates. It also decreases leaf [P] and orthophosphate (Pi) pools (Veneklaas 324 

et al. 2012). This decrease in leaf [P] is expected to reduce the plant’s photosynthetic activity, because the Calvin-Benson 325 

cycle is dependent on P-rich metabolites (Foyer and Spencer 1986, Ellsworth et al. 2015). Orthophosphate is needed for 326 

the export of triose phosphate from the chloroplasts, and for ATP synthesis (Mächler and Nösberger 1984). Phosphorus 327 

limitation also restricts carbon assimilation due to decreases in phosphoglycerate reduction and ribulose bisphosphate 328 

regeneration rates (Mächler and Nösberger 1984). Increased plant growth, particularly as leaf biomass (Fig. 1B), with 329 

the additional P likely explains the positive effect of high [P] on the photosynthetic rate of this species. The alleviation 330 

of biochemical constraints with increasing [P] also contributes to the enhanced photosynthetic activity. Interestingly, 331 

the relationship between [Pi] and photosynthetic rates might be key for understanding the effects of high [Ca] on the 332 

photosynthesis of these plants. 333 
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Calcium is involved in several aspects of the photosynthetic process (Brand and Becker 1984). However, most studies 334 

that examined the functions of Ca in photosynthesis focused on its signalling role (Hirschi 2004, McAinsh and Pittman 335 

2009), and not on how it might interact with other mineral elements. Calcium and P, for example, are rarely co-localised 336 

in high concentrations, presumably to prevent the deleterious precipitation of Ca-phosphates (Conn and Gilliham 2010, 337 

Guilherme Pereira et al. 2018, Hayes et al. 2018, Ye et al. 2021). Proteaceae (Hayes et al. 2018) and other species from 338 

P-impoverished environments (Guilherme Pereira et al. 2018) preferentially allocate P to mesophyll cells, and this might 339 

have serious implications for the way these nutrients interact in leaves. If the [Ca] in the mesophyll becomes too high, 340 

it can interfere with the physiological availability of Pi, leading to inhibition of photosynthesis. This explains the decrease 341 

in Fv/Fm under low-P/high-Ca supply (Fig. 3), indicating a reduction in the efficiency of photosystem II (Krause and Weis 342 

1991). This was not significantly reflected in photosynthetic rates, but Asat and gs did tend to decrease at high Ca supplies. 343 

The photosynthetic rates of plants under high-P conditions steadily decreased with increasing Ca supply. Whilst the 344 

interaction between P and Ca causing immobilisation of both nutrients may partially explain this response at very high 345 

Ca supplies, it does not explain the lower photosynthetic rates at 0.1-0.6 mM Ca. Under these levels, the cytosolic [Ca] 346 

is tightly controlled, rarely exceeding the nanomolar range (White and Broadley 2003). In contrast, the chloroplast [Ca] 347 

may reach very high levels (Kreimer et al. 1988), but most of it is bound to thylakoids, so there is little free Ca to interact 348 

with P. How then could variation in the [Ca] affect CO2-assimilation rates? One possibility is that increasing Ca supply 349 

might affect the uptake of other elements, either increasing their absorption, as happens with P (Robson et al. 1970), 350 

or decreasing it, which is the case with micronutrients such as Zn (Chaudhry and Loneragan 1972), Fe (Taper and Leach 351 

1957) and Mn (Robson and Loneragan 1970). This does not appear to be the case, however, because there was neither 352 

an increase in total leaf [P] (Hayes et al. 2019a) nor a decrease in total micronutrient concentration with increasing [Ca]. 353 

Alternatively, Ca supply might affect leaf-cell nutrient-accumulation patterns. According to Hayes et al. (2019b), high Ca 354 

supplies may lead to an increased displacement of leaf P towards mesophyll cells. With this, plants can experience the 355 

deleterious effects of high [Pi] at the cellular level, without an increase in total leaf [P]. 356 

Elevated [Pi], particularly in mesophyll cells, likely interferes with the physiological Zn availability (Loneragan et al. 357 

1979, Loneragan and Webb 1993), leading to P-enhanced Zn requirement (Cakmak and Marschner 1987). If plants are 358 

unable to up-regulate their Zn uptake, or if the Zn supply is inadequate, the availability of this micronutrient may limit 359 

photosynthesis via reductions in carbonic anhydrase (Randall and Bouma 1973) and superoxide dismutase (Wang and 360 

Jin 2005) activity. This is what happens with Proteaceae, which typically show low leaf [Zn] (Denton et al. 2007, Hayes 361 

et al. 2014). It has been suggested that Proteaceae tightly control their Zn uptake (Prodhan et al. 2019), in a strategy to 362 
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conserve P by maintaining protein synthesis at very slow rates, reducing the plant’s demand for P. Whilst constrained 363 

Zn acquisition might be beneficial in P-impoverished soils, it also makes these species more vulnerable to Zn deficiency 364 

in calcareous soils. 365 

Because Ca was supplied as CaCl2, we cannot definitely exclude the possibility that chloride (Cl-) had an effect in the 366 

observed responses. However, there was virtually no change in either growth or photosynthesis in any of the studied 367 

species with increasing Ca supply under low-P conditions, despite the increase in [Cl-]. In addition, two previous studies 368 

that supplied Ca either as Ca(NO3)2 (Grundon, 1972) or CaSO4 (Nichols and Beardsell, 1981) reported similar P-toxicity 369 

symptoms as those reported here. Finally, the highest [Cl-] supplied in this experiment was 12 mM, which is well below 370 

20mM, which is considered toxic for Cl-sensitive species, and far below 80-100 mM, which is toxic for moderately Cl-371 

tolerant species (Munns and Tester, 2008; Broadley et al. 2012). Therefore, we surmise that the small variation in Cl- 372 

concentration among treatments had little to no effect on the result of this study. 373 

 374 

Calcifuge Hakeas 375 

Calcifuge Hakeas showed either similar (H. flabellifolia) or decreased growth (H. incrassata at [Ca] ≥ 0.1 mM) with 376 

the high P supply (Fig. 1A), and although this does not rule out P limitation at 0.1 μM P, it suggests that calcifuge Hakea 377 

species were much more sensitive to high [P] than the soil-indifferent H. prostrata. Most physiological parameters were 378 

affected in a similar way: stomatal conductance was either the same (H. flabellifolia) or lower (H. incrassata at 0.1 and 379 

0.6 mM Ca) under high-P conditions (Fig. 2B), whilst photosynthetic rates often decreased with the additional P in both 380 

species (at 0.6 and 6 mM Ca in H. flabellifolia and 0.1, 0.6 and 6 mM Ca in H. incrassata; Fig. 2A). Interestingly, this 381 

decrease in photosynthesis was not due to a reduction in plant growth, because P supply had no effect on leaf biomass 382 

(Fig. 1B). 383 

Many Proteaceae are sensitive to high P supply (Parks et al. 2000, Lambers et al. 2002), because they are unable to 384 

down-regulate their P uptake (Shane et al. 2004, de Campos et al. 2013) and because they preferentially allocate P to 385 

mesophyll cells (Shane et al. 2004, Hayes et al. 2018). This is the case for calcifuge Hakeas, which typically do not occur 386 

on P-rich soils. Under the same P availability, calcifuge Hakeas showed higher total leaf [P] than soil-indifferent species, 387 

suggesting that P sensitivity partly accounts for these species' distribution (Hayes et al. 2019a). However, P sensitivity 388 

cannot be explained by just P availability, because when Ca was withheld, increasing P supply had no negative effect on 389 

growth, photosynthesis or stomatal conductance. Similarly, increasing [Ca] had no effect on growth or physiology under 390 

low-P conditions. This suggests a strong interaction between Ca and P, resulting in Ca-enhanced P toxicity. 391 
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The phenomenon of Ca-enhanced P toxicity has been observed before (Grundon 1972, Nichols and Beardsell 1981). 392 

In these studies, it was suggested that high Ca supply might reduce plant growth (Grundon 1972) or stimulate P uptake 393 

(Robson et al. 1970, Nichols and Beardsell, 1981). In both cases, it was the resulting increase in total leaf [P] that would 394 

lead to P-toxicity symptoms. However, these explanations are inconsistent with what we observed in calcifuge Hakeas: 395 

whilst plant growth was affected by increasing Ca supply at high-P conditions, leaf [P] was not (Hayes et al. 2019a); this 396 

means that Ca-enhanced P toxicity was not caused by Ca-related increases in total leaf [P]. 397 

It has been recently proposed, however, that calcium-enhanced P toxicity might be related to nutrient-allocation 398 

patterns at the cellular level (Hayes et al. 2019b). Basically, elevated Ca supply may displace leaf P towards mesophyll 399 

cells, increasing their [P] and leading to the development of P-toxicity symptoms, even when plants exhibit the same 400 

total leaf [P] (Hayes et al. 2019b). Plants with higher leaf [P] should be especially affected, because there is more P to 401 

be displaced, and this is the case of calcifuge Hakeas, which exhibited strong symptoms of P toxicity (leaf chlorosis and 402 

necrosis) with increasing [Ca]. Leaf chlorosis, which is a typical symptom of both P toxicity and micronutrient deficiency 403 

(Robson and Pitman 1983, Lambers et al. 2002), likely occurred due to P interfering with the Zn availability in mesophyll 404 

cells (Hayes et al. 2019b). This was aggravated at high P supply; however, the extent of leaf necrosis suggests something 405 

in addition to Zn deficiency. We surmise that, because of their higher leaf [P], calcifuge Hakeas were more susceptible 406 

to the deleterious precipitation of Ca-phosphate, as is known to occur in H. incrassata (Hayes et al. 2019b). This would 407 

lead to cellular damage, which, in turn, might explain the necrosis with increasing Ca supply under high-P conditions. 408 

This is consistent with the steady reduction in Fv/Fm (Fig. 3), thus lower photosystem II efficiency (Krause and Weis, 409 

1991), and with the Ci increase (Fig. 2C), which points towards reduced carbon-fixation rates. These results are also 410 

consistent with the uncoupling of leaf biomass and photosynthesis which suggests that the observed variation in carbon-411 

assimilation rates was the result of biochemical limitations in the photosynthetic process. 412 

 413 

Soil-indifferent Banksia 414 

Banksia prionotes (SI) exhibited increased growth with increasing P supply, indicating P limitation at 0.1 μM P (Fig. 415 

1A). The photosynthetic rates also increased with additional P (Fig. 2A), and, with the exception of plants growing at 6 416 

mM Ca, this was tightly coupled with an increase in stomatal conductance (Fig. 2B). Interestingly, increasing Ca supply 417 

had little to no effect on either growth or physiology. The overall positive response of plant growth with high [P] 418 

disappeared at 6 mM Ca. In contrast, leaf biomass and photosynthesis were unaffected by Ca supply. Whilst this might 419 
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suggest that Ca-enhanced P toxicity is not a major issue for soil-indifferent Banksia, there is a significant aspect that 420 

needs to be considered. 421 

Banksia species show a disproportional allocation of P to photosynthetically-active cells (Hayes et al. 2018). This 422 

pattern is associated with these species’ high photosynthetic P-use efficiency (Denton et al. 2007, Hayes et al. 2018), 423 

but it might also lead to more severe P-toxicity symptoms when leaf [P] increases, especially under high-Ca conditions. 424 

However, the degree of P toxicity is not only dependent on leaf [P]. Because the toxic effects of high [P] are ultimately 425 

associated with this element’s interference with micronutrient availability - particularly that of Zn - the leaf [Zn] is also 426 

essential in determining the severity of toxicity symptoms. In B. prionotes, increasing [Ca] did not affect plant growth or 427 

physiology because of its greater capacity to maintain a high leaf [Zn] (Hayes et al. 2019a). Banksia prionotes showed 428 

total leaf [Zn] up to 0.1 mg g-1 DW at 0.1 μM P which is ≈250% greater than that of calcifuge Banksias, whilst its leaf [P] 429 

under high-P supply was only 50% greater. These results not only suggest that in B. prionotes, P is less likely to interfere 430 

with Zn availability, but also that this species can produce more leaf biomass and maintain faster photosynthetic rates 431 

with additional P. This is consistent with the overall lack of P-toxicity and Zn-deficiency symptoms, as well as the steady 432 

Ci and Fv/Fm values. 433 

 434 

Calcifuge Banksias 435 

Calcifuge Banksias showed significant variation in response to increasing P supply, with B. attenuata exhibiting little 436 

to no difference in growth (Fig. 1A) and photosynthesis (Fig. 2A) at the higher [P], whilst B. menziesii exhibited responses 437 

that could be considered intermediate between B. attenuata and B. prionotes. However, whilst the response pattern of 438 

B. menziesii was somewhat similar to that of the soil-indifferent B. prionotes, high [P] led to a relatively smaller increase 439 

in growth and photosynthesis in B. menziesii because of its faster rates at low P supply (0.1 μM). More importantly, the 440 

positive effect of additional P on growth and physiology of B. menziesii was restricted to [Ca] ≤ 0.6 mM which was not 441 

always the case with B. prionotes. 442 

Calcifuge Banksias showed significantly lower leaf [Zn] than B. prionotes (SI), under both low- and high-P conditions 443 

(Fig. 5), likely due to a tightly-controlled Zn-uptake capacity (Prodhan et al. 2019) and a lower allocation of Zn to leaves 444 

(Hayes et al. 2019a). Therefore, calcifuge Banksias were more vulnerable to Zn deficiency. Under high-P conditions, the 445 

leaf [P] of these species will invariably reach high enough levels to interfere with the Zn availability. Increasing [Ca] may 446 

have a critical effect on this interaction because of its effect on the [P] of mesophyll cells (Hayes et al. 2019b) in which 447 

Zn is particularly necessary for the activity of superoxide dismutase in removing O2− produced during the light reaction 448 
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of photosynthesis (Wang and Jin 2005). The leaf chlorosis in calcifuge Banksias at high P and Ca supply is consistent with 449 

Zn deficiency, and the limited necrosis might be the result of low resistance to oxidative stress under such conditions 450 

(Gupta et al. 1993).  451 

 452 

Ecological Implications 453 

The idea that P deficiency may be associated with the calcifuge habit in plants is not new. In fact, most hypotheses 454 

explaining this habit are based on the effect of high soil pH - typical of calcareous habitats - on the plant availability of 455 

P and micronutrients (Tyler 1992, 1996). In this conceptual framework, the ability to modify the rhizosphere’s chemistry 456 

through the exudation of organic acids is essential in determining the calcifuge or calcicole nature of a plant (Ström et 457 

al. 1994, Tyler and Ström 1995) because it determines how much of the otherwise immobile nutrients might become 458 

available. However, our results show that the calcifuge habit is not restricted to species with low exudation and that, in 459 

fact, increased P uptake may lead to P toxicity in calcifuge species. This is derived from the complex interaction of P, Zn 460 

and Ca in the leaf mesophyll, as discussed above. This finding has ecological implications, as it suggests that: 1) there 461 

are several mechanisms that may explain the calcifuge habit in plants, from P deficiency to toxicity; 2) the interaction 462 

of elements at the cellular level might be just as important in explaining the calcifuge habit of plants as their overall 463 

concentration and availability in the soil; and 3) plant communities in old, severely nutrient-impoverished areas such as 464 

the kwongan in south-western Australia, the campos rupestres in central Brazil and the fynbos in South-Africa, where 465 

plants evolved mechanisms to increase P uptake, may be particularly vulnerable to Ca-enhanced P toxicity. 466 

 467 

Concluding remarks 468 

We observed Ca-enhanced P toxicity in all analysed Proteaceae, but with significant differences between calcifuge 469 

and soil-indifferent species in their responses to increasing P and Ca supply. Soil-indifferent species showed increased 470 

growth and leaf biomass with increasing P supply in a pattern largely independent of [Ca], with their photosynthetic 471 

rates varying accordingly. In contrast, the growth of calcifuge species with higher [P] strongly depended on Ca supply. 472 

The uncoupling of leaf biomass and photosynthesis suggests that, unlike in soil-indifferent species, the photosynthetic 473 

rates determined the growth of calcifuge species through biochemical limitation. 474 

Calcifuges were more sensitive to P toxicity than soil-indifferent species. In Hakea, this difference was attributed to 475 

the calcifuge species' limited ability to down-regulate their P-uptake capacity, which led to relatively higher leaf [P], 476 

interfering with Zn availability and leading to Zn deficiency and leaf chlorosis. In extreme cases, the interaction between 477 
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P and Ca also led to precipitation of Ca-phosphates, causing cellular damage and leaf necrosis. In Banksias, on the other 478 

hand, there were no differences in total leaf [P] between calcifuge and soil-indifferent species. The leaf [Zn], however, 479 

differed significantly between these groups. Calcifuge species showed lower leaf [Zn] than soil-indifferent one, likely 480 

due to a more tightly controlled Zn-uptake capacity and lower Zn allocation to leaves. Consequently, these species were 481 

unable to compensate for the P-enhanced Zn requirement, particularly when high [Ca] enhanced P toxicity. This is why 482 

calcifuge Banksias showed reduced growth, leaf biomass and photosynthetic rates with increasing P supply at high [Ca], 483 

whilst this was not the case for soil-indifferent species. 484 

This is the first study to examine, in depth, the physiology of Ca-enhanced P toxicity in a range of Proteaceae. We 485 

surmise that the difference between calcifuge and soil-indifferent Proteaceae, in the way they respond to increasing P 486 

and Ca supplies, is associated with their ability to regulate nutrient uptake, particularly that of P and Zn, and with their 487 

cell-specific nutrient-allocation patterns. These results improve our basic understanding of how these species function 488 

at different P and Ca supplies, and suggests that their distribution is strongly determined by Ca-enhanced P toxicity. 489 

More broadly, the results provide valuable insight into the calcifuge habit, suggesting that interactions among different 490 

nutrients and their allocation within leaves might be critically important to explain the calcifuge habit of plants. This 491 

knowledge will help in restoration efforts involving Proteaceae and other calcifuge species, as well as advance our 492 

fundamental understanding of plant mineral nutrition. 493 
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Figures and Legends 647 

 648 

Figure 1. Plant growth, leaf biomass and dry matter content response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± 649 

SE, n= 4-20) values of total plant growth (mass increase; A), leaf biomass (B), and dry matter content (C) for soil-indifferent (SI; Hakea prostrata and 650 

Banksia prionotes) and calcifuge (C; H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of P and Ca supply. 651 

Different letters indicate significant differences (p < 0.05) among treatments within each panel, based on Tukey`s test. The P treatments are indicated 652 

in grey (0.1 μM P) and dark-blue (10 μM P). 653 
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 654 

Figure 2. Gas exchange response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± SE, n= 4-12) values of light-saturated 655 

rate of CO2 assimilation (Asat; A), stomatal conductance (gs; B), and intercellular CO2 concentration (Ci; C) for soil-indifferent (SI; Hakea prostrata and 656 

Banksia prionotes) and calcifuge (C; H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) species across different treatments of P and Ca supply. 657 

All saturated photosynthetic measurements were performed at 2500 μmol photons m-2 s-1 and 400 µmol CO2 mol-1. Different letters indicate significant 658 

differences (p < 0.05) among treatments within each panel, based on Tukey`s test. The P treatments are indicated in grey (0.1 μM P) and dark-blue 659 

(10 μM P). 660 
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 661 

Figure 3. Leaf chlorophyll fluorescence response of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Mean (± SE, n= 4-12) values of 662 

variable over maximal leaf fluorescence (Fv/Fm) for soil-indifferent (SI; Hakea prostrata and Banksia prionotes) and calcifuge (C; H. flabellifolia, H. 663 

incrassata, B. menziesii and B. attenuata) species across different treatments of P and Ca supply. Different letters indicate significant differences (p < 664 

0.05) among treatments within each panel, based on Tukey`s test. The P treatments are indicated in grey (0.1 μM P) and dark-blue (10 μM P). 665 
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 686 

Figure 4. Relationship between photosynthetic rates and leaf calcium (Ca) concentration in Proteaceae. Correlation between light-saturated rate 687 

of CO2 assimilation (Asat) and leaf [Ca] (dry-matter basis) for soil-indifferent (SI; Hakea prostrata and Banksia prionotes) and calcifuge (C; H. flabellifolia, 688 

H. incrassata, B. menziesii and B. attenuata) species across different treatments of phosphorus (P) supply (0.1 μM P in grey and 10 μM P in dark-blue; 689 

n= 17-39 for each P treatment). The significant relationships are expressed with corresponding P-values, R2 and standardized β values. 690 
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 710 

Figure 5. Relationship between leaf zinc (Zn) and phosphorus (P) in Proteaceae. Correlation between total leaf [Zn] and total leaf [P] (dry-matter 711 

basis) for soil-indifferent (SI; Hakea prostrata and Banksia prionotes) and calcifuge (C; H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) 712 

species across different treatments of P supply (0.1 μM P in grey and 10 μM P in dark-blue; n= 19-40 for each P treatment). Significant relationships 713 

are expressed with corresponding P-values, R2 and standardized β values. Box-plots with medians, 25th, and 75th percentiles were included in the 714 

margins to outline the data distribution. Whiskers extend to 1.5 times the interquartile range. Data presented beyond whiskers represent outliers. 715 
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 734 

Figure 6. Leaf symptoms of Proteaceae to varying phosphorus (P) and calcium (Ca) supplies. Leaf toxicity and/or deficiency symptoms from two 735 

Proteaceae genera (Hakea and Banksia) growing under different P and Ca treatment combinations. The soil-indifferent species (H. prostrata and B. 736 

prionotes) naturally occur on both calcareous and acidic soils, while the calcifuge species (H. flabellifolia, H. incrassata, B. menziesii and B. attenuata) 737 

occur exclusively on acidic soils. Scale bars are 1 cm. 738 
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